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PREFACE

My research in time-domain techniques for electromagnetic interference (EMI) measurements began in
late 2013 when I enrolled in the Electronics Engineering program of the Universitat Politecnica de Catalunya
(UPCQ). By that time, the UPC, through its Grup de Compatibilitat of Electromagnetica (GCEM), was a partner
in the joint research project “Improved EMC Test Methods in Industrial Environments” (IND60 EMC) from
the EURAMET’s European Metrology Research Program (EMRP).

In this regard, the goal of the aforementioned project was to improve the existing electromagnetic
compatibility (EMC) testing methods adapted for the industry as well as to develop alternative test methods
in accordance with industrial needs. On the one hand, the IND60 EMC project tackled the challenges of
on-site EMC testing by proposing a set of novel testing methods for large, complex, mounted and/or fixed
systems and installation that cannot be assessed using the standardized methods. On the other hand, the
IND60 EMC project also developed the metrology required for the newly introduced alternative EMC test
methods.

Particularly, the role of GCEM-UPC in the IND60 project was centered on the development of improved
conducted and radiated emissions measurements suitable for EMI testing in complex environments. In
that context, complex environment means EMI measurements are carried without the (almost) noise free
and reflection free conditions provided by the typical EMC test setup for either conducted or radiated
emissions measurements. Moreover, the developed EMI testing methods should be superior in terms of
performance, quality and, reliability, that is, faster to apply, more repetitive, easily reproducible, traceable

and characterized by a lower uncertain in comparison with preceding practices.

Therefore, during the lifespan of the IND60 (2013- 2016), I worked hand-in-hand with my colleagues at
GCEM-UPC for delivering suitable tools and the methods for in-situ EMI measurements. Our strategy was
based on time-domain techniques and instrumentation because of the benefits they offer in comparison
with the conventional frequency swept approach. Among those advantages, time-domain measurements
allowed for a faster and full spectrum evaluation of the emissions that is suitable for transient EMI analysis.
Likewise, the usefulness of multichannel, event-triggered EMI measurements was realized more and more
as the research on time-domain EMI measurements progressed and propagated to all the other ongoing
projects undergone at GCEM-UPC.

Consequently, since I started working on this thesis research, several projects have employed our
time-domain EMI measurement systems enabling the growth and diversification of its applications. That
is the case of the national research projects TEC2013-48414-C3-3-R and TEC2016-79214-C3-2-R entitled
“Desarrollo de sondas y validacién de resultados numéricos en el dominio del tiempo para efectos indirectos
de descargas atmosféricas en UAV” (2014-2017) and “Evaluacién numérica y experimental de efectos
electromagnéticos ambientales en aviones no tripulados” (2016-2019), respectively, both funded by the

Spanish’s Ministry of Economy, Industry and Competitiveness.
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In the same vein, the results of this Thesis are continually being deployed in ongoing research
projects funded by the European Metrology Programme for Innovation and Research (EMPIR) such as
the “Development of RF and microwave metrology capability” (15RPT01 RFMicrowave) and “Metrology for
advanced energy-saving technology in next-generation electronics applications” (16ENG06 ADVENT) or the
forthcoming “Electromagnetic Interference on Static Electricity Meters” (17NRM02 MeterEMI). That being
said, the before mentioned research projects are just a small sample of the immediate future of time-domain

EMI measurements and their applications.

At the present moment, the culmination of this Thesis is possible due to the notable degree of maturity
achieved in the Full Time Domain EMI (Full TDEMI) measurement systems technology and on its diverse
application domain. In the latest years, the usage of Full TDEMI measurement systems for testing the
radiofrequency emissions of a variety of electronic products and systems spanning from the railway to
the aeronautics industries has demonstrated its advantages in practice. In fact, nowadays, Full TDEMI
measurements systems are an integral part of GCEM-UPC testing, consulting and training services to the

industry.

Moreover, Full TDEMI measurement systems also became a software development project counting with
tens of thousands of lines of code written along uncountable hours of dedication spent during the past years.
Many practitioners have contributed by suggesting specific functionalities and features suitable for their
needs. Similarly, industries have requested custom made software developments based in the Full TDEMI
for automating their specific type of emissions test. Currently, the Full TDEMI measurement system software

in its version 3.2 and it is stable.

However, this does not mean the work in Full TDEMI measurements and its applications is completed.
In fact, there is plenty of ideas and possibilities concerning the continuation of both the research and the
software development. I sincerely hope the future allow me to continue contributing to this field along with
the excellent team I have found in GCEM-UPC.

For all the previous reasons, I am very thankful.

Marco A. Azptirua
Barcelona, April 2018
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ABSTRACT

This thesis comprises a compendium of contributions made by the author to the field of the
radiofrequency measurements for electromagnetic interferences. In particular, this thesis presents a
technology that has been called the “Full Time-Domain Electromagnetic Interference” (Full TDEMI)
measurement systems and some of its most relevant applications.

Full TDEMI measurement systems are an implementation of an FFT-based measuring receiver
that enables the usage of oscilloscopes for electromagnetic interference measurements. Full TDEMI
measurement systems follow the virtual instrumentation approach for transforming general purpose

oscilloscopes into a completely functional and compliant CISPR 16-1-1 measuring receiver.

On the one hand, this is feasible because of the specific signal processing techniques applied over the
time-domain acquisitions using a dedicated software layer. On the other hand, Full TDEMI measurement
systems have been exhaustively assessed for characterizing their performance using novel waveform
oriented calibration procedures that bridge the gap between direct measurements in the time domain and
the processed frequency domain magnitudes. As a result, the conformity of Full TDEMI test receivers is

attested with respect to the requirements defined in the international standards for EMI measurements.

Moreover, Full TDEMI measurement systems have been proved to be advantageous over the conventional
swept receivers for performing several challenging measurements typical of electromagnetic emissions
assessments. For instance, time-domain captures enable full spectrum measurements required for a proper
analysis of transient phenomena. Likewise, the number of channels available in most oscilloscopes enable
multiple synchronous measurements that allow recording the interfering disturbances using a combination
of transducers.

Some of the applications of the multichannel EMI measurement are the single stage evaluation of the
conducted EMI of all the equipment under test (EUT) mains lines, the instantaneous measurement of
the common-mode and the differential mode voltage noise, the concurrent conducted and radiated EMI
measurements, and the parallelization of multi-antenna radiated emissions testing. Such alternative test
methods, have improved significantly the EMC testing process in a variety of industries by reducing the
amount of time and the efforts required for performing a complete system evaluation mainly due to the
following reasons. First, time-domain EMI measurements deliver faster results because the interferences’
spectrum is simultaneously estimated for all the standard weighting detectors required to determine
compliance with the maximum emissions limits defined in the respective product standards. Second, the
number of measurement iterations is reduced because of the multichannel possibilities and also because
of an agile identification of the worst case emissions in EUT having different operating modes. Thirdly, Full
TDEMI measurement system are a cost-effective and versatile alternative to the state-of-the-art real-time
spectrum analysers for EMI measurements in the range of few gigahertz.

From the theoretical point-of-view, Full TDEMI measurement systems have extended the state-of-the-art
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as in the case of a couple of contributions namely the expected maximum detector and the empirical

interference decomposition.

The expected maximum detector is a statistical measure of the most probable level of the peak emissions
that is based on a time-frequency modelling of the measured interferences using the extreme value theory.
Using the variability information of the interference level at each frequency bin, the expected maximum
detector can be used to estimate the equivalent max-hold value of a random interference. The expected
maximum detector also provides a model quantifying the uncertainty of peak detector measurement of

stochastic interferences.

The empirical interference decomposition (EID) is a modified implementation of the Hilbert-Huang
transform with time-gating capabilities that allow a heuristic determination of characteristic oscillatory
patterns without neither domain transformation nor a predefined set of basis function. The empirical
interference decomposition has been used successfully for ambient noise cancellation purposes during
proof-of-concept outdoors EMI measurements, obtaining more than 20 dB of attenuation of the usual
broadcasting signals. The fundamentals of the ambient noise cancellation by means of EID is the
identification, in the time and in the frequency domain, of intrinsic modes of emissions that are attributable
to the EUT while subtracting the residual modes (ambient noise) from the measurement results. The
aforementioned contributions are distributed in four journal papers. Complementary measurement
results and applications of the Full TDEMI measurement systems have also been published in recognized
conferences of the field.

From the reasons mentioned before, the developed Full TDEMI measurement technology has significant
advantages for EMI testing, analysing and troubleshooting. It provides a complementary approach to the
typical measurements entirely focused in the frequency domain and it exhibits a level of maturity that could

allow it to be standardized in forthcoming years.



RESUMEN

Esta Tesis comprende un compendio de contribuciones hechas por el autor al campo de la tecnologia de
medicién de radiofrecuencia para la compatibilidad electromagnética. En particular, esta Tesis presenta una
tecnologia de sistemas medicién de interferencias electromagnéticas completamente basado en dominio

del tiempo (Full TDEMI) y algunas de sus aplicaciones maés relevantes.

Los sistemas de medicién Full TDEMI son una implementaciéon de un receptor de medida basado en
FFT que permite el uso de osciloscopios para mediciones de interferencias electromagnéticas. Los sistemas
de medicién Full TDEMI siguen el enfoque de instrumentacién virtual para transformar los osciloscopios
de proposito general en un receptor de medida completamente funcional y conforme con la norma CISPR
16-1-1.

Por un lado, esto es factible debido a las técnicas especificas de procesamiento de sefiales aplicadas
sobre las adquisiciones en el dominio del tiempo utilizando una capa de software dedicada. Por otro lado,
los sistemas de medida Full TDEMI se han evaluado exhaustivamente para caracterizar su rendimiento
utilizando procedimientos novedosos de calibraciéon orientados a formas de onda que acortan la brecha
entre las magnitudes medidas en el dominio del tiempo y las aquellas procesadas en el dominio de
frecuencia. Como resultado, se certifica la conformidad de los sistemas completos de medicién TDEMI con
respecto a los requisitos definidos en los estdndares internacionales para mediciones EMI.

Ademaés, se ha demostrado que los sistemas de medicién Full TDEMI ofrecen ventajas en comparacion
con los receptores de barrido convencionales para realizar varias medidas desafiantes tipicas de las
evaluaciones de emisiones electromagnéticas. Por ejemplo, las capturas de dominio de tiempo posibilitan
mediciones de espectro completo que permiten un andlisis adecuado de fenémenos transitorios. Del
mismo modo, la cantidad de canales disponibles en la mayoria de los osciloscopios hace viables multiples
mediciones sincronas que para registrar las perturbaciones interferentes mediante una combinacién de

transductores.

Algunas de las aplicaciones de la medicién EMI multicanal son la evaluacién de etapa tinica de la EMI
conducida de todas las lineas de alimentacién de los equipos bajo prueba (EUT), la medicién instantdnea del
voltaje del ruido en modo comtn y en modo diferencial, las mediciones concurrentes de la EMI conducida
y radiada y la paralelizacién de los ensayos de emisiones radiadas con multiples antenas. Tales métodos
de prueba alternativos, han mejorado significativamente el proceso de prueba de EMC en una variedad
de industrias al reducir la cantidad de tiempo y los esfuerzos necesarios para realizar una evaluacién
completa del sistema principalmente debido a las siguientes razones. En primer lugar, las mediciones
de EMI en el dominio del tiempo arrojan resultados mads rédpidos porque el espectro de interferencias se
estima simultdneamente para todos los detectores de ponderacion estdndar necesarios para determinar
el cumplimiento de los limites méximos de emisiones definidos en las respectivas normas de producto.
En segundo lugar, el nimero de iteraciones de medicién se reduce debido a las posibilidades multicanal

y también debido a una identificacién 4gil del peor caso de las emisiones de un EUT que tiene diferentes
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modos de funcionamiento. En tercer lugar, el sistema Full TDEMI es una alternativa econémica y versatil a
los analizadores de espectro en tiempo real més avanzados en lo concerniente a mediciones EMI en el rango

de pocos gigahertzios.

Desde el punto de vista tedrico, los sistemas de medicién Full TDEMI han extendido el estado del
arte, como en el caso de un par de contribuciones denominadas el detector de méaximo esperado y la

descomposiciéon empirica de interferencias.

El detector de méaximo esperado es una medida estadistica del nivel mdas probable de las emisiones pico
que se basa en un modelado tiempo-frecuencia de las interferencias medidas utilizando la teoria del valor
extremo. Usando la informacién de variabilidad del nivel de interferencia en cada componente de frecuencia,
el detector de médximo esperado se puede usar para estimar el valor de retencién maximo (max-hold)
equivalente de una interferencia aleatoria. El detector de méaximo esperado también proporciona un modelo

que cuantifica la incertidumbre de la medicién del detector de picos ante interferencias estocéasticas.

La descomposicion de interferencia empirica (EID) es una implementacion modificada de la
transformada de Hilbert-Huang con capacidades de sincronizacién de tiempo que permiten una
determinaci6n heuristica de patrones oscilatorios caracteristicos sin requerir transformacién de dominio ni
un conjunto predefinido de funciones base. La descomposicién de la interferencia empirica se ha utilizado
con éxito para la cancelacién del ruido ambiental durante prueba de concepto de mediciones de EMI de al
aire libre, obteniendo mas de 20 dB de atenuacion de las sefiales habituales de radiodifusion. El fundamento
de la cancelacién del ruido ambiental mediante EID es la identificacién, en el tiempo y en el dominio de la
frecuencia, de los modos de emisién intrinsecos que son atribuibles al EUT al restar los modos residuales
(ruido ambiental) de los resultados de medicién. Las contribuciones mencionadas se distribuyen en cuatro
articulos de revista. Los resultados de medicién complementarios y las aplicaciones de los sistemas de

medicién Full TDEMI también se han publicado en conferencias notables en el 4rea.

Por los motivos antes mencionados, la tecnologia Full TDEMI tiene ventajas significativas para los
ensayos, el andlisis yla resolucién de problemas de EMI. Asimismo, proporciona un enfoque complementario
a las mediciones tipicas completamente enfocadas en el dominio de la frecuencia y exhibe un nivel de

madurez que podria permitir su estandarizacién en los préximos afios.
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INTRODUCTION

Traditionally, the measurement of the radiofrequency emissions has been performed in the
frequency domain by using measuring receivers having a superheterodyne architecture [1]. For standard
electromagnetic interference (EMI) measurements, such approach usually involves very long measurement
times, several iterations (e.g., mains lines, mast/turntable positions, antenna polarizations) and a number
of attempts for detecting short-duration events responsible of the worst-case emissions while evaluating

multiple modes of operation of the equipment under test (EUT).

In fact, the aforementioned drawbacks motivated the development of Fast Fourier Transform (FFT) based
measuring receivers, as they are currently known in the latest version of the CISPR 16-1-1 standard [2]. All
those FFT-based measuring receivers process the time-domain signal using mathematical transformations
in order to estimate the interference’s spectrum according to the different standard weighting detectors. The
use of Fourier techniques in the field of electromagnetic compatibility (EMC) is very common nowadays
and has grown rapidly during the last 20 years because of the accuracy and efficiency of FFT algorithms
[3]. In that sense, the first paper proposing an FFT-based measuring receiver was published in 1989 by
Bronaugh [4]. Between 1989 and 1993 those ideas were shaped by several designs proposed by different
authors. Consequently, in 1994 the first proof-of-concept FFT-based measuring receivers were implemented
by Schiitte and Kérner [5].

Nonetheless, to the best of authors knowledge, the term “Time-Domain Electromagnetic Interference
Measurement System” was first introduced in several papers by researchers from the Institute for
High-Frequency Engineering of the “Technische Universitdit Miinchen” between 2002 and 2003 [5, 6].
In its origins, it was stated their TDEMI measurement system used an oscilloscope, and a PC for computing
the spectrum of the interferences emulating based on acquisitions of tens of microseconds that took a couple

of minutes to be processed.

The comparisons made between TDEMI measurement systems and conventional EMI test receivers were
successful. However, even if it was theoretically possible to implement a measuring receiver based on an
oscilloscope, it was not possible in practice due to the limited performance of both oscilloscopes and personal

computers.
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Likewise, the real-time spectrum analyzer architecture progressed rapidly and allowed for scalable
frequency ranges while providing increasingly faster measurements thanks to the FFT processing at
intermediate frequency [7]. Nowadays, real-time measuring receivers cope with CISPR 16-1-1 requirements,

are the highest end receivers of all manufacturers and, are used for product certification worldwide [8].

However, in recent years, the research on alternative test methods for EMI measurements has brought
back the idea of using oscilloscopes for EMI measurements, beyond the pre-certification purposes for
which they have been commonly relegated. Those ideas have been continually developed since 2013
through intense research activities that have led to a number of papers published in recognized journals and
conference proceedings in the field of the electromagnetic compatibility. This document is the framework
that gather and relate those scientific contributions in the body of the Thesis.

In this regard, this Thesis comprises the research that gave rise to the “Full TDEMI measurement systems”,
a software defined implementation of a measuring receiver that allows for EMI testing using oscilloscopes
while meeting all baseline requirements of CISPR 16-1-1 [9, 10]. Unlike other types of receivers, Full TDEMI
measurement systems benefit of the oscilloscopes built-in capabilities such as the multiple synchronized
channels and the triggering options for realizing enhanced testing methods. In the following sections, the
rationale, the state of knowledge and the objectives of the Thesis will be presented before continuing to the

description of the scientific contributions that define this Thesis structure.

1.1. RATIONALE

Nowadays, assuring the compliance of electrical and electronic devices with regards electromagnetic
compatibility standards is a requirement worldwide [11]. On the one hand, EMC is a fundamental aspect for
guaranteeing the performance, quality and in some cases, the safety of most electronic devices and systems
[12, 13]. On the other hand, EMC standards also establish testing methods and requirements that electronic
equipment shall comply with in order to ensure that, when used as intended, such equipment does not

disturb radio and telecommunication, as well as other equipment.

However, due to the rapid development of new electronic products with emerging technologies and
features, the ability to achieve and to improve electromagnetic compatibility is a major challenge in the
development of electronic products. This is valid even in those cases where the technology of the products

advances at a faster rate than their corresponding EMC testing standard.

Therefore, developing improved EMC test methods is a recognized need in order to provide time-saving,
cost-effective and, especially, suitable techniques applicable in different scenarios such as the study of the
impact of EMI on digital communication systems or the evaluation of EMI on industrial environments

through in-situ measurements.

For example, the modern highly standardized industry has a growing and recurrent need for EMC
pre-compliance and fully compliance certification tests. Throughout product development, most EMI
measurements are performed in order to verify the frequency spectra of the disturbances meet the limits
set in current product standards. Similarly, third-party EMC testing labs need to attend a variety of clients

that are pressured to introduce their products into the market as soon as possible. In both cases, there is a
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heavy load of tests that are costly and time consuming activities, to the point of becoming a troublesome
imposition rather than a part of a product quality assurance policy.

This concerns designers and testing laboratories because they are urged for cost-effective and faster EMC
measurement methods during the product development and the certification stages, respectively. Therefore,
improving the measurement systems in order to conduct faster reliable measurements would reduce costs

in the product development process and the time to market.

Additionally, developing and maintaining a fully compliant EMC testing facility (semi-anechoic
chambers, TEM/GTEM cells, receivers, signal generators, power amplifiers, simulators of ESD/EFT/Surge,
antennas, coupling/decoupling networks and line impedance stabilization networks among other
equipment’s and accessories, all of them with valid and traceable calibration) is a burden for the industry.
The alternative of attending to an external third party EMC laboratory generally is expensive, time consuming
and complicated, or even impossible, in the case of heavy, large or mounted equipment under test.

Consequently, there was, and still is, a need for novel test methodologies and procedures to assess
the EMC compliance in order to fulfil the industry needs and expectations, as it was demonstrated in the
European Joint Research Project (JRP) “EMRP JRP IND60 EMC Industry” [14]. This project focused on
developing improved EMC test methods suitable for industrial environments. Hereafter, the Universitat
Politecnica de Catalunya through its Grup de Compatibilitat of Electromagnética, GCEM — UPC, played an
important role that driven the development of full time domain measurement systems and the applications
that belong to this Thesis.

In that sense, the time domain methods applied to the EMI measurement were selected as the potential
solution strategy to many of the previously described problems. Time-domain measurements are not
only useful to provide faster assessment of the conducted and radiated emissions, but also are required to
evaluate transient disturbances that cause of electromagnetic incompatibilities and interferences. This is the
case of digital communication systems for which the broadband impulsive noise unintentionally produced,
i.e., by sparks or switching power supplies can become in-band interferences that affects the receivers, as
happens in several contemporary applications such as Digital Video Broadcasting Terrestrial (DVB-T), Trans
European Trunked RAdio (TETRA), Radio Frequency IDentification (RFID) and GSM-Railway system that are
susceptible of degradation in their performance under the impact of transient broadband interfering noise
[15, 16].

Thereupon, aware of the increasingly importance of attending the above-mentioned challenges, it
was proposed to develop a toolset to enable general-purpose oscilloscopes not only for compliant EMI
measurements but also for enabling enhanced/optimized multichannel test setups. The outcome of this
research shall allow improved measurement capabilities while reducing the time and cost associated to
the EMI assessments in complex environments. In other words, the Thesis research was addressed to
provide validated and affordable instrumentation technology that drives to novel reliable methods for
evaluation of the electromagnetic emissions through suitable time-domain techniques that are beyond the

state-of-the-art.
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1.2. AIM AND OBJECTIVES OF THE THESIS

The hypothesis of this Thesis is that time-domain measurement methods can be used for evaluating
the electromagnetic emissions of electrical and electronic devices and that such techniques are adequate
for addressing the interference assessment in complex scenarios. In that sense, appropriated signal
acquisition and processing algorithms are required for enhancing the performance of general-purpose
time-domain instruments, in particular oscilloscopes, for coping with the stringent characterization of
transient, non-stationary and random disturbances. Thus, the Thesis research is intended to provide novel,
comprehensive, affordable and practical means for analysing and troubleshooting EM], in the frequency,

time, time-frequency and statistical domains.

Accordingly, the following specific objectives were proposed. Each of them constitutes a milestone for

achieving the main goal of this Thesis:

1. To develop a time-domain EMI measurement system comprising the signal processing techniques and
algorithms that enable using general purpose time-domain instruments, in particular oscilloscopes,

for measuring radiofrequency electromagnetic emissions.

2. To define alternative EMI measurement methods beyond current standardized practices that take

advantage of time-domain instrumentation to enhance emissions test setups.

3. To process time-domain EMI measurement data for advanced applications such as the statistical
modelling of the worst-case disturbance emissions levels (extreme values), transient and continuous

wave noise decomposition and ambient noise cancellation.

4. To evaluate the performance of Full Time-Domain EMI measurement systems using automated and
traceable calibration procedures designed according to the requirements defined in the CISPR 16-1-1

standard.

1.3. THESIS STRUCTURE

This document has been prepared as a compendium of four papers published in recognized journals in
the field of electromagnetic compatibility, instrumentation and, measurement science. Those papers are
fundamental for accomplishing the aim and the objectives of the Thesis. Likewise, several complementary
articles are also included in this compendium as they allowed a more detailed description of relevant
applications of Full TDEMI measurement systems. In that sense, after the introductory Chapter 1, this

document is organized as follows.

e Chapter 2 describes the state of the knowledge that constitutes as the background of this Thesis.
It includes a review of the preceding studies on time-domain EMI measurements, the fundamental
theory of spectral estimation and the explanation of the different architectures of EMI measuring

receivers.

* Chapter 3 comprises the papers that establishes the concepts regarding Full TDEMI measurement

systems and its software-based architecture for processing EMI measurement data.

e Chapter 4 includes the articles related to alternative testing methods, practices and experiences
enabled by the Full TDEMI measurement systems.
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* Chapter 5 contains the publications dedicated to the exploitation of time-domain measurements for
performing the estimation of worst-case emissions levels based upon the expected maximum detector

developed according the statistical theory of extreme values.

* Chapter 6 comprehends the papers devoted to the decomposition of EMI in the time-domain and its

application for ambient noise cancellation.

* Chapter 7 encompass the papers summarizing the results of the assessment of performance carried

into representative implementations of Full TDEMI measurement systems.

* Finally, Chapter 8 presents the conclusions derived from the results of this Thesis and a discussion
about the future of research, innovation and standardization activities related to time-domain EMI

measurements and applications.

1.3.1. LIST OF FUNDAMENTAL PUBLICATIONS IN JOURNALS

Accordingly, the fundamental papers included in this compendium are listed below, organized in

chronological order by date of publication.

* Fundamental journal article 1. The first paper is entitled “Improving Time-Domain EMI Measurements
through Digital Signal Processing” [17]. It is reproduced in Chapter 3, section 3.1.

* Fundamental journal article 2. The second paper is entitled “On the Statistical Properties of the Peak
Detection for Time-Domain EMI Measurements” [18]. It is reproduced in Chapter 5, section 5.1.

* Fundamental journal article 3. The third paper is entitled “Decomposition of Electromagnetic

Interferences in the Time-Domain” [19]. It is reproduced in Chapter 6, section 6.1.

* Fundamental journal article 4. The last paper of the compendium is entitled “Waveform Approach for
Assessing Conformity of CISPR 16-1-1 Measuring Receivers” [10]. It is entirely reproduced in Chapter

7, section 6.1.

1.3.2. APPLICATIONS DESCRIBED IN CONFERENCE PROCEEDINGS AND OTHER PUBLICATIONS

The papers listed below comprise the further applications of the Thesis fundamental ideas. Most of
them correspond to proceedings in notable conferences in the field of electromagnetic compatibility that
were presented during the years 2015 to 2018. Moreover, there is a mention to an additional journal paper.
Those publications are spread in the corresponding chapters according to the type of application. Such
complementary papers deliver the complete report of the activities developed as part of the research on
Full TDEMI measurement systems. Such applications allowed a widespread dissemination of Full TDEMI
measurement systems in a variety of industries, with emphasis in the emission measurements performed

in-situ. Thereupon, their titles listed below in order of presentation.

* Conference proceeding 1. “A Measurement System for Radiated Transient Electromagnetic Interference
based on General Purpose Instruments” [20]. It is reproduced in Chapter 3, section 3.2.

* Complementary journal article 1. “Measurement and Evaluation Techniques to Estimate the
Degradation Produced by the Radiated Transients Interference to the GSM System” [21]. It is

reproduced in Chapter 4, section 4.1.
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Conference proceeding 2. “On-board compact system for Full Time-Domain Electromagnetic
Interference Measurements” [22]. It is reproduced in Chapter 4, section 4.2.

Conference proceeding 3. “Benefits of Full Time-Domain EMI Measurements for Large Fixed

Installations” [23]. It is reproduced in Chapter 4, section 4.3.

Conference proceeding 4. “Full Time Domain EMI Measurement System applied to Railway Emissions
according to IEC 62236-3-1/EN 50121-3-1 Standards” [24]. It is reproduced in Chapter 4, section 4.4.

Conference proceeding 5. “Robust Extreme Value Estimation for Full Time-Domain EMI Measurements”

[25]. Tt is reproduced in Chapter 5, section 5.2.

Conference proceeding 6. “A Single Antenna Ambient Noise Cancellation method for In-Situ Radiated
EMI Measurements in the Time-Domain” [26]. It is reproduced in Chapter 6, section 6.2.

Conference proceeding 7. “APD outdoors Time-Domain Measurements for Impulsive Noise

Characterization” [27]. It is reproduced in Chapter 6, section 6.3.

Conference proceeding 8. “Fast and Automated Verification of Multi-channel Full Time-Domain EMI

Measurement Systems” [9]. It is reproduced in Chapter 7, section 7.2.

Conference proceeding 9. “Dynamic Performance Evaluation of Full Time Domain EMI Measurement
Systems” [28]. It is reproduced in Chapter 7, section 7.3.



STATE OF KNOWLEDGE

The modern generation of measuring receivers has embraced FFT-based capabilities not only for
speeding up emissions’ testing but also to provide time-domain and time- frequency analysis features useful
for evaluating and mitigating the impact of transient and stochastic disturbances [3]. Currently, real-time
analyzers and oscilloscope-based implementations are two differentiated approaches for implementing
FFT-based EMI measuring receivers. However, both architectures share a single origin and have evolved

during the past 25 years, as it will be shown next.

2.1. OVERVIEW OF THE EVOLUTION OF FFT-BASED EMI MEASUREMENT

SYSTEMS

As it has been mentioned before, to the best of author’s knowledge the first reported paper proposing a
FFT-based measuring receiver was published in 1989 by Bronaugh [4]. In the following years, Bronaugh basic
proposal was further developed by different authors until, in 1994, the first FFT-based EMI measurement
system was implemented [29-31].

However, it was until 2001 that one of the first fully functional FFT-based measuring receivers was
introduced by Krug, et al. [5]. Two years later, Krug and Russer published severs papers presenting their
progress in the development of a complete FFT-based measuring receiver in the 30 MHz - 1 GHz band
that included several new features such as: correction factors for the antenna (factor), for the mismatch
between the antenna and the amplifier, for the attenuation in the cables and for the frequency response of
the low pass filter used for band limiting the measured signal [32]; calculation via FTT or Bartlett and Welch
Periodogram [33]; and mathematical models for the emulation of the peak, average, root-median-squared
(rms) detectors [5]. Afterward, they also presented a model for the quasi-peak detector [34]. They also
proposed different pre-compliance measurement strategies to face different classes of interferences, that
is, continuous narrowband signals, and continuous broadband signals, pulse modulated narrowband
signals, random (statistically stationary and non-stationary) signals or deterministic signals (periodic,
quasi-periodic, non-periodic) [35]. The FFT-based measuring receiver was validated on different scenarios

showing a satisfactory agreement when compared against measurements taken with conventional super
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heterodyne EMI receivers, while providing a measurement time is reduced by one order of magnitude [35].

Throughout the years 2004 and 2005 other research groups developed alternative mixed
time-domain/frequency-domain measuring systems focused on specific applications. That is the case
of York EMC services (YES) and the GCEM-UPC. In particular, YES developed a multi spectrum analyzer
system to perform frequency domain measurements continuously over a given time, in the 9 Hz to
1 GHz band. This measurement system was specifically intended for performing the radiated emission
testing of rolling-stocks. The system architecture consists of three spectrum analyzers that gather data
continuously in the same frequency band. They are triggered one after the other, avoiding overlapping
different capturing times in order to overcome the problem of downloading and measuring at once. This
system was synchronized with a digital camera so it was possible to correlate train movement and position
with the measurement results of the instantaneous spectrum of the radiated emissions. Other two additional
spectrum analyzers configured in zero span mode where used to identify peaks caused by broadband signals
[36].

On the other hand, the GCEM-UPC developed a mixed time-domain/frequency-domain measurement
system conceived for evaluating the effect of non-periodic fast transients in a narrow measuring bandwidth
(lower than 1 MHz) centred at a fixed frequency in the 9 kHz - 3 GHz range. This measurement system
combined the intermediate frequency (IF) output of a test receiver with a digitizing card for measuring in the
time domain. The architecture of the measurement system allowed taking advantage of the high sensitivity,
the wide operating frequency and dynamic range of the receiver’s front end. Besides, the required digitizer
sampling frequency was only twice the intermediate frequency because the signal has been down-converted,
which made possible to use analog-to-digital converters (ADC) featuring a resolution better than 10 bits. In
order to synchronize the measurement system with the transient event/pulse, a trigger signal is provided by

a 500 MHz digital oscilloscope that is also connected to the IF output of the EMI receiver [37].

Both aforementioned measurement systems were compared in a measurement campaign included in
the COST action 286 “Electromagnetic Compatibility (EMC) in Diffused Communication Systems”. Several
improvement opportunities were identified for both systems, such as including continuous data logging
combined with synchronous triggering in order to being able to obtain enough data for the extraction of
statistic parameters using an affordable amount of memory. These additional features were needed in order
to characterize impulse noise environments in which the noise sources can be either transient phenomena

or diffused communication systems.

Furthermore, researchers from the Institute of High-Frequency Engineering of the Technical University of
Munich continued improving their 30 MHz — 1 GHz FFT-based spectrum analyzers, focusing on achieving the
CISPR 16-1 requirements. In 2005, they published several papers introducing a multi-resolution FFT-based
spectrum analyzer which exhibits three channels with limiters, amplifiers, and analog-to-digital converters.
Therefore, the amplitude range of the signal is subdivided into three intervals and in each interval the ADC
is performed with an amplitude discretization proportional to the width of the amplitude interval [38]. They
state the system had a lower Spurious-Free Dynamic Range (SFDR) than the conventional EMI receivers
of the time. Additionally, the presented system fulfilled CISPR 16-1 requirements of SFDR for stationary
signals, while for transient signals, the system had a SFDR that was below the requirements. This system
also improved the noise floor by lowering it 5 dB on comparison with other super-heterodyne EMI receivers.

They also reported measurements 50 times faster than those performed with conventional EMI receivers [39].
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In the following years (2007-2008), Russer and Braun continued working on different applications for their
FFT-based spectrum analyzer, as in the case of Automotive Testing for which they also obtained satisfactory
results [40]. Due to the success obtained in different scenarios, they also proposed alternative test procedures
and the first approximation to the uncertainty estimation in time-domain EMI measurements based upon
contributions such as the variability observed in the spectrogram measured as the deviation from the mean
spectrum [41]. Finally, they developed a real-time, Field Programmable Gate Array (FPGA) based, spectrum
analyzer fully compliance with CISPR 16-1-1 requirements in the 30 MHz — 1 GHz band, that supported the
standard weighting detectors modes (peak, average, rms, quasi-peak) [7], stating an approximated error of
1 dB, 0.2 dB and 0.4 dB when measuring with the peak, average and quasi-peak detectors in comparison
with a conventional EMI receiver. For that purpose, they used 8 parallel 10-bit ADC at 250 MS/s. They also
provided details on how estimating the measurement uncertainty in their measurement system in order to
comply with CISPR specifications, concluding that the overlapping factor and the dwell time are the major

parameters that must be adjusted in order to reduce the variability in pulse measurements [42].

By that time, an internal CISPR Joint Task Force formed by CISPR A/1 (EMC Instrumentation
Specifications), CISPR A/2 (EMC Measurement Methods, Statistical Techniques and Uncertainty) and
CISPR D/2 (Protection of On-Board Receivers) was formed to discuss and implement the changes required
by the standards in order to contemplate the inclusion of FFT-based instrumentation in CISPR 16 [43].
Simultaneously, EMI/EMS hardware vendors started promoting and marketing new Real Time Spectrum
Analyzers as commercial systems up to 1 GHz highlighting as their more important feature the time-saving

capability when compared against the super heterodyne counterparts [44].

However, for FFT-based EMI receivers intended for measuring radiated emissions above 1 GHz, the more
relevant references are found from 2011 onwards. Some FFT-based EMI receivers, such as those developed by
Gauss Instruments (a spin-off company from the Institute for High-Frequency Engineering of the Technische
Universitdt Miinchen) were designed to accomplish measurements at frequencies up to 18 GHz by means
of a cascaded two-stage down converter, first from 1 GHz to 6 GHz and then from 6 GHz to 18 GHz [3]. As
the frequency increases, the internal microwave circuits become more complex and sensible, requiring low
noise components (PIN-diode switches, PLLs, LNA) [8]. Nonetheless, those new FFT-based EMI receivers
exhibits an IF dynamic range of over 60 dB (more than 20 dB higher than required by CISPR 16-1-1) with

respect to an IF bandwidth of 1 MHz, and noise floors as low as 6 dB [45].

Additionally, with the increasing computing power and larger amount of memory available for storage
and signal processing, the inclusion of new features and measurement capabilities for real-time spectrum
analyzers was finally feasible. For example, some FFT-based EMI receivers incorporate the Amplitude
Probability Distribution (APD) feature that allows the characterization of broadband digital services using
Orthogonal Frequency Division Multiplexing (i.e. Digital Video Broadcasting — Terrestrial) and Ultra Wide
Band (UWB) signals [46]. Moreover, some of those real time analyzers were also capable of performing click

rate analysis as required by CISPR 14 for discontinuous disturbances [47].

Recently, the problem of measuring intermittent disturbances has been investigated since it is
fundamental to provide effective measurement methods to capture transient and potentially broadband
disturbances that occur only when a specific event is triggered. For instance, this is a concerning issue for the

automotive industry, expressly, when testing hybrid or electric vehicles [40]. GCEM-UPC developed a specific
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time-domain system to address that problem and formally validated it under different scenarios using the
Feature Selective Validation (FSV) method obtaining an overall excellent performance. The aforementioned
system was used for conducted emission measurement (form 150 kHz to 30 MHz) of a sliding-step used for

railway transport applications [48].

In the light if the above, it becomes clear that real-time spectrum analyzers have reached a level
of technological deployment that made them a reliable alternative for emissions measurements, fully
compliant with the EMC standards, time efficient and probably the highest-end commercialized test
solution for a EMC testing laboratory. However, most commercially available real-time test receivers are a
very costly piece of hardware that many small to mid-size laboratories cannot afford just for their internal
pre-compliance testing or even for on-site measurements due to risk involved in transporting and employing

such a delicate and expensive device outside the controlled environment of a laboratory.

Nonetheless, as has been exposed in the references cited before, general-purpose oscilloscopes and
digitizers have also been used to implement measurement systems for specific type of electromagnetic
disturbances and as an EMI debugging tool. For example, there are plenty of application notes with
the recommended measurement techniques required to use general-purpose oscilloscopes as an EMI
troubleshooting tool through near field scanning of PCB traces [49]. However, the above mentioned
document also states the proposed measurement setup is not suitable to perform compliance measurements
since it guarantees neither the resolution bandwidth nor the detector characteristics required by the CISPR.

As itwas noted in this brief overview of the evolution of the FFT-based EMI measurements, most concepts
are common to their different implementations. Consequently, those principles are the theoretical basis for
the Full TDEMI measurement systems technology and their applications, and thus, they will be presented as

follows.

2.2. PRINCIPLES OF FFT-BASED EMI MEASUREMENTS

A continuous-time signal function, x(¢), that represents the measured EMI is observed during a time
period of length Tp. In order to computationally evaluate the frequency spectrum of x(¢), X(f), the measured
signal is sampled and digitized to obtain a time-discrete signal, x[n], where 7 is integer and x[n] is assumed

as periodic with total number total number of samples, N, that is, x[n + N] = x[n]. Therefore,
x[n] = x(nAt) (2.1

where Ty = NAt and At is the sampling interval, that is, At = 1/ f;, fs being the sampling frequency. It is
understood that f; at least fulfils the Nyquist-Shannon criteria.

Moreover, if the maximum measurable frequency is fimax it is recommended to use f; = 4 fimax in order
to avoid undesired aliasing errors. Then, the discrete frequency spectrum X[k] is related to the continuous
frequency spectrum X (f) by

X[kl = X(kAS), 2.2)
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where k is integer and A f is the spacing of the spectral lines. The quantities N, Ty, At, and A f are related by

N
Af =—. 2.3
f T (2.3)
The discrete Fourier transform (DFT) is given by
N-1 - 2nnk
X[kl=) x[nle” /"~ 2.4)
n=0

The spectral estimation is performed on the basis of the DFT under the assumption that the x[n] is periodic
in n with a period N. However, x[n] is not really periodic since there is only a single continued measured

signal sequence of length N.

Therefore, to reduce the scallop loss and the spectral leakage caused by its finite length, the time record
x[n] is multiplied by a window function w(n] which exhibits a maximum value for n = N/2 and smoothly

goes to zero for n approaching 0 or N — 1, respectively [33, 39],
xwln] = x[njw(nl, (2.5)
where x,,[n] is the windowed signal in the discrete-time domain. Consequently, in the frequency domain this
yields a convolution, which in the discrete domain is given by,
N-1
Xwlk] = X[k]1«W[k] = ) X[mIW[k-m]. (2.6)

m=0

If windowing is used, it is necessary to compensate the corresponding energy loss caused by the window

using the coherent gain scaling factor [50], G¢. The coherent gain, G¢, is given by,
N-1
Ge=— ) winl. 2.7
n=0

Furthermore, calculating the spectrum for a specific (for instance at the 6 dB decay point) equivalent

resolution bandwidth, RBW, requires a minimum number of samples in the time record, that is,

wr
Nmnin = fsm (2.8)

where w ris the window factor of the windowing function used, i.e., Gaussian, Hann, or Kaiser—Bessel [17].

In addition, if N > Ny, it is possible to define M > 1 overlapping windows, each of them of length equal
to Nmin, in order to determine the frequency and phase content of the m-th local sections of an EMI signal as
it changes over time. This process is called the Short-Time Fourier Transform (STFT) and it is given by,

Nimin—1 _ i 2nnk
Xmlkl= ) x[nlw[n-m(1-o0f)Nmin]e ’ Nmin, (2.9)
n=0

where o is the overlap factor (generally between 0.5 and 0.95 depending on the type of windowing function)
and m =0,1,2,...(M — 1) is the time shift index that controls the sliding of the overlapping window between

successive time frames.
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Besides, since EMI measurement (dwell) time is usually larger than the minimum, Ny,;,/ f;, it is possible
to apply non-parametric spectral estimation techniques based in the periodogram. This is convenient for
improving the accuracy and the precision of the amplitude spectrum of stationary random signals by means

of the reduction on the spectrum variance achieved through averaging on the frequency domain [3].

The periodogram method was first published by Bartlett [51]. In Bartlett’s method the data is smoothed by
averaging over the power computed for a number M of short-time signal segments. Later, Welch combined
DFT methods with the use of window functions and developed a method for averaging short, modified
periodograms [52].

As stated before, both periodogram methods, Bartlett- and Welch-, are based on the averaging of the
spectra obtained by applying the STFT to the time-domain EMI signal. In the Bartlett method [32] the time
domain sequence is subdivided into P non-overlapping segments, where each segment has length Np,;,. For
each segment the periodogram is computed and the Bartlett power spectral estimate is obtained by averaging
the periodograms for the segments. Then, the frequency spectrum calculated by the Bartlett periodogram [5]

is given by,

1 P—1|Npin—1 _ s 2nnk 2
Y x[n+mNmpinle  Nmn | (2.10)
P Nmin p=0| n=0

Pglk] =

By this averaging of the spectrum the variance of the spectrum estimation is reduced by a factor M,
however at the expense of a reduction of the frequency resolution by the same factor [3]. Welch [52] modified
Bartlett’s method by using windowed data segments overlapping in time. The windowing is applied to reduce
the spectral leakage associated with finite observation intervals. The overlapping time windows yield a further
reduction of the periodogram variance. The frequency spectrum calculated by the Welch periodogram [33] is

given by
M-1|Nnin—1 21k 2

1 »
Pywlkl= —— x[nlw|n—m(l—0f) Nmin| e I Nonin | (2.11)
W MNminW rr;O ngb [ ( f) ]

where W is the discrete-time window gain, given by,

%[n). 2.12)

Considering that (2.9) provides the information of the time frequency distribution of x (#), X, [k] can be
used for calculating the single-sided amplitude spectrum, Sx [k, m], corresponding to the different detector

modes required for standard EMI measurements [7, 18, 34]. Accordingly,

1 _
S, e, = { W e X, [0]] for k=0 .
NoinGe | X (K]l for 1=k< kNyquist

where the discrete Nyquist frequency, knyquis:, is given by

Nnin/2 for even Ny
kNyquist = i min (2.14)
(Nmin +1)/2 forodd Npin

The equation (2.13) considers only the spectral amplitudes up to the Nyquist frequency. For the negative
frequencies, that is, knyquist = K < Nmin, the respective spectral amplitudes are conjugate complex to the

spectral amplitudes in positive side of the spectrum. Therefore, the single side spectrum corresponds to
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twice the spectral amplitudes in the region 1 < k < knyquis: and then the whole expression is divided by V2
to account for the effective value.

Subsequently, in the particular case of the peak detector, Syqq [K], it corresponds to,
Speak [kl = max{|Sa [k, m]| for me [0, M—1]}. (2.15)

Likewise, for the average, S, [k], and the rms, S, ;5 [k], detectors the corresponding expressions are,

1 M-1
Save [k] == Z SA [kr m]» andr (216)
p m=0
1 M-1
Srmslkl =4| = Z SAZ [k, m], (2.17)
p m=0

respectively.

Finally, regarding the quasi-peak detector, Sy,lkl], it is emulated by applying a weighting correction
factor for each frequency bin that is a function of the equivalent pulse repetition frequency. In that sense,
the equivalent pulse repetition frequency is calculated by inverting the pulse response curves defined in
the CISPR 16-1-1 standard and using the measured Speak (k1/Sape (k] and Speak (k1/S;ms [Kk] ratios [2]. The

amplitude relationship between detectors must be respected, which means,

Speak (k] = qu (K] = Syms k] = Sape [K]. (2.18)

2.3. ARCHITECTURES OF FFT-BASED EMI TEST RECEIVERS

Currently, real-time analyzers and oscilloscope-based implementations are two differentiated
approaches for implementing FFT-based measuring receivers. In this section, both of them are briefly

explained.

2.3.1. REAL-TIME ANALYZERS

Ablock diagram of the real-time EMI analyzer’s architecture is shown in Figure 2.1. This type of measuring
receiver uses the mixer and the local oscillator to convert the input signal to a constant intermediate
frequency (IF), similarly as with the heterodyne architecture. At IE, the signal is sampled fulfilling the Nyquist
criterion using analog-to-digital converters (ADCs) and filtered to avoid aliasing. The time and value-discrete

IF signals are digitally downconverted to baseband and then processed for obtaining the signal spectrum.

There are two possibilities for preparing a frequency-domain display. The first one is using digital filters
of certain resolution bandwidth for emulating the functioning of an analog spectrum analyzer. The second
option is to calculate the spectrum of that frequency range using the FFT with the corresponding windowing
for achieving the exact RBW setting. In both cases, it is still necessary to run through the frequency range that
has been set on, which means that for spans larger than the IF bandwidth, several iterations of the acquisition

are required [53, 54].
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Figure 2.1: Block diagram of a real-time EMI analyzer.

2.3.2. FULL TIME-DOMAIN EMI MEASUREMENT SYSTEMS

Full TDEMI measurement systems are oscilloscope-based implementations of an EMI measuring
receiver. They have been investigated in-depth across this Thesis and this subsection is only intended to
provide a brief definition in the context of the different architectures of FFT-based EMI test receivers. In
general terms, a Full TDEMI measurement system is described by the block diagram shown in Figure 2.2.
For the measurement of radiated EMI, a broadband antenna shall be used, while for the measurement of
conducted EMI corresponds either a current clamp or a line impedance stabilization network. The measured
signal could be amplified or filtered for achieving better sensitivity. In the ADC, the full spectrum signal is

digitized in real time and stored in as a time-discrete value-discrete signal.

Transducers  EMI conditioning Hardware Software

/OX% ©
SIS [

| AMP / FILTER OSC/ADC DSP

0ooooo
| |

Figure 2.2: Block diagram of a Full Time-Domain EMI measurement system.

Full TDEMI measurement systems capture the whole spectrum of the EMI with every acquisition
enabling multi-domain analysis. Besides, the triggering and multichannel capabilities found in most
oscilloscopes provide additional tools for testing multi-functional mode equipment and for emissions testing
parallelization. On the other hand, much higher sampling rates and a deeper memory are required than with
real-time analyzers. This imposes bandwidth and dwell-time constraints based on the current oscilloscope

technology.

2.4. ALTERNATIVE EMI TESTING METHODS ENABLED BY MULTICHANNEL

MEASURING RECEIVERS

Multichannel test receivers allow for specific measurement methods that extend the standard procedure
to an additional dimension in where several acquisitions are performed synchronously, that is, in
parallel. For instance, the multi-line conducted emissions testing of single-phase or three-phase EUTs,
the synchronous radiated and conducted EMI assessment, and the common-mode/differential-mode noise

voltage measurement are direct application examples.
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Nonetheless, before describing the alternative EMI testing methods enabled by multichannel test
receivers, a brief overview of the conventional conducted and radiated emissions measurement procedure
will be given for those readers that are not familiarized with the pertinent product, family or generic EMC
standards.

2.4.1. STANDARD CONDUCTED EMISSIONS MEASUREMENTS

The conducted emission measured for verification of compliance with the regulatory limits must be
measured with a line impedance stabilization network (LISN) inserted between the mains network and the
EUT’s ac power cord. A simplified test setup is shown in Figure 2.3. The EUT’s is connected to the mains
network through the LISN. The LISN has two objectives: a) to present a constant impedance to the product’s
power cord outlet over the frequency range of the conducted emission test b) to filter the radiofrequency
disturbances found in the mains network that are not due to the EUT so that only the conducted emissions
of the product are measured [55]. The LISN circuit and impendence requirements are specified in several
standards including the CISPR 16-1-2, MIL-STD-461, FCC Part 15, ANSI C63.4. Finally, a test receiver or an
spectrum analyzer is attached to the LISN RF output for measuring the conducted emissions, one line at the

time.

Phase
————o
Ground Mains
EUT LISN =

Neutral network

L1 L2 °

H |

Test

receiver

Figure 2.3: The test setup for standard conducted emissions testing.

2.4.2. STANDARD RADIATED EMISSIONS MEASUREMENTS

The basic test setup for measuring radiated emissions is shown in Figure 2.4. It requires an antenna for
sensing the electric field placed at a certain height and distance, in the far field region, from the EUT. The
measurement antenna is typically a broadband hybrid antenna in order to reduce the number of sub-bands
included in the frequency range under assessment, thus avoiding the need of mounting and dismounting
several antennas in each test iteration. The measurement distance, the antenna heights and the number of
EUT'’s faces that must be evaluated are specified in standards for both tabletop and floor-standing types of
equipment.

The radiated emissions measurements for assuring the compliance with regulatory limits must be carried
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out either in an Open Area Test Site (OATS) or in an shielded semi-anechoic chamber (SAC). Nowadays, the
usage of OATS is compromised by the ambient noise levels that are typically above the emissions limits.
That’s the fundamental reason why the almost noise free environment provided by the SAC is preferred for

performing radiated emissions testing.

Imtp4m
3mto30m ? ¥
L —— -
EUT - Z
0.8m i <=— Non-conductive table < To testreceiver
[

| &' Y : - |

Truntable Ground plane

Figure 2.4: The test setup for standard radiated emissions testing [56].

2.4.3. MULTILINE CONDUCTED EMISSIONS

The conducted emissions of either single-phase (two lines) or three-phase (four lines) EUTs can be
measured in a single shot by using a four-channel Full TDEMI measurement system and the appropriate
transducer. In fact, in standard conducted EMI test setups the LISN already has the filter replicated for
each of the EUT’s lines and those lines are switched to the LISN’s RF output according to the line that is
being measured by the test receiver. This means the EMI spectrum corresponding to the different standard
weighting detectors is provided for every line of the EUT mains that is included in the test. In general, the test

setup for multi-line EMI measurements is shown in Figure 2.5.

Transducers: Probes, Clamps, LISN, etc.

EUT L MN | AU | PS

M, | Ms| My| M,

L;: EUT i-th line (i.e. power, signal or control)
M;: A specific EMI measurand of the i-th line

Full TDEMI MN: Mains network
AU: Auxiliary Equipment
PS: Power supply

Figure 2.5: The test setup for multi-line conducted emissions testing.
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2.4.4. COMMON MODE AND DIFFERENTIAL MODE NOISE MEASUREMENT

Isolating the common mode (CM) and differential mode (DM) components of the EMI is useful
for deciding how to proceed when EMI mitigation is required to assure compliance. Identifying the
predominant modes of noise propagation in the circuits helps to determine whether magnetic chokes,
ferrites, EMI suppression filters or any other electronic design techniques are most effective for debug
certain EMI problem, especially when it comes to ensuring compliance of power supplies. The measurement
of the CM and DM noise was previously addressed using passive separation networks as the ones described
in [57, 58].

However, multichannel Full TDEMI measurement systems can be used for measuring the common mode
and the differential mode EMI voltages, using the test setup shown in Figure 2.6 because phase information
is preserved.

LISN Mains

Ly
\@V‘ §50 Q
EUT |DM/@M ?_)O . pui
L,

VLl VL2

Full TDEMI ———

Figure 2.6: Common mode and differential mode EMI voltage measurement setup.

For conducted disturbance measurements performed using a LISN, the common mode voltage, V¢ is
equal to half the sum of the phase side voltage, V1, and, the neutral side voltage, Vi, of the LISN, that is,

_ Vi1 + Vi

) (2.19)

cM
Conversely, the differential mode voltage, Vpyy, is equal to half the difference of the line voltages, to be

exact, v v
L1 — VL2

2 (2.20)

Vbm =

Contrarily to what happens with a spectrum analyzer where the measurement consists only of the
magnitude of the voltage, this is possible because both time-domain EMI measurements are synchronous,
which means the phase information is available and that the measured interferences share a single phase

references.
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2.4.5. SYNCHRONOUS RADIATED AND CONDUCTED EMI ASSESSMENTS

In many situations, conducted and radiated EMI phenomena are interrelated. Unveiling the relationship
between conducted and radiated disturbances is possible if the measurements are carried out simultaneously
using the multichannel and triggering capabilities of oscilloscopes. In such cases, detecting and mitigating
non-compliances caused by conducted emissions could help solving its radiated counterpart, and vice versa.

shows a simplified diagram of the test setup for single-stage conducted and radiated EMI measurements.

In the single-stage EMI measurement setup shown in Figure 2.7, the measurement system could be
configured to, for example, measure the conducted emissions on both mains lines using a multi-line LISN
and the radiated emissions using two antennas, for measuring the electric field in horizontal and vertical
polarizations. The advantages of such approach are the reduced testing time and the capability of correlating
both radiated and conducted emissions.

Normative distance (Far Field region)

Ml

\ L
EUT FFadiated EMI T
| ks
| ©
‘ ®
<
§e]
I
N
IS
EMI °
o
antenna =
Auxiliary >
Equipment o
External trigger
Mains Multi-line Conducted EMI Full TDEMI

LISN

Figure 2.7: Test setup for single-stage conducted and radiated EMI measurements.

Moreover, measurements can be triggered by a critical event or using an external (control) signal. This is
extremely valuable when troubleshooting a non-compliance due to unsteady broadband disturbances with
both conducted and radiated impact.

2.4.6. CONCURRENT MULTI-BAND RADIATED EMI MEASUREMENTS

Certain EUTs requires evaluating the low frequency emissions of magnetic field (below 30 MHz) and also
the electric field emissions (above 30 MHz) from the EUT, for instance, the rolling stocks of the railway sector
as it is presented later in 4.4 [59]. In such scenarios, the concurrent multi-band EMI measurement test setup
shown in Figure 2.8 could be used to reduce the number of test iterations required to complete the EUT
assessment. In this example, a loop antenna is used to measure the H-field while the rest of the antennas (the
biconical, the log-periodic and, the horn antennas) are used to measure the E-field emissions in different

frequency ranges. Furthermore, for in-situ EMI measurements, another advantage of this kind of test setup
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Figure 2.8: Test setup for concurrent multi-band radiated EMI measurements.

is that it avoids using hybrid antennas. Hybrid antennas cover a wider frequency range and are suitable for
fixed EMC test facilities, but they could be cumbersome for in-situ emissions measurements because they
are typically larger and heavier than the aforementioned antennas.

2.4.7. AMBIENT NOISE CANCELLATION

Nowadays, the populated radio-frequency (RF) spectrum poses limitations when performing radiated
electromagnetic emissions tests on an Open Area Test Site (OATS) or during in-situ assessments [60].
Particularly, according to the standards CISPR 16-1-4 and CISPR 16-2-3, a satisfactory test site requires
a “sufficiently” low ambient radio frequency noise in comparison to the expected emissions levels to be
measured [61, 62]. In this respect, the accepted quality criterion is to provide at least a 6 dB margin between
the ambient noise and the corresponding radiated emissions limit. Furthermore, an ambient noise level

+20 dB below the measured emission level is recommended as an optimum condition[61].

Unfortunately, the ambient RF environment requirement can hardly be met in most test sites making
it necessary to carry out EMI measurements inside shielded anechoic chambers. However, semi-anechoic
chambers are expensive, they are not always available and they could not be suitable for certain types of
EUTs due to size, weight or power constraints. Conversely, an OATS can be implemented with relative ease
provided a sufficiently large obstruction-free area and an adequate, well-controlled ground plane [62].

Nonetheless, in order to enable accurate and repeatable EMI measurements in OATS, it is necessary to
suppress the ambient RF noise up to the aforementioned tolerable threshold. Accordingly, ambient noise
cancellation (ANC) is needed to improve the effective sensitivity and the EMI detection capabilities of the
measurement receivers. In consequence, ANC techniques are aimed to provide alternative, yet reliable, EMI

measurement methods for compliance radiated emissions assessment in unshielded test sites.

Previously, ANC techniques for EMI measurement applications have been reported. They are mainly
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focused on employing alternative test methods and adaptive techniques, each one with its advantages and
drawbacks. In the following, some of the most relevant ANC techniques are briefly described.

In that sense, the firstly developed methods of ANC for EMI measurement systems rely on adaptive
filtering [63]. Those methods use simultaneous measurements performed with two identical antennas using
a pair of high-speed digitizers as measuring instrument, one ADC is supposed to detect only background
ambient noise (BAN) while the other one measures the combination of the EMI with the BAN. Figure 2.9

shows basic test setup for ANC using multichannel time-domain EMI measurements.
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Figure 2.9: Basic test setup for ANC using multichannel time-domain EMI measurements.

Assuming that the EMI signal generated by the EUT is uncorrelated to the ambient electromagnetic noise,
and provided that the ambient noise detected by the two separated antennas have a high correlation, an
adaptive filter was used to suppress the unwanted noise. Some algorithms such as the Least-Mean-Square
[64], the frequency domain Overlap-Save method [65], and affine projection algorithms [66] have been used
to adjust the coefficients of finite impulse response filters. Attenuation of approximately 30 dB has been

repetitively reported in the test scenarios. Figure 2.10 shows the block diagram of the ANC system proposed
in the aforementioned studies.

Ambient noise
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Figure 2.10: Block diagram of the ANC system [66].

Those adaptive filtering based methods of ANC have some shortcomings. On the one hand, they require
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the emissions from EUT to be decoupled from only-noise reference channel, which is difficult to achieve
in practice. On the other hand, their effectiveness is difficult to quantify when the ambient noise share the

same frequency band as the EUT emissions and, the adaptive filtering could distort the desired signals.

More recently, an in-situ test method for radiated emission assessment that employs spatial spectrum
estimation, adaptive beamforming, and spectrogram analysis was presented in [67] and further developed
in [68]. Measurements were performed using a general purpose oscilloscope and a linear array of four
omnidirectional antennas. The implementation of this so-called “virtual chamber” method is restricted
either to detect a single interference source from a specific direction or to suppress interferences from
three different directions of arrival. On the other hand, it would be troublesome to calibrate the antenna
factor for an array whose radiation pattern adapts dynamically, thus adding significant uncertainty to the
measurement results of electric field strength obtained with such a technique. Therefore, the results obtained

with this approach are can hardly be used for standard EMI testing.

In the same vein, time-domain based signal decomposition techniques have been investigated with ANC
applications as it is described in 6. Specifically, the empirical mode decomposition has been used for an ANC
method that consist in finding an optimal combination of intrinsic mode functions that conforms the EMI
after subtracting the residual components associated with BAN. Approximately, up to 30 dB noise suppression

were obtained in the experiments [26].






FUNDAMENTAL OF FULL TIME-DOMAIN

EMI MEASUREMENT SYSTEMS

The publications in subsections 3.1 and, 3.2 comprise the early stage results of this Thesis research. They
are broad in scope and general in terms of their application domain. In the light of the Thesis objectives, their
key contributions are:

Objective 1:

Objective 2:

Objective 3:

Objective 4:

The basic algorithm used for measuring transient EMI and its pulse repetition frequency
is described. A general block diagram and a flow-chart for Full TDEMI measurements
processing is defined. The influence of the pre and post processing techniques applied to
the time-domain measurements is investigated and guidelines for their proper utilization
for achieving, theoretically, improved EMI spectrum measurements.

Segmented memory acquisitions and their combination for evaluating transient and low
repetition frequency impulsive noise in both time and frequency domains was presented.

The decomposition of interferences in continuous wave and transient components is
proposed as a possibility. At the time, only early stage test with synthesized signals had been
conducted.

Validations of the experiments were performed by comparing the Full TDEMI measurement
results with the corresponding ones from a CISPR 16-1-1 compliant measuring receiver
using the Feature Selective Validation (FSV) method.

3.1. FUNDAMENTAL JOURNAL ARTICLE 1

M. A. Azpiirua, M. Pous, S. Cakir, M. Cetintag and E Silva, “Improving time-domain EMI measurements

through digital signal processing,” in IEEE Electromagnetic Compatibility Magazine, vol. 4, no. 2, pp. 82-91,
2nd Quarter 2015. doi: 10.1109/MEMC.2015.7204056

Abstract-This article is intended to provide a set of recommended practices for improving of the
Time-Domain EMI measurement systems by means of digital signal processing. We have focused
on two major aspects: the optimal configuration settings of the direct measurement equipment
and the deployment of algorithms to process the measurement result. In that sense, we believe
that general purpose time-domain instruments, as oscilloscopes, can be successfully used as an
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alternative hardware to measure EM], since they provide accurate and reliable results, surpassing
the conventional frequency-domain approach when transient disturbances are present.

3.2. CONFERENCE PROCEEDING 1

M. A. Azpirua, M. Pous and E Silva, “A measurement system for radiated transient electromagnetic
interference based on general purpose instruments,” 2015 IEEE International Symposium on Electromagnetic
Compatibility (EMC), Dresden, 2015, pp. 1189-1194. doi: 10.1109/ISEMC.2015.7256338

Abstract-This paper presents a measurement system intended to be used to assets the radiated
electromagnetic interference (EMI) in both time and frequency domains. In order to keep
the measurement setup as accessible and practical as possible, the direct measurements are
recorded with a general purpose digital oscilloscope and processed with a commonly available
personal computer. The measurement system was validated for radiated emissions testing using
well-known, controlled transient and continuous signals emulating typical interferences. The
results are in satisfactory agreement with those provided by a conventional EMI receiver for
different types of detectors. The proposed approach shows that, currently, it is possible to
implement a timesaving, accurate and generally inexpensive time domain measurement system
for radiated emissions that is capable to overcome the limitations of the superheterodyne EMI
receivers regarding the measurement of discontinuous electromagnetic disturbances and also
able to provide additional enhanced features to evaluate and troubleshoot EMI problems.


https://doi.org/10.1109/ISEMC.2015.7256338

FUNDAMENTAL JOURNAL ARTICLE 1

25

Improving Time-Domain EMI Measurements
Through Digital Signal Processing

M. A. Azpiirua, Member, IEEE, M. Pous, S. Cakir, M. Cetinta, and F. Silva, Member, IEEE

Abstract—This article is intended to provide a set of recommend-
ed practices for improving of the Time-Domain EMI measurement
systems by means of digital signal processing. We have focused
on two major aspects: the optimal configuration settings of the
direct measurement equipment and the deployment of algorithms
to process the measurement result. In that sense, we believe that
general purpose time-domain instruments, as oscilloscopes, can
be successfully used as an alternative hardware to measure EMI,
since they provide accurate and reliable results, surpassing the
conventional frequency-domain approach when transient distur-
bances are present.

Index Terms—Digital Signal Processing, Electromagnetic compati-
bility, Electromagnetic interference, Electromagnetic measure-
ments, Time-domain analysis.

l. Introduction

TIME domain Electromagnetic Interference (EMI) measurements
have been previously proposed as an alternative and complementa-
ry technique for assessing the electromagnetic emissions, especial-
ly those arising from transient disturbances [1]. Therefore, even if
the Time Domain EMI measurements are currently neglected by the
standards, they are still very useful for pre-compliance evaluations
and provide powerful insights of the measured EMI that cannot be
achieved by conventional frequency domain receivers [2].

Particularly, the conventional EMI testing approach is not ade-
quate for evaluating the impact of broadband impulsive noise dis-
turbances that affect electronic devices and digital wireless com-
munication systems receivers as in-band interferences [3]. This is
because, the aforementioned methods were developed to protect
continuous-wave analogue communication systems from interfer-
ences and, therefore, those standards and their associated mea-
suring equipment are no longer appropriate in such situations.
Likewise, even if the EMI under assessment is properly measur-
able using the conventional frequency domain framework, the cor-
responding measurement process tends to be exhaustive, costly
and time-consuming [4].

Nowadays, those problems haven't been completely addressed by
the FFT-based EMI test receivers designed for standard compliant
measurements according the requirements of the International
Special Committee on Radio Interference, since those equipment
are focused on emulating the functioning, specifications and per-
formance of the state-of-the-art super-heterodyne EMI receivers
at the sacrifice of a comprehensive evaluation of the electromag-
netic disturbance in the time domain [5].
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Fig. 1. Block diagram of a Time-Domain EMI measurement system.

Consequently, the large majority of the commercially available EMI
receivers with the optional time domain scan functionality are very
costly and sophisticated pieces of hardware that are neither
affordable for small laboratories nor are suitable for in-situ mea-
surements.

Recently, accurate and affordable Time Domain EMI measurement
systems based upon general purpose instruments, as oscillo-
scopes, have been presented [2]. They are intended to evaluate
both conducted and radiated EMI while developing the means for
making the most of commonly available laboratory equipment. The
aforementioned measuring systems typically rely on a personal
computer to perform the required data processing to obtain the
spectral estimation

In that sense, in this article we intend to describe and exemplify
how digital signal processing (DSP) techniques can be used for
improving the assessment of EMI by means of Time Domain mea-
suring instruments. Therefore, in the following sections we will
address a set of DSP techniques that covers acquisition modes,
sampling schemes and spectral estimation methods which, when
combined, provide a significant enhancement on dynamic range,
noise impact and accuracy on the measured EMI.

Il. Overview Of TDEMI Measurement Systems

In general terms, a Time Domain EMI (TDEMI) measurement
system, for radiated and/or conducted disturbances, can be
described by the block diagram shown in Figure 1 [6]. For the
measurement of radiated electromagnetic interference a
broad-band antenna shall be used, while for the measurement
of conducted EMI it corresponds to either a current clamp or
line impedance stabilization network. Sometimes the mea-
sured signal passes through a preamplifier and then it is low-
pass filtered for band limiting proposes, so the signal fulfills
the Nyquist condition for the maximum sampling rate support-
ed by the TDEMI system. Then, in the analog-to-digital con-
verter (ADC), the signal is digitized and then it is stored. Final-
ly, the amplitude spectrum is computed via spectral estimation
techniques.
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Fig. 2. General flow chart of the TDEMI measurement processing.

On the other hand, from the standpoint of the signal acquisition
and processing stage, a TDEMI system is more naturally described
by the flow chart shown in Figure 2.

In that sense, the data acquisition process for a TDEMI measurement
system begins when the analog signal is sampled either directly by
the measuring instrument (i.e., digital oscilloscope) or externally by
means of ADC or digitizers. Then, the EMI data are transferred from
the main memory to the device that will process it. For the commercial
FFT-based EMI receivers this process is performed internally by the
built-in processors and software [7]. However, a customized TDEMI
measurement system may carry on the digital signal processing with
the aid of specific software running on a personal computer. Then, the
data are transferred to a personal computer via some communication
port, such as the General Purpose Interface Bus (GPIB). Subsequent-
ly, the amplitude spectrum is digitally computed using the FFT (or
some variant of), periodograms or other spectral estimation methods
[8]. Later, the errors due to the frequency dependence of the antenna
factor, the attenuation in the transmission line, the gain of the pream-
plifier, the frequency response of the anti-aliasing filter are corrected.
Next, a mathematic emulation of the peak, RMS, average and quasi-
peak detectors is made, either by applying a correction factor depen-
dent on the pulse repetition frequency [8] or by means of the applica-
tion of a digital infinite impulse response filter [9]. Additionally, other
signal processing techniques can be used in order to reduce the
impact of the noise but this has varied upon specific implementations.
Finally, the results must be displayed and compared with the respec-
tive limit lines to provide a judgment about the test result regarding
the EMI in the measured frequency band. For studying non-stationary
signals, a spectrogram representation of EMI has also been used pre-
viously [10].

lIl. Improving TDEMI Measurements Through DSP

Let's start assuming we are interested in enhancing the measure-
ment results from a TDEMI measurement system implemented using
of a general purpose digital oscilloscope. As an initial condition,
there are some basic limitations regarding hardware of the oscillo-

scope itself, such as the analog bandwidth, the maximum sampling
rate and the maximum record length. However, provided the restric-
tions fixed by the equipment, there are several DSP techniques that
will aid us taking the most of the available hardware.

Some of those DSP techniques are provided by the measuring
instrument itself and therefore affect de direct measurement and
must be configured by the user/software before the acquisition.
Subsequently, we will refer to those processing features as Pre-
acquisition DSP.

On the other hand, there is the subset of DSP techniques that are
usually implemented via software after the time domain signal has
been acquired by a personal computer. These Post-acquisition
DSP techniques provide greater flexibility and can be continuously
improved through software updates.

With that said, the proceeding sections present ten of the most

straightforward and influential pre and post-acquisition DSP tech-
niques, which are listed in Table I.

TABLE |

PRE AND POST ACQUISITION DIGITAL SIGNAL
PROCESSING TECHNIQUES

Pre-acquisition DSP techniques Post-acquisition DSP techniques

* Oscilloscope acquisition modes « Filtering, windowing and equalization

» Sampling schemes * EMI decomposition

» Segmented memory acquisition « Transient pulse characterization

* Bandwidth limit & enhancement * Spectral estimation & superposition

* Detectors emulation

« Trigger options

IV. Enhancements Through Pre-Acquisition DSP

As stated before, the pre-acquisition DSP (PreA-DSP) techniques
are those included in the features of the measuring instruments
and are applied before the datasets are sent to the personal com-
puter. In most cases, the PA-DSP options are restrained by the
options made available by the hardware manufacturer and, in the
case of oscilloscopes, they are not primarily intended to perform
EMI assessments. Nonetheless, they must be neither discarded or
obviated whatsoever due to the enormous (positive or negative)
impact they can have, as it will be presented next.

A. Oscilloscope acquisition modes
The first PreA-DSP technique to be introduced here refers to the

selection of the appropriated acquisition mode of the oscilloscope.
The Acquisition modes control how waveform points are produced
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from sample points, and therefore this is extremely important for
the proper EMI assessment. The Table Il lists the most common

acquisition modes and gives recommendations on their applicabili-

ty for EMI measurements.

TABLE Il

0SCILLOSCOPES" ACQUISITION MODES

waveform point by saving
one sample point during
each waveform interval.

Mode Description Applicability on EMI
measurement
Sample The oscilloscope creates a | NOT GENERALLY RECOM-

MENDED. Highly sensitive to
aliasing and white noise. Pro-
vides the poorest resolution.

Peak Detect

The oscilloscope saves
the minimum and maxi-
mum value sample points
taken during two wave-
form intervals and uses
these samples as the two
corresponding waveform
points.

This mode is particularly
useful for seeing narrow
pulses spaced far apart in
time. Creates a waveform
with high frequency infor-
mation. Recommended for
a fast “WORST CASE”
evaluation of EMI.

within one waveform
interval are averaged
together to produce one
waveform point. The result
is a decrease in noise and
an improvement in resolu-
tion for low-speed signals.

Envelope The minimum and maxi- The resulting waveform is
mum waveform points the combination of several
from multiple acquisitions | Peak Detect acquisitions.
are combined to form a Since this mode removes
waveform that shows min/ | the timing information from
max accumulation over data, itis NOT SUITABLE for
time. spectral estimation applica-

tions as required by EMI
evaluation.

Average The oscilloscope saves Reduces uncorrelated
one sample point during noise without loss of band-
each waveform interval width and improved signal
and the waveform points | to noise ratio. Requires a
from consecutive acquisi- | repeating signal. Recom-
tions are then averaged mended for the evaluation
together to produce the of the CONTINUOUS WAVE
final displayed waveform. | average EMI levels.

Hi Res Multiple samples taken High-resolution acquisition

on a noisy signal will tend
to improve the dynamic
range by increasing the
effective vertical resolution.
Recommended for the eval-
uation of the TRANSIENT
PULSES EMI levels.

A direct consequence of the configuration of the appropriate
acquisition modes comes from the improvement of the signal-to-
noise ratio (SNR) of our TDEMI measurement system. It is well

known that, if the measured signal (EMI) is sampled at the Nyquist
rate, the theoretical SNR is given by,

SNR g5, = 6.02N,

s 7176, "
where Ny is the numbers of (effective) bits of the ADC. As said
before, Hi-Res mode can improve the effective vertical resolution,
that s, a theoretical increase of b p;.,s=0.5l0g, (N ) bits can be
achieved, where Ny, is the number of samples averaged to pro-
duce a single waveform point.

For example, consider a general purpose oscilloscope Tektronix
DPQ7104C with an 8-bit ADC (6.7 effective bits) and a sample mem-
ory depth of 2 bytes, from which only 13 bits are useful due to the
fact that 1 bit is reserved for the sign and other 2 bits are unreli-
able because of random round-off errors. Given that, the resolu-
tion could be increased up to +5 bits, which represents +30 dB of
improvement in the SNR. However, for achieving such an improve-
ment, it would require to oversample the measured signal thus
each waveform point correspond to 1024 samples. This means
decrease of the effective sampling frequency, limiting therefore
the maximum measurable frequency of the EMI.

In practice, between 12 dB — 18 dB of SNR improvement are feasi-
bly achievable for measurements of radiated and conducted EMI,
respectively, when using a 20 GSamples/s oscilloscope and the Hi-
Res mode.

On the other hand, the Average acquisition mode also improves
the SNR by a factor of\/m, through the reduction the variance
of each waveform point where Ny, is the number of waveform
points from consecutive acquisitions that are averaged to produce
the final waveform displayed. Hence, an improvement in the SNR
of 5 dB is achievable for N4,,=10 without losing bandwidth. On the
other hand, reducing the uncorrelated noise by averaging might
consume more computation time and memory of your oscilloscope
and therefore we recommend using a moderate Ny, which shall
lie approximately between 10 and 20, according to our experience.
A disadvantage of Average mode is that trigger jitter degrades the
timing information in the acquired data, and therefore it might not
be recommendable for the measurement of sharp transient
peaks and sparks that are commonly found to be an important
cause of EMI.

B. Sampling schemes

Regarding the sampling scheme, we first need to be aware that
most oscilloscopes provide two different types of sampling: the
real-time sampling and the equivalent time sampling.

Real-time sampling acquires all samples from a signal in one
cycle. The signal may be either a single or repetitive event. The
sample rate must be high enough to allow the oscilloscope to
acquire sufficient data to reconstruct the waveform. This sample
scheme is recommended for transient measurements, and
requires a higher sampling rate than the Nyquist frequency to
reconstruct the waveform. This is because the assumption of a
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periodic signal is not always applicable. In practice, a common
and effective interpolation uses the sin(x)/x function, and for those
cases the oscilloscope should have a sample rate at least 2.5
times that of the highest frequency component within the signal. In
the same way, if linear interpolation is used, then it is often
accepted that the sample rate should be at least ten times the
highest frequency signal component.

On the other hand, equivalent time sampling acquires a few samples
from each triggered waveform, over many acquisition cycles. The
advantage of equivalent-time sampling is that it allows the band-
width to exceed the Nyquist criteria for repetitive signals. It is rec-
ommended for high repetition frequency continuous wave signals.

Either way, a sampling rate, fs, of at least 4 times the maximum mea-
surable EMI is usually recommended for avoiding aliasing errors [8].
Additionally, oversampling the measured EMI contributes to improv-
ing the dynamic range as the theoretical SNR of the ADC driven by
a harmonic input signal depends on fs, is given by [11],

SNR, g5, = 6.02N,,

J.
+1.76 +10log,, 2 2

max

In consequence, considering a radiated EMI measurement per-
formed with an oscilloscope with 1 GHz bandwidth and a maxi-
mum sampling frequency of 20 GSamples/s, the SNR could be
potentially increased by 10 dB as result of oversampling.

C. Segmented memory acquisition

Sampling at the highest possible rates has its drawbacks. All
oscilloscopes have a limited amount of acquisition memory and
their memory depth determines the amount of waveform time that
can be captured at a particular sample rate. This could be a huge
problem when trying to measure a high frequency transient EMI
from a source with a very slow repetition frequency. Figure 3
shows an example of such situation.

That certainly justifies why, for TDEMI applications, is almost
mandatory to be able to use some kind of segmented memory
acquisition technique, in order to extend the scope’s total acqui-
sition time by dividing the scope’s available acquisition memory
into smaller memory segments. Segmented memory acquisition
methods, such as Tektronix's FastFrameTM, enable the TDEMI
measurement system to capture many successive single shot
waveforms while taking advantages of the other previously
explained PreA-DSP techniques.

For the aforementioned example, 10 pulses of 75 ns duration
and with pulse repetition frequency of 112 kHz were measured
at 5 GSamples/s and using the Hi-Res acquisition mode with a
20 Gsamples/s oscilloscope. The total equivalent time record
would have been of approximately 90 ps, which corresponds
to approximately to a record of 450 kSamples. However, by
using the segmented memory acquisition there were only
required 3.8 kSamples, that is, a memory reduction of about
120 times.
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Fig 3. Transient EMI signal recorded through several single-shot measure-
ments: a) superposed successive captures b) Reassembled time-domain signal
(actual recorded frames are marked inside the red rectangles).

D. Bandwidth limit and enhancing

Most oscilloscopes have a circuit that limits their bandwidth. By
limiting the bandwidth, it is possible to filter the undesired noise or
interferences out of the band that is being assessed. For example,
one would be interested in limiting the oscilloscope bandwidth to 1
GHz to perform in-situ measurements of the radiated emissions of
certain equipment under test (EUT) in the 30 MHz to 1 GHz band,
avoiding measuring undesired interferences from communication
systems, WLAN networks and others allocated above 1 GHz.

Similarly, some scopes may provide an equalization filter which
flattens the oscilloscope channel frequency response, improves
phase linearity, and provides a better match between channels. It
also decreases rise-time and improves the time domain step
response. This option might only be available for the higher sam-
pling frequencies. We suggest using the bandwidth enhancing
features whenever possible.

E. Trigger options

The oscilloscope’s trigger function synchronizes the horizontal
sweep at the correct point of the signal. This is essential for
clear EMI characterization. The trigger controls and modes allow
the stabilization of a repetitive transient EMI waveform and cap-
turing single-shot waveforms. Additionally, externally triggering
an EMI measurement by synchronizing the oscilloscope with
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changes in the operation state of the EUT is, sometimes, required
to evaluate one-time events that occur on the transitions
between functioning modes. Finally, it is important to state that
TDEMI measurement systems are still very sensible to adjust-
ments in the trigger level and mode, especially in cases where
the EMI is formed by pulses of significantly different amplitude
and repetition frequency.

V. Enhancements Through Post-Acquisition DSP

The post-acquisition DSP (PostA-DSP) techniques are a set of
mathematical operations and transformations applied to the
measurement data after it has been acquired by the personal
computer. Those functions are programmed as software,
depending on the particular features required by the mea-
surement system, and their level of complexity and sophistica-
tion depend on our requirements and computational resources
available.

An obvious example of what we have called PostA-DSP is the
universally used Fast Fourier Transform (FFT) algorithm; how-
ever, the TDEMI measurement systems can take advantage
from a wide range of techniques. Some of them will be cov-
ered next.

A. Filtering, windowing and equalization

Oscilloscopes, generally, are not able to reject undesired frequen-
cy components of the measured signal. Those noise components
out of the frequency band under evaluation add jitter and unwant-
ed variability to the TDEMI measurements. Adding an analog filter
to the measurement chain is an option, but this may affect the sys-
tem sensitivity and contributes to increasing the measurement
uncertainty.

Conversely, digital filtering offers a straightforward alternative to
face that problem. Therefore, for TDEMI measurements, it is a
good practice to bandpass filter the measured signal using a finite
impulse response (FIR) filter, designed to provide the correspond-
ing bandwidth of interest. Hence, for example, we could reject
noise components above or below 30 MHz for conducted and radi-
ated EMI, respectively.

In fact, even if it seems that the filtering operation has no impact
on measurement results displayed in the frequency domain, it
helps the later algorithms of transient pulse characterization to
perform better since the SNR is improved. Figure 4 shows how fil-
tering reduces significantly the jitter and the amplitude variability
between successive measurements of a transient EMI pulse using
the segmented memory approach, thus making it easier to calcu-
late pulse duration and repetition frequency.

On the other hand, even if the measurements and most signal
processing have been performed in the time-domain, the final
results comprise the spectral estimation of the assessed EMI,
and the measured signal shall be, eventually, transformed to
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Fig 4. Filtered radiated transient EMI signal. Several records of single
shots measurements are superposed.

the frequency domain for further evaluation. The spectral esti-
mation techniques based on the FFT assume periodicity of the
signal. However, the measured signal has finite record length,
which may not exactly contain an integer number of periods,
therefore, it is clear the aforementioned assumption may not be
truly satisfied.

To prevent spectral leakage caused by periodic components,
which do not fit an integer number of periods into the observation
interval, a window function must be applied to the measured sig-
nal. Note that, since the windowed signal has less energy that the
original, the coherent gain correction is required.

Nonetheless, different window functions offer distinct compromis-
es between leakage suppression and spectral resolution. Hence,
the window shape factor shall be considered to calculate the mini-
mum record length necessary to achieve the required resolution
bandwidth (RBW) [10]. Consequently, what's most important about
the selection of the appropriate window function for our TDEMI
system is to understand their advantages and weaknesses in
terms of the type of measured signal, thus making the choice nei-
ther trivial nor irrelevant.

Also, since in most cases the record length of the measured EMI
is larger than necessary to provide the desired frequency RBW of
the spectral estimation, a good practice is to subdivide the time
domain signal into smaller sets and window them individually. To
mitigate the loss at the edges of the window function, the individu-
al sets may overlap in time.

In this regard, CISPR 16-1-1 requires an overlap of more than 75
% to ensure that the level measurement uncertainty for the
pulse amplitude remains less than +1.5 dB [4]. Even if a 75% of
overlapping is more than sufficient for most applications, the
optimal overlapping proportion depends entirely on the select-
ed window function. The accuracy of the results and computa-
tion time can be improved selecting the optimal overlapping
factor (OOF).

Table Ill summarizes our recommendation and evaluation regard-
ing the selection criteria of the window function for TDEMI mea-
surement systems.
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TABLE 111

WINDOWING FUNCTION COMPARISON AND
RECOMMENDED APPLICABILITY

BW
Freq. Spectral | Amplitude | OOF I
Type 5 dB(B “2 i | Resolution | leakage | accuracy | (%) Applicability
5 Transient whose
H duration is
g 089 | 121 Best Worst Poor 0 shorter than the
K length of the
< window
§.3%
ST Ver Random or
£55|19%]|2n Poor et Good 66.1 .
S8 3 Good periodic.
RS
H
H 130 | 182 Good Fair Fair 50 Random.
N
=
General Purpose
and Transients
= . .
3 137 | 182 Good Good Fair s | Wwhose duration is
N Tonger than the
length of the
window.
3 Accurate random
&= and periodic
TT |23 |32 Good Excellent |  Excellent 80 signals within a
2 wide dynamic
K range.
= General Purpose
g @
S | 133 186 Good Fair Fair 50 Random and
S 3 continuous wave
signals.
Pure Sinusoids -
Accurate single-
s tone amplitude
I 372 | 458 Poor Good Best 76 measurements
3 such as those
s used for
calibration
purposes.

For EMI measurements, we recommend the Kaiser-Bessel window
function, since it has a variable shape factor, , which trades off
side lobes for main lobe. By varying the shape factor, the Kaiser-
Bessel function provides an excellent tradeoff between dynamic
range, accuracy, and frequency resolution for TDEMI measure-
ment systems.

Figure 5 shows the impulse and frequency response of some win-
dows functions commonly used by TDEMI systems. Again, the Kai-
ser-Bessel function exhibits the best performance among the win-
dows compared.
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Hann
Kaiser-Bessel
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-100

10 10° 10
Normalized frequency

Samples

Fig 5. Impulse and frequency response of some windows functions com-
monly used by TDEMI systems.

Finally, the distortion introduced by the FIR and the impulse
response of the oscilloscope shall be corrected. In the same man-
ner, other correction and calibration factors such as cable attenu-

ation and LISN/antenna factors can be compensated through Pos-
tA-DSP. For those purposes, equalization shall be performed.
Equalization can be implemented in the time domain or in the fre-
quency domain, being the later more straightforward.

B. EMI decomposition

An EMI can contain both continuous wave (CW) and transient com-
ponents. Likewise, in most cases the EMI might be a mixed signal
containing both periodic and random contributions. It is not an easy
task, for not saying almost impossible, to discern clearly between
CW/transient, stochastic/deterministic, sporadic/periodic when we
measure a superposition of signals that are non-intentionally gener-
ated and do not follow a specific, previously known, pattern.

In this regard, several techniques and algorithms, previously used in
the field of audio and biomedical signal processing, could be applied
for EMI signal decomposition [12]. With the EMI signal decomposed it
is possible to apply specific adaptive treatments to each signal mode
depending on their characteristics, improving the measurement result.

Itis not our intention to deepen the explanation of the implement-
ed algorithms, since that would be out of the scope of this article.
Nonetheless, Figure 6 shows a demonstrative simulated signal
example on how a noisy EMI signal can be decomposed into CW/
narrow-band and transient/broadband components in the using
time-domain processing. In Figure 6, the plots in the left column
correspond to the simulated signal in the time domain while the
plots in the right column correspond to their spectral estimations.
Similarly, the blue traces correspond to the total EMI signal while
the rest are the three components decomposed by the algorithm.

E (@BuVim)

s 0 w
<0 f—

EM, - E (@8vim)

N 0 10"
Frequency (Hz)

s . &
e, € oy
s .

3 10
Time (5) 10° Frequency (Hz)

EMI - € (68,vim)

2 25 3 o
Time 5) 1o Froquency (He)

Fig 6. Example of EMI signal decomposition by means of PostA-DSP
techniques applied in the time-domain.

C. Transient pulse characterization
One advantage of the EMI decomposition is that, once the transient

components have been identified, it is practical to apply additional
automated algorithms to characterize the pulsed interference.
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The main characteristics of the transient EMI that need to be
determined are the pulse duration and the pulse repetition fre-
quency. Both are required to be able to configure optimally the
measuring instrument. Depending on them, a TDEMI system could
decide regarding the most convenient acquisition mode, sampling
scheme, record length, among others.

Figure 7 displays a simulated example on the aforementioned situ-
ation. Based only in the original EMI “measurement” (blue trace) it
would be very difficult to determine the pulse duration and the
pulse repetition frequency. Although, after applying additional pro-
cessing algorithms for feature extraction (red trace), it is easier for
the system to estimate robustly, through statistical analysis of the
data, the pulse duration and repetition frequency.
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Fig 7. Example of feature extraction of a noisy EMI signal to estimate
the transient pulse characteristics.

D. Spectral estimation and superposition

Intuitively speaking, the spectral density estimation is the mathe-
matical transformation process used to analyze the frequency
content of a signal. There are several methods for spectral estima-
tion, but they are primarily classified into parametric and non-
parametric.

The parametric approaches assume that the underlying stationary
stochastic process has a certain structure which can be
described using a small number of parameters. In these approach-
es, the task is to estimate the parameters of the model that
describes the stochastic process. By contrast, non-parametric
approaches explicitly estimate the covariance or the spectrum of
the process without assuming that the process has any particular
structure. For EMI measurement applications, the non-parametric
methods are generally more suitable.

With that said, we recommend the use of the Welch’s method of
modified periodograms (windowed) for an averaged/smoother spec-
tral estimation result. For identifying changes over time in the emis-
sions spectrum, we suggest using the Short Time Fast Fourier Trans-
form (STFFT) for evaluating local sections (windows) of a signal as it
changes over time [13]. Spectrogram representations are possible,
but their applicability is unclear for EMC testing purposes.
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Fig 8. Example of spectral estimation between a conventional EMI test
receiver and a customized TDEMI measurement system with DSP
improved performance.

Furthermore, due to the linearity of Fourier transforms, it is possi-
ble to take advantage of the EMI signal decomposition to improve
the spectral estimation a step beyond of what has been mentioned
so far. Combining the optimal oscilloscope setup for each EMI
component and the PostA-DSP techniques described in this arti-
cle, the resulting spectral estimation is obtained through the
superposition of the individual spectrums of each EMI component.
The overall result provides an enhanced dynamic range and a
lower noise floor for our TDEMI measure system.

Figure 8 shows an example of a radiated emission measurement
carried on using an oscilloscope (Tektronix DP07104) configured
with the recommended criteria, compared with the results
obtained by a conventional EMI Test receiver (R&S ESPI).

Through DSP, our TDEMI measurement system has achieved a
lower noise floor than the conventional test receiver used for the
verifications, and, therefore it makes possible to identify more
spectral features of the measured EMI.

Additionally, by means of modifications on the STFFT algorithm, it
is also possible to calculate the spectral content of the EMI with a
variable/adaptive RBW depending on the requirement of the
assessed band in terms of the corresponding frequency allocation,
with only one acquisition of raw data. As an example, Figure 9
shows a synthetic multisine signal, whose spectrum has been
estimated with a RBW starting in 100 kHz between 30 MHz and 100
MHz and increasing in +200 kHz for every additional 100 MHz of
the measured bandwidth.

E. Detectors emulation

PostA-DSP has been extensively applied for attempting to emulate
in the TDEMI measurement systems the performance of the detec-
tors (MaxPeak, Average, Quasi-Peak, etc) used by the convention-
al EMI test receivers. The main goal is to achieve results directly
comparable/compatible between both measurement systems.

One approach focuses on the application of correction factors
that depend on the type of detector and on the pulse repetition
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Fig 9. An example of a multisine signal measurement with a spectral esti-
mation obtained for different RBW using a single time domain acquisition.
a) Time domain signal b) Amplitude spectrum.

frequency [8]. Others have modeled the Quasi-Peak detector as an
infinite impulse response filter [9].

Our TDEMI measurement system uses the STFFT to compute the esti-
mated results for each detector based upon the variations of each
frequency bin along all the observed time windows. Hence, for EMI
signals with a low pulse repetition frequency, the TDEMI measure-
ment system uses an approach that requires reassembling the time-
domain signal measured through segmented memory acquisition
techniques. Thus, our TDEMI measurement system is capable of
achieving equivalent measurement times sufficient to properly emu-
late the detectors results.

VI. Conclusion

Current, time-domain general-purpose measurement instruments
provide multiple of opportunities to develop custom made, accu-
rate and reliable TDEMI systems. Digital signal processing is the
key to unleash all the potential applications those instruments pro-
vide in terms of EMI assessment.

We have grouped the DSP techniques into pre-acquisition and
post-acquisition in order to structure them and the examples of
their applicability. However, the most important aspect in this
regard is to understand what options and features are available in
our instruments, such as oscilloscopes, and how we can boost
them through the addition of PC-based processing, in order to
benefit from them in terms of a better EMI assessment.

Even if nowadays the measurement systems as the ones treated in

this paper are alternative measurement approaches neglected by
the standards, we believe this situation could change in the future
as their improvement continues, their cost is lowering and more
EMC laboratories are embracing it.
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Abstract—This paper presents a measurement system in-
tended to be used to assets the radiated electromagnetic interfer-
ence (EMI) in both time and frequency domains. In order to keep
the ement setup as ible and practical as possible, the
direct measurements are recorded with a general purpose digital
oscill pe and pr d with a ly ilable personal

p The ement system was validated for radiated
emissions testing using well-known, controlled transient and
continuous signals emulating typical interferences. The results are
in satisfactory agreement with those provided by a conventional
EMI receiver for different types of detectors. The proposed
approach shows that, currently, it is possible to implement a time-
saving, accurate and generally inexpensive time d i e-
ment system for radiated emissi that is capable to overcome
the limitations of the superheterodyne EMI receivers regarding
the ement of di inuous electr tic disturbances
and also able to provide additional enhanced features to evaluate
and troubleshoot EMI probl
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I. INTRODUCTION

Nowadays, an important cause of electromagnetic in-
compatibilities and interferences are broadband impulsive
noise disturbances unintentionally produced, i.e., by sparks or
switching power supplies that propagate as radiated signals
affecting digital communication systems receivers as in-band
interferences [1]. This is the case of several contemporary
applications such as Digital Video Broadcasting Terrestrial
(DVB-T), Trans European Trunked RAdio (TETRA), Radio
Frequency IDentif cation (RFID) and GSM-Railway system
that are susceptible of degradation in their performance under
the impact of transient broadband interfering noise [2][3].

However, most of the standardized methods and measure-
ment setups used for evaluating the radiated electromagnetic
emissions were developed to protect analogue communication
systems from interferences and, therefore, the aforementioned
standards and their associated measuring equipment are not
generally suitable to perform a proper assessment of the impact
of radiated interference in such digital communication sys-
tems and applications [3]. Additionally, in general terms, the
standard methods for evaluating the radiated electromagnetic
emissions have evolved at a slower pace with respect to
the communications technologies making them inadequate or

insuff cient to ensure electromagnetic compatibility (EMC) in
situations as those described previously [4].

Consequently and in view of the limitations of the su-
perheterodyne EMI receivers, important advances have been
achieved in order to implement Time Domain Electromagnetic
Interference Measurement (TDEMI) systems fully compliant
with CISPR 16-1-1 standard. Those CISPR compliant FFT-
based EMI receivers tend to reduce the measurement time
spent in the conducted and radiated emissions test by several
orders of magnitude [1][5]. Nevertheless, in general terms,
those TDEMI systems have been more focused on emulating
the functioning, specif cations and performance of the state-
of-the-art EMI receivers that operate in the frequency domain
than in performing a more comprehensive evaluation of the
electromagnetic disturbance in the time domain [6].

Perhaps, the approach taken so far in the TDEMI measure-
ment systems propitiated their recognition as (FFT-based) test
instruments for standard-compliant measurements according
to the International Special Committee on Radio Interference
(CISPR) requirements, specif cally by means of the publication
of the Amendment 1 to the third edition of CISPR 16-1-1 [7].
Notwithstanding, the inclusion of the TDEMI measurement
systems in the CISPR 16-1-1 standard neither attempt to
address the study of electromagnetic disturbances in the time
domain nor makes the test equipment less expensive. In fact,
the large majority of the commercially available EMI receivers
with the optional time domain scan functionality are a very
sophisticated piece of hardware that is neither affordable for
small laboratories nor is suitable for in-situ measurements [8].

Aware of the increasingly importance of evaluating the
impact of transient, discontinuous and intermittent EMI while
developing the means for making the maximum of commonly
available laboratory equipment, this work is intended to in-
troduce a low-cost time domain EMI measurement system
for radiated emissions, that uses as general purpose digital
oscilloscope to measure and acquire the signals that are later
processed to obtain not only the estimated spectral content
of the EMI, but also useful information on the time domain
characteristics of the electromagnetic disturbance.

In the following sections, the aforementioned TDEMI
system will be explained and the results from its experimental
validation will be provided and compared with those obtained
using a conventional frequency domain EMI receiver.

978-1-4799-6616-5/15/$31.00 ©2015 IEEE 1189
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II. OVERVIEW OF TDEMI MEASUREMENT SYSTEMS

In general terms, a TDEMI measurement system can be
described by the block diagram shown in Figure 1[9]. Those
TDEMI systems can be employed, in theory, for the mea-
surement of either the radiated EMI or conducted EMI. For
the measurement of radiated electromagnetic interference a
broad-band antenna shall be used, while for the measurement
of conducted EMI corresponds either a current clamp or
line impedance stabilization network. Sometimes the measured
signal passes through a preamplif er and then it is low-pass
fltered for band limiting proposes, so the signal fulflls the
Nyquist condition for the maximum sampling rate supported
by the TDEMI system. Then, in the analog-to-digital converter
(ADC), the signal is digitized and then it is stored. Finally,
the amplitude spectrum is computed via a spectral estimation
techniques.

ANTENNA

TDEMI receiver or PC

CURRENT

CLAMP, L3, AMPLITUDE

1
1
1
SPECTRUM | 1
1

1

J i

LISN = Lo !

Fig. 1. Block diagram of a Time-Domain EMI measurement system.

On the other hand, from the standpoint of the signal
acquisition and processing stage, a TDEMI system is more
naturally described by the f ow chart shown in Figure 2.

" Direct EMI
Analog data acquisition { m:;:uremems

| External or embedded in the
1 measurement instrument

‘Analog-Digital conversion

Computation of the
frequency spectrum

Measurement corrections in
the frequency domain

Emulation of the detectors: Hardware
_ (FPGA or DSP
Peak, Average, RMS and L
Quasi-peak circuits) and software
L" based processing

)
Data Display and Output

Automated results analysis

Fig. 2. General f ow chart of the TDEMI measurement processing.

In that sense, the data acquisition process for a TDEMI
measurement system begins when the analog signal is sam-
pled either directly by the measuring instrument (i.e., digital
oscilloscope) or externally by means of ADC or digitizers.
Then, the EMI data are transferred from the main memory
to the device that will process it. For the commercial FFT-
based EMI receivers this process is performed internally by the
built-in processors and software [6]. However, a customized
TDEMI measurement system may carry on the digital signal

processing with the aid of specifc software running on a
personal computer. Then, the data are transferred to a personal
computer via some communication port, such as the General
Purpose Interface Bus (GPIB). Subsequently, the amplitude
spectrum is digitally computed using the FFT (or some variant
of), periodograms or other spectral estimation methods [10].
Later, the errors due to the frequency dependence of the
antenna factor, the attenuation in the transmission line, the gain
of the preamplif er, the frequency response of the anti-aliasing
flter are corrected. Next, a mathematic emulation of the peak,
RMS, average and quasi-peak detectors is made, either by
applying a correction factor dependent on the pulse repetition
frequency [11] or by means of the application of a digital
inf nite impulse response f Iter [12]. Additionally, other signal
processing techniques can be used in order to reduce the impact
of the noise but this has varied upon specif ¢ implementations.
Finally, the results must be displayed and compared with the
respective limit lines to provide a judgment about the test
result regarding the EMI in the measured frequency band. For
studying non-stationary signals, a spectrogram representation
of EMI has also been used previously[13].

III. GENERAL DESCRIPTION OF THE TDEMI
MEASUREMENT SYSTEM

A. Hardware

Even if the measurement method is, by itself, neither
restricted in terms of the maximum measurable frequency,
dynamic range nor noise foor, it is important to indicate
the overall technical specif cation of the hardware in order to
emphasize the use of general purpose instruments as a key
aspect of our approach. In that sense, the developed TDEMI
measurement system uses a general purpose digital oscillo-
scope and a personal computer for pre- and post-processing the
results in both the time an the frequency domain. Specif cally,
the make and model of the oscilloscope used is Tektronix DPO
7104, which has a 1 GHz bandwidth, a maximum sampling
rate of 20 GSamples/s, and up to 8 bit (>11 bit with Hi-Res
mode) ADC resolution (6.7 effective number of bits). Thus, the
maximum frequency measurable by the oscilloscope is limited
to 1 GHz by the hardware, making it unnecessary to apply an
additional low-pass f lter as shown in Figure 1. The maximum
theoretical dynamic range for a harmonic input signal with an
amplitude equal to the ADC full-scale input is 110 dB (74
dB plus the processing gain and at full range signal), while
typically the effective dynamic range is about 78 dB.

B. Sampling scheme

It is well-known that, according to the (uniform) sampling
theorem, the minimum required sampling rate must be at
least twice the upper frequency limit of the measured band
in order to be able to reconstruct the sampled signal, that is
2 GSamples/s for a TDEMI system intended to measure up
to 1 GHz. However, in order to avoid the aliasing inf uence,
the generally recommended criteria is to select a sampling
frequency, fs, of approximately four times the upper frequency
bound of the spectrum to be measured, that is, 4 f;,,4.[14]. This
particular TDEMI measurement system implementation se-
lects, from a set of possible sampling frequencies conf gurable
in the oscilloscope, the immediately sampling rate higher than
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4 finaz- For example, considering a measure between 30 MHz-
1 GHz, f, is set to 5 GSamples/s since fynqaz = 1 GHz. On
the other hand, if measuring in the band 100 MHz-300 MHz,
fs is set to 1.25 GSamples/s. The main objective in adjusting
fs is to use the oscilloscope memory eff ciently so the capture
time, Teapture, i suff cient to achieve the required frequency
resolution, Af = 1/Teapture-

C. Filtering and windowing

Before acquiring the measurements, the appropriated
record length must be selected in order to provide the required
Af. In that sense, the minimum capture time, T}y,in, and the
minimum record length, RL,,.,, are given by,

RLyin = round (fsTmin) = round (ﬂ%ﬁ,) ]
where, wy is the window factor of the windowing function to
be applied in order to reduce the scallop loss and the spectral
leakage caused by the f nite length of the data.

After sampling and acquiring, the signal is digitally band-
pass fltered to remove frequency components outside the
band of interest, primarily noise measured below the mini-
mum frequency of interest. The time delay introduced by the
convolution operation between the f Iter’s transfer function and
the measured signal is then corrected.

The following step of the signal processing chain is win-
dowing the data. The algorithm of this TDEMI measurement
system use by default a Kaiser-Bessel window with the param-
eter § = 16.7 (wy ~2.23) since it offers a good compromise
between amplitude accuracy and spectral leakage [15], which
makes Kaiser-Bessel windows adequate to analyze both contin-
uous and transient signals. However, the algorithm also offers
the possibility of selecting other windowing functions such as
the Gaussian, Hann, Hamming, Blackman or Flat-top that have
been previously used in similar applications [14][16].

D. Basic measurement algorithm

As stated previously, our TDEMI measurement system is
mainly intended to study transient, discontinuous and inter-
mittent signals, still it must be able to handle continuous
signals in order to provide a proper spectral estimation that
includes narrow band and broadband signals, as required on
the assessment of the radiated emissions.

Hence, the algorithm initially performs a preliminary mea-
surement in order to identify transient, discontinuous and
intermittent signals. This measurement must be conf gured
for a capture time as long as possible, considering practical
limitations such as memory restrictions. In our particular case,
a record length, RL, of 10° samples is used by default.
As a general rule, RL must be several times longer than
RLp,in in order to provide an accurate spectral estimation.
For example, for fy,a.=1 GHz, Af=120 kHz and wy=2.23,
RLpmin =~ 9.3 x 10* samples, which is more than 10 times
smaller than the selected RL.

Then, by manually adjusting manually the trigger to an
appropriate level it is ensured to record at least a complete
sample of the pulsed signal. Next, the pulse envelope and
duration, Aty se, are automatically and robustly calculated
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by the algorithm. It is recommended to set the oscilloscope
to acquire in averaging mode since it helps obtaining a
more consistent calculation of Atp,sc, since it improves the
signal-to-noise ratio by reducing the uncorrelated noise. The
number of pulses, npyises, occurred during Teqpiure is also
counted. After analysing the preliminary measurement, one
of the following different scenarios must be selected by the
algorithm:

e If no pulse was detected, nyuises = 0, it is assumed
that the measurement was triggered by a continuous
signal, then the algorithm shall proceed with the spectral
estimation using the preliminary measurement as input.
If only one pulse was detected, n,uises = 1, it means
the pulse repetition frequency is lower than de inverse
of the capture time. Then, RL is set s0 Tiapture =~
Atpuse and the oscilloscope is conf gured to acquire in
the FastFrame™ mode. The number of frames must be
selected according the internal memory limitations. The
accuracy in the estimation of the average pulse repetition
frequency, fpuise, increases with the number of frames.
Through our experiments, we have found empirically
that recording at least 10 pulse frames is suff cient to
estimate consistently fpuisc, but that number of frames is
dependent on the time base of the oscilloscope and may
vary in other implementations.

If a few pulses were detected (ie., 2 < npuises < 10,
in our case), fpuise is estimated but it might not be a
suff ciently accurate value. Therefore, in this scenario
the oscilloscope is also conf gured to acquire in the
FastFrame™ mode for a capture time corresponding to
the estimated pulse duration. Again, the number of frames
is selected according the internal memory limitations,
applying the same criteria explained above.

If several pulses were detected (npuises > 10, in our
case), it means the preliminary measure contains at least
a pulsed signal with a fp,sc properly estimable upon the
initial measurement and then the algorithm shall proceed
with the spectral estimation stage using the preliminary
measurement as input.

E. Equivalent “reassembled-time” signal

If the algorithm decides to rerun the measures in
FastFrame™ mode, it measures several records of the pulsed
signal accompanied by an absolute time stamp of the triggered
events which occur in sequence. The time stamps are processed
in order to provide a relative time of occurrence of the pulses
and also to calculate f,,se. It has been observed that the high
resolution acquisition mode provides the best performance
when measuring the pulses in the FastFrame™ mode since it
allows obtaining better details of the measured pulse waveform
by increasing the ADC resolution through oversampling and
then providing a better dynamic range. No additional changes
are required regarding the oscilloscope settings.

The individual pulses measured during each frame are
merged in a equivalent “reassembled-time” signal using the in-
formation provided by the time stamps. Therefore, it is possible
that the equivalent capture time exceeds the maximum record
length allowable in a single run measure, while the effective
memory usage remains manageable since this approach leads
to a enormous data reduction. The time between pulses in the
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reassembled signal is, optionally, flled with the background
noise of the initially recorded signal for the time lapse posterior
the pulse has fallen and after the occurrence of the following
pulse.

F. Spectral estimation

The developed TDEMI measurement system provides a
few different Spectral Density Estimations (SDE) for the
radiated emissions. For this purpose, the SDE is carried out by
means of the Short-Time Fourier Transform (STFT) and the
Welch’s periodrogram. Therefore, the signal is examined in
overlapped time windows of T,;, duration in order to assure,
by default, a minimum frequency resolution comparable to the
120 kHz resolution bandwidth required by CISPR-16-1-1 for
measurements in bands C and D. However, the algorithm is
able to adjust the window length to provide an reasonably
arbitrary resolution bandwidth. The default overlapping per-
centage between windows is set to 75%, being possible to
increase it up to 90% (since a greater overlapping proportion
would consume more memory without providing a signif cant
improvement on accuracy) or decrease it down to 50% (when
reducing the computation cost is needed) in order to adjust
resolution in time domain.

The STFT is used to analyze the spectral content of local
sections of a measured signal as it changes over time. The
STFT provides a spectrogram matrix from which is possible
to provide a worst case spectral estimation comparable with a
measurement obtained with a max-peak detector. On the other
hand, Welch’s periodogram combines the STFT method with
the averaging of each modif ed periodograms of the windowed
time frames, providing a SDE comparable with a measurement
obtained with an average detector. For a detailed explanation
of spectral estimation techniques, please consult [17].

G. Correction and scaling of measurements

Since each component of the system (antenna, cables,
preamplif er, oscilloscope) has a specif ¢ impulse response, it
would be required to correct the direct oscilloscope voltage
measurements, v(t), in order to obtain the corresponding
electric feld as it varies over time, E(t). However, this would
depend upon knowing or measuring the impulse response of
all the elements of the measurement chain and then deconvolve
it of the measured signal. This might be neither possible nor
practical for most EMC measurements and, therefore, it result
more convenient to apply corrections in the frequency domain.

Assuming that only the amplitude spectrum representation
is required, our TDEMI measurement system applies the
corresponding correction factors such as cable attenuation
and signal path losses, antenna factors and the oscilloscope
frequency response. Since the EMI spectrum is meant to
be expressed in terms of decibels-microvolts per meter, the
aforementioned correction factors are added, as usual, and
the adequate scaling factors are incorporated for assuring
consistency in the units.

H. Budget

In general terms, the oscilloscope is the most expensive
equipment involved in the whole setup of the implemented
TDEMI measurement system. For measurements up to 1 GHz,

very affordable and versatile hardware options are available
in the market including USB PC-based scopes which are
relatively inexpensive (about €5,000) and very practical for
in-situ measurements due to its size and weight. For mea-
surements above 1 GHz, similar alternatives are also available
for higher budgets being relatively common to found suitable
oscilloscopes with a measuring bandwidth of 10 GHz and more
for less than €20,000. In the near future, it’s expected those
prices will be reduced. Regarding the rest of the hardware,
a quick survey have allowed us to estimate that an amount
of €1,500 extra would be suff cient to procure the required
accessories and personal computer. Nevertheless, in most
cases, elements such as antennas, cables and preamplif ers are
interchangeable items that are already available in an EMC
lab, being unnecessary to include them in the overall cost of
the TDEMI measurement system.

It is important to state that we have intentionally not
mentioned references for the aforementioned prices because
it is not our intention to advertise any vendor, however, this
information can be easily verif ed by anyone who is interested.

1. Notes on the software implementation

All the signal processing algorithms applied after the
PC acquisition stage are implemented in MATLAB® due
its conveniently broad library of mathematical functions and
its optimized approach for operations involving matrices and
vectors. Statistics Toolbox and Signal Processing Toolbox
functions are used throughout the code.

IV.  VALIDATION METHODOLOGY

The validation of the presented TDEMI measurement sys-
tem was performed for radiated emissions testing by means
of well-known controlled transient and continuous signals
generated using a burst generator Schloder SFT 1400, an
arbitrary signal generator Agilent 81160A and a programmable
synthesizer Hameg HM8134 as the source of the EMI. The
EMI was radiated by an open cable and/or by antennas, respec-
tively. The measurements were performed inside an anechoic
chamber. Regarding the measuring antenna, a BiLog antenna
Schaffner CBL6143 was used. The results were compared
with those obtained from a conventional EMI test receiver
model ESPI from Rohde&Schwarz. A general diagram of the
measurement setup is shown in Figure 3.

EMI Test Ij GPIB
Receiver
ESPI (R&S) i

Oscilloscope
DPO7104
(Tektronix)

Fig. 3. Simplifed experimental setup for the validation of the TDEMI
measurement system.
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Since for transient signals with a low pulse repetition
frequency a single sweep measurement of the EMI test receiver
is likely to provide an incorrect result for the spectral content of
the disturbance, several sweeps of the EMI test receiver were
required with the max hold enabled until the measurement was
useful for comparison purposes. Finally, the Feature Selective
Validation (FSV), a method widely known in the feld of
computational electromagnetics [18], was used for assessing
a comparison between the measurement results obtained with
the developed system with respect to measurements taken with
the conventional EMI test receiver.

V. RESULTS

The following subsections present a pair of representa-
tive measurement results for which our TDEMI system has
been validated. However, several other controlled validation
stages has been performed previously in order to assure the
correctness and consistency of our measurements procedures,
algorithms, instruments and reference patterns.

A. Radiated burst

In this experiment, a radiated burst is measured as a
representative case of a broadband EMI formed by single
periodic pulses with fyuise < Bimp (impulse bandwidth).
Particularly, our burst generator was set at 5 kHz with a 15 ms
pulse duration and a burst period of 50 ms. Let us assume
we are only interested in measuring the spectral components
corresponding the aforementioned pulsed EMI. Since the stan-
dard burst (IEC 61000-4-4) has a rise time of 5 ns, it is a
priori known that its radiated emissions are entirely expected
in the 30 MHz - 300 MHz band, therefore f, = 1.25 GHz
is used. Antialiasing f ltering was not required. The TDEMI
and the corresponding ESPI test receiver were conf gured
for measuring using coherent parameters: Af = 120 kHz,
Max Peak and Average detector. The ESPI Test receiver was
conf gured to capture 8000 frequency points (maximum) with
the max-hold feature active in order to capture the worst case
emissions after several sweeps of 5 s duration each. The results
corresponding to the EMI spectral estimation are shown in
Figure 4 for both detectors and both measurement systems.

w
=]

[S]
=]

E field (dBuV/m)

10 ——"EsPI (MPK)
— TDEMI (MPK)
ol| —ESPL(AVE) |
— TDEMI (AVE)
30 100 300

Frequency (MHz)

Fig. 4. Spectral estimation for a radiated burst pulse.

The difference between both measuring methods was of
less than 0.4 dB at the frequency of maximum emission level.
Then, applying the FSV, the overall results indicate that there
is, in average for all the detectors, an “Excellent”-*Very Good”

level of agreement between the traces regarding their amplitude
(ADM;oe = 0.114), feature (FDM;,; = 0.2724) and global
(GD M,y = 0.3177) difference measures. However, the vali-
dation results might have been degraded by the noise in the
traces.

B. Superposition of Broadband and Narrowband EMI

Our second experimental scenario deals with an EMI
formed by a periodic transient pulse of fp.15.=100 kHz and a
continuous tone at 900 MHz. Now, let’s assume it is required
measuring the whole spectrum covering form 30 MHz up
to 1 GHz, thus setting fs =5 GHz. Again, the TDEMI
and the corresponding ESPI test receiver were conf gured
for measuring using coherent parameters: Af = 120 kHz,
Max Peak and Average detector and the maximum number of
samples corresponding in each case. The results corresponding
to the EMI spectral estimation are shown in Figure 5 for both
detectors and both measurement systems.

In Figure 5, the SDE provided by our TDEMI measure-
ment system was performed using the reassembled signal
constructed by superposing, in the time domain, the transient
and continuous parts. The results indicate that our TDEMI
measurement system provides results within £1.5 dB when
compared with a conventional EMI test receiver, provided that
the signal level is above the noise f oor of both measurement
systems. Considering that, typically, the radiated emissions
measurements have an expanded uncertainty higher that 3 dB,
our system provides a comparable accuracy level.

— ESPI Test receiver
|| - - TDEMI

80

2

E field (dBuV/m)
SY IS
S S

30 100 1000
Frequency (MHz)

(a) Max-Peak detector

80

— ESPI Test Receiver
— = TDEMI
60

E field (dBp/m)

100 1000
Frequency (MHz)

(b) Average detector

Fig. 5. EMI spectral estimation superposed broadband and narrowband EMI.
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In this particular case, the standard FSV indicates that the
overall level of agreement between the ESPI Test Receiver and
our TDEMI measurement system results is, in average for all
the detectors and methods, “Good”-“Fair” for their amplitude
(ADM;,x = 0.5463), feature (FDM;,; = 0.6882) and
global (GDM,;,; = 0.9832) difference measures. However,
careful must be take when comparing measurement results
applying the standardized FSV because if such measurement
include noisy frequency bands, as this particular case, the
overall indicators provide misleading results and they should
be accompanied by a proper uncertainty statement for the
validation results [19].

VI. CONCLUSION

A TDEMI measurement system, that employs an alter-
native approach and different algorithms in comparison to
previously published works that addresses this subject, has
been presented. One of the principal advantages of our TDEMI
system is that it can be continuously improved through signal
processing implemented via software. Even if our general
purpose equipment limits the measurement band up to 1 GHz,
it would be completely feasible to enhance the current ca-
pabilities of the TDEMI measurement system by using an
oscilloscope with a larger bandwidth.

As expected, the measuring and processing time required
by our TDEMI measurement system is much lower than the
required by conventional EMI test receivers, however, we
believe this is not the most relevant improvement achieved.
In our TDEMI measurement system the algorithms detect
robustly the transient EMI pulses and adjust automatically the
oscilloscope parameters and acquisition modes to capture only
the pulse of interest with the optimal instrument conf guration,
thus the measuring system manage more effectively aspects
such as the dynamic range and the ambient noise. Implicitly,
those features also reduces the amount of samples required for
a proper SDE of the measured EMI, and therefore, it provides
an improved capability for managing the required oscilloscope
memory, even if this aspect was not discussed in detail in the
main body of the paper.

On the other hand, one remarkable feature of our approach
to the TDEMI measurement system implementation is that
it was feasible to built it with a relatively small budget,
starting approximately form €5,000; proving that radiated
EMI assessment by means of time domain techniques is not
only very accurate but also affordable for small in-company
or university EMC laboratories which require a fast and cost
effective alternative to evaluate accurately the performance of
the radiated emissions of their products and prototypes.

The authors believe that TDEMI systems, as the one pre-
sented in this article, are an attractive alternative for performing
in-situ measurements on industrial environments or under
situations where the equipment under test can’t be properly
installed within a controlled measurement facility such a
semianechoic chamber, since it would reduce signif cantly the
cost of performing or contracting such measurements.
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ALTERNATIVE FULL TIME DOMAIN
EMISSIONS TESTING METHODS

The publications in subsections 4.1, 4.2, 4.3 and, 4.4 comprise the more practical facet of this Thesis
research. This papers are diverse in terms of the spanning from communications, aeronautics, large
industrial system and railway. In the light of the Thesis objectives, their key outputs are:

Objective 1:

Objective 2:

Objective 4:

Optimizing Full TDEMI measurement systems for enabling the required measurements by
using USB digitizers.

Firstly, through the time-domain measurements of the interferences at intermediate
frequency, the impact of radiated transient interferences on the GSM system was
determined using the APD detector and evaluated using limits defined in terms of the
RxQual criteria. Secondly, a time-domain EMI measurement system was developed for
measuring the radiated and conducted indirect effects of lightning strikes on-board of
unmanned aerial vehicles, featuring multichannel and triggering capabilities that allowed
for alternative measurement methods. Thirdly, multichannel Full TDEMI measurement
systems were extensively used for assessing an automatic storage and retrieval system
in-situ. Lastly, the applicability of multichannel Full TDEMI measurement systems for
improving the emissions test procedures used in the railway sector was studied. Specifically,
for evaluating the dynamic and static modes of the rolling-stock. From those experiences,
several advantages of measuring interferences in the time-domain were reported.

Validations of the proof-of-concept experiments and in-situ test results were performed by
comparing the Full TDEMI measurements with the corresponding ones from a CISPR 16-1-1
compliant measuring receiver.

4.1. COMPLEMENTARY JOURNAL ARTICLE 1

M. Pous, M. A. Azpirua and E Silva, “Measurement and Evaluation Techniques to Estimate the
Degradation Produced by the Radiated Transients Interference to the GSM System,” in IEEE Transactions on
Electromagnetic Compatibility, vol. 57, no. 6, pp. 1382-1390, Dec. 2015. doi: 10.1109/TEMC.2015.2472983

Abstract-A common source of noise for digital communication systems is the radiated transient
interference. As an example, it has been reported that the degradation is produced to the Global
System for Mobile (GSM)-Railway signaling system when the impulsive noise is generated by

39


https://doi.org/10.1109/TEMC.2015.2472983

40 ALTERNATIVE FULL TDEMI TESTING METHODS

sparks caused by the discontinuity between the catenary and the pantograph. Concerning
the measurement and evaluation procedures defined in the electromagnetic compatibility
standards, they are not suitable for these types of transient disturbances. Therefore, new
techniques must be developed to determine, with a high confidence level, the degradation that
impulsive noise will produce in communication systems. In this paper, novel time-domain
measurement procedures are carried out to acquire transient interferences generated by
sparks properly. Moreover, two different evaluation methodologies, employing base-band
simulation and amplitude probability distribution detector, are used to analyze the impact of
the disturbance applied into a GSM system interference scenario. Finally, the results obtained
with the developed methodologies are successfully compared with a reference measure where
the GSM downlink channel quality is monitored by a mobile station test unit.

4.2. CONFERENCE PROCEEDING 2

M. A. Azpiarua, M. Pous and E Silva, “On-board compact system for full time-domain electromagnetic
interference measurements,” 2016 ESA Workshop on Aerospace EMC (Aerospace EMC), Valencia, 2016, pp.
1-4. doi: 10.1109/AeroEMC.2016.7504579

Abstract-This paper presents a compact system for the measurement of electromagnetic
interferences in the time domain. The measurement system is based on a USB oscilloscope,
used as digitizer, and specific software for signal processing and spectral estimation. The
measurement system is suitable for both conducted and radiated electromagnetic emissions up
to 200 MHz. Its accuracy, precision and dynamic range are sufficient for the intended application.
It is particularly suitable for measuring transient disturbances due to its triggering capabilities.
Its relative low weight and cost makes it a valuable tool for investigating on-board the indirect
effects of lightning strikes as disturbances coupled to cables and antennas inside launch vehicles,
aircrafts, and unmanned aerial vehicles.

4.3. CONFERENCE PROCEEDING 3

M. Pous, M. A. Azpidrua and E Silva, “Benefits of full time-domain EMI measurements for large fixed
installation,” 2016 International Symposium on Electromagnetic Compatibility - EMC EUROPE, Wroclaw,
2016, pp. 514-519. doi: 10.1109/EMCEurope.2016.7739221

Abstract-It is difficult to properly evaluate the electromagnetic disturbances generated by large
fixed installations because of, i.e., the background noise, unsteady emissions and transient
interferences. Those challenging EMC issues have been recently studied in European research
projects on improved test methods in industrial environments. In order to overcome traditional
in-situ EMI measurement troubles, a novel time-domain methodology is proposed and used
in a real fixed installation with large machinery. Firstly, a comparison between the developed
measurement system, using an oscilloscope, and an EMI receiver is done in some test-cases
for validation purposes. After verifying the accuracy of the measurements, we proceed with
the measurement campaign applying the full time-domain methodology. The main benefits of
employing the time-domain system are emphasised through the results. It was observed that the
some remarkable advantages of the time-domain approach are: triggering by disturbance events,
extremely reduce the capturing time, identify on real time the worst emissions modes of the EUT,
avoid changes at the background noise and perform simultaneous multichannel synchronous
measurements.

4.4, CONFERENCE PROCEEDING 4

M. Pous, M. A. Azpirua, J. A. Oliva, M. Aragén, 1. Gonzédlez and E Silva, “Full Time Domain EMI
measurement system applied to Railway emissions according to IEC 62236-3-1/EN 50121-3-1 standards,”
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2018 International Symposium on Electromagnetic Compatibility - EMC EUROPE, Amsterdam, 2018, pp. 1-6.
(Accepted paper)

Abstract-This paper studies the advantages of applying time domain based instrumentation
to conduct electromagnetic interference emissions from rolling-stock. In IEC 62236-3-1 or EN
50121-3-1 standards, it is mandatory to measure the railway vehicle in static and in-motion
conditions. When conventional frequency sweep instrumentation is employed, difficulties
regarding ambient noise variation and the short-duration of worst-case emission modes take
place. In Annex B of the standard, a test procedure is described to acquire the worst-case EMI,
however, as it is explained at the paper the effective measured time at each frequency is only 0.08
ms in some frequency bands. Hence, multiple movements of the vehicle are needed increasing
the uncertainty of the measured source and making difficult to distinguish vehicle EMI from
background noise interference. To solve this problem, a Full TDEMI measurement system is
proposed with the availability to increase the effective measured time, reduced the ambient noise
variation, the usage of multiple antennas at the same time and the possibility to discard transient
interference that should not be evaluated. At the end of the paper, measurements carried out
with the time-domain system are shown demonstrating the effectivity of the methodology.
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Measurement and Evaluation Techniques to Estimate
the Degradation Produced by the Radiated Transients
Interference to the GSM System

Marc Pous, Marco A. Azpirua, Member, IEEE, and Ferran Silva, Member, IEEE

Abstract—A common source of noise for digital communication
systems is the radiated transient interference. As an example, it
has been reported that the degradation is produced to the Global
System for Mobile (GSM)-Railway signaling system when the im-
pulsive noise is generated by sparks caused by the discontinuity
between the catenary and the pantograph. Concerning the mea-
surement and evaluation procedures defined in the electromag-
netic compatibility standards, they are not suitable for these types
of transient disturbances. Therefore, new techniques must be de-
veloped to determine, with a high confidence level, the degradation
that impulsive noise will produce in communication systems. In
this paper, novel time-domain measurement procedures are carried
out to acquire transient interferences generated by sparks prop-
erly. Moreover, two different evaluation methodologies, employing
base-band simulation and amplitude probability distribution de-
tector, are used to analyze the impact of the disturbance applied
into a GSM system interference scenario. Finally, the results ob-
tained with the developed methodologies are successfully compared
with a reference measure where the GSM downlink channel quality
is monitored by a mobile station test unit.

Index Terms—Amplitude probability distribution (APD), elec-
tromagnetic transients interferences, GSM, impulsive noise, time-
domain measurements.

I. INTRODUCTION

N the electromagnetic compatibility (EMC) research area,
Ithe measurement and evaluation of the degradation pro-
duced by radiated transient disturbances on digital communi-
cation systems (DCSs) is a technological challenge that has
not been completely addressed. The impulsive noise, which is
generated by switching devices or by sparks, is a broadband in-
terference that covers the spectrum from dc to several hundreds
of megahertz or some gigahertz. Additionally, this man-made
noise is characterized by its short and random burst param-
eters, which makes it really difficult to measure it correctly.
Radiated transient interferences are propagated as an electro-
magnetic wave, reaching DCSs antennas and causing distortion
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as well as system failures [1], [2]. For instance, previous re-
search has found that the GSM-Railway signaling system is
interfered by the impulse noise generated through the sparks
produced by the discontinuity between the pantograph and the
catenary [3], [4].

The EMC standards must prevent from interference situa-
tions where man-made noise produces failures of electronic
products including the DCSs. However, electromagnetic tran-
sient interfering environments cannot be noticed beforehand if
the measurements procedures described in the EMC standards
are employed [5]. Radiated transient interferences are underes-
timated as most of EMC standards were developed to protect
analog communication systems, which uses the signal-to-noise
ratio as the main figure of merit. Moreover, in the standards, de-
tectors such as the quasi-peak are still applied; nevertheless, it
was developed to relate the human perception to the degradation
of amplitude-modulated radio signals which are distant from the
novel DCSs. Consequently, new measurement procedures must
be considered to estimate, with a high level of confidence, the
degradation produced to DCS [6], [7].

The main idea of the work presented in this paper is to demon-
strate that it is possible to perform time-domain radiated emis-
sions measurements of an interference environment and deter-
mine in advance the bit-error-rate (BER) produced in a DCS. To
accomplish with this goal, time-domain measurements instead
of frequency-sweep procedures defined in the EMC standards
must be carried out obtaining the main parameters of the im-
pulsive interferences. Furthermore, evaluation methodologies
based on DCS baseband simulation and also the employment of
statistical measurements are defined in this paper to deal with
the radiated transient interferences.

Recently, statistical detectors have been introduced by
CISPR, conversely, the usage of these detectors is not de-
fined in any generic or product EMC standard. The ampli-
tude probability distribution (APD) measurement offers the
possibility to obtain the statistical parameters of the interfer-
ences, which is a really powerful tool to characterize the im-
pulsive noise. Several studies have correlated APD measure-
ments with the bit-error-probability (BEP) for coherent radio
receivers [8], [9] and also novel time-domain APD measure-
ment methodologies beyond EMC standards have been devel-
oped [10]. Furthermore, a method to define limits in the APD
diagram in terms of the degradation produced to DCSs [11]
has been published, thus providing the capability of evaluating
the corresponding distortion produced by previously measured
continuous interferences.

0018-9375 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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II. PROPOSED METHODOLOGIES

As stated earlier, measuring radiated transient interferences
is exceptionally challenging due to their random and broad-
band intrinsic characteristics. With the aim of protecting sensi-
ble communication receivers, measurements beyond EMC stan-
dards must be meticulously defined and carried out.

The following sections present novel acquisition and evalu-
ation procedures developed to overcome the limitations of the
EMC standards, making it feasible to obtain the time domain and
the statistical information of the impulsive noise. Furthermore,
combining transient interference measurements with method-
ologies for analyzing digital communications, we must be able
to predict the BEP suffered by any DCS. Alternatively, the sta-
tistical information provided by the APD measurement can be
related directly with the degradation of the communication link.

A. 1Q Capture and DCS Simulation Procedure

This methodology is based on the in-phase and quadrature
(IQ) components acquisition of the radiated interference in the
frequency band of the communication system. Afterward, a sim-
ulation of the DCS adding the interference previously measured
is performed to determine the degradation produced by the im-
pulsive noise.

Concerning the setup of the time-domain measurement, in the
transient acquisition, the receiver antenna is connected to the
electromagnetic interference (EMI) receiver, which is centered
in the working frequency of the DCS. The analog input stage
of the EMI receiver is used to filter the transient interference in
the communication frequency band and down converts it to the
intermediate frequency (IF). The IF output of the EMI receiver
is connected to the input of the oscilloscope, which performs the
tasks to detect transient events employing the trigger and also
to store the IF transient interference described by the following
equation:

zn] = A - sin(27 fir (n) + o1 ), (1)

where z[n]| is the discrete input signal modulated in the
firfrequency, where n = kAt. As an example, the IF of the
EMI receiver used in these measurements is 20.4 MHz. The IF
signal is obtained, setting the most accurate resolution band-
width (RBW) from the available ones in the EMI receiver. The
RBW, which shall be selected by the user, must be larger than
the bandwidth of the real time communication systems. Once
the IF signal has been acquired, the measurement methodology
is able to compute the IQ components of the interference em-
ploying the mathematical software. First, the data are bandpass
filtered in the IF center frequency to avoid undesired spurious
components. Second, the signal is demodulated obtaining the
1Q components according to the following equations:

z[n] - cos(27 fir (n)) 2)
ol - sin (27 fie (n)). ®

Afterward, i[n] and ¢[n] components of the interference are
filtered with a low-pass finite impulse response filter equal to
the RBW of the communication system. This is one of the main

iln] =

q[n] =

advantages that offer the measurement procedure, where the
bandwidth can be equal to the bandwidth of the communication
system. Therefore, the low-pass filter can be adjusted to obtain
the portion of the interference that will be received by the DCS.
The last stage of the postprocessing is to store the IQ data in
a file; furthermore, in order to reduce the file size, the data are
resampled with a lower sample rate. This sample reduction can
be done because in the input of the postprocessing, we have the
data modulated at 20.4 MHz, and at the end, the data are in
baseband.

The second stage of the methodology is to employ the IQ base-
band interference using it as the input for the base-band simula-
tion of the communication system. The DCS simulation enables
determining the BER of the communication system when the
radiated transient interference is present in the environment. In
order to estimate the performance of DCSs, computer-assisted
techniques have been employed since the 70’s [12]. The BER or
BEP remains the most common figure of merit for a DCS. Com-
puter simulations are often used to estimate the BEP in cases
where the detection and/or decoding algorithms are too com-
plex to admit useful mathematical expressions. If we consider
that the transient interference channel also needs to be modeled,
the bare mathematical approach becomes unmanageable due
to the random characteristics in terms of amplitude, duration,
frequency rate, and interval of the impulsive noise. The usual
approach to overcome the none-model scenarios is to generate a
sample of N bits to simulate the processing required to transmit
and detect these bits. Then, the number of erroneous bit deci-
sions in the output can be counted and the BER is commonly
estimated using the following equation:

BER — Number of errors @
N
where N is the total number of bits transmitted.

As it has been explained, for a digital radio receiver, the BEP
is used to evaluate the impact on the receiver performance when
the disturbing noise is present in the channel. The BEP caused
by a certain electromagnetic disturbance can be estimated and
must be compared to the satisfactory requirements. These BEP
requirements are strongly related with the service offered by
the DCS and the quality of service defined in the standards.
Examples of BEP typical requirements are 1073 for speech
communication and 10~° for data transfer. Consequently, when
the requirements are not fulfilled, a failure of the communication
system is considered.

B. APD Calculation and DCS Evaluation

The second methodology, to determine if the radiated tran-
sient interferences generated by the sparks cause malfunction to
the communication system, uses the APD diagram. The APD
is defined as the amount of time that the measured envelope of
an interfering signal exceeds a certain level [8]. Moreover, as it
has been mentioned earlier, it is possible to establish limits in
the APD diagram to analyze if certain interference will produce
degradation on the DCS. Therefore, using the APD data ob-
tained from the measurement and calculating the limits referred




44

COMPLEMENTARY JOURNAL ARTICLE 1

1384 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY, VOL. 57, NO. 6, DECEMBER 2015

to the technical specification, we will be able to estimate the
degradation produced by impulsive noise sources.

The APD gives information about the envelope statistics from
the IF filter output, which corresponds to the required informa-
tion for performance evaluation in the radio receiver. Therefore,
it is necessary to carry out an envelope detection using the inter-
ference filtered by the RBW in the IF frequency band if the RBW
is equal to the DCS channel bandwidth. In this situation, the en-
velope detection is reached by means of the Hilbert Transform,
which is used extensively for analysis and signal processing in
passband communication systems. Otherwise, the envelope of
the radiated transient interference can be obtained from the IQ
components obtained in the postprocessing stage as

rln] = Vi[n]® + g[n]?. ®)

and the relation between APDp, () and the probability density
function (pdf) of the envelope R is

APD[{ (T) =1- F]{ (’I”) (6)

and
1 d
fr (r) = Z-Fr (r) = == APDg(r) 9

where Fp (r) is the cumulative distribution function (cdf) and
fr (r) is the pdf. The cdf describes the probability that a value
of the envelope variable R with a given pdf will be found to have
a value less than or equal to r.

Finally, the APD is directly obtained from the cdf using the
expressions shown above. The APD is plotted with the per-
centage of time, the ordinate is exceeded on the y-axis and the
envelope values on the x-axis. These values are in accordance
with the APD measurement function proposed by CISPR to
make use of the correlation between the BEP and the APD. In
the APD results presented in this paper, plot units of the envelope
(x-axis) have been set to power units referenced to 1 milliwatt
(dBm). However, they can be converted to voltage values or
electric field applying the corresponding antenna factor.

Regarding the limits that must be introduced to the APD
diagram, in general terms, those limits dots are related to
the probability required by the system specifications and also
to the amplitude of the received signal. Consequently, we will
be able to compute and plot the APD limit points in the APD
diagram following the equation described below when the shape
of the APD diagram has a horizontal plateau [11]:

BA
(ulimitsplimil) = (ﬁ Proq (8)
where A is the rms amplitude of the communication signal, Pyeq
is the probability required by the communication system, m is
the number of bits transmitted by one symbol, and /3 is defined
as

> VB ®

where d,,j, is the minimum distance of the constellation diagram
and E, denotes the bit energy.

TABLE I
GSM-R SYSTEM SPECIFICATIONS

Parameter Value

Downlink frequency band 921-925 MHz
Channel separation 200 kHz

Received power (P) —100dBm < P < —40 dBm
Bit rate Up to 14.4 kbits/s

Modulation GMSK (BT 0.3)

III. TEST SCENARIO

A. GSM System Interfered by Radiated Transients Produced
by Sparks

In this paper, the GSM system will be interfered by radi-
ated transients generated by sparks. The purpose of choosing
this communication system is to reproduce a common interfer-
ence scenario in the laboratory. The goal is to emulate when
the GSM-R system is interfered by the arching effect caused by
the discontinuity between the pantograph and the catenary [13].
The GSM-R antenna located at the roof of the rolling stock
receives the signal coming far away from the base transceiver
station (BTS) and also the close radiated transient interference.
In the GSM-R system, the received power of the downlink chan-
nel is between —40 and —100 dBm, therefore, the electrical dis-
charge produced by the air breakdown generates a transient in-
terference strong enough to disturb the GSM-R downlink, which
is located between 921 and 925 MHz. When the downlink is in-
terfered, the communication link can be lost and the rolling stock
goes toward a safe mode reducing the speed or stopping the train.
In Table I, a summary of the GSM-R specifications is shown.

B. Laboratory GSM Interference Scenario

The interfering scenario that has been built in the test labo-
ratory to interfere and measure the disturbance produced to the
GSM system with the different methodologies is described as
follows. For the sake of the experimental assessment, the afore-
mentioned transient interference phenomenon was reproduced
by following setup: first, the test has been performed in an ane-
choic chamber avoiding uncontrolled interferences. Inside the
anechoic chamber, the Schloder electrostatic discharge (ESD)
simulator model SESD 200 in conformity with EN 61000-4-2
was used to generate the sparks to interfere the GSM system. The
ESD gun emulates the sparks that are produced by the discon-
tinuity between the pantograph and the catenary in the railway.
In [14], the main parameters of the interference produced by
the sparks of a real catenary were identified, establishing that
the mean rise time is 0.4 ns and the duration is 5 ns, which are
similar to the interference defined in IEC 61000-4-2. The sparks
generated by the ESD gun in the laboratory produce an elec-
tromagnetic field that reaches a mobile station (MS) and also a
GSM antenna, both are placed close to the spark generator at
50 cm.

Concerning the developed methodologies used to evaluate
the performance of the GSM system when it is interfered by the
sparks, the measurement system includes a GSM antenna, an
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Fig. 1. Measurement setup of the GSM interfered system.

EMI receiver, and an oscilloscope. The GSM antenna is directly
connected to the EMI receiver and the IF output is directly con-
nected to the oscilloscope input. The IF data are captured in
the time domain to afterward, by means of postprocessing em-
ploying MATLAB, to obtain the IQ components of the sparks
interference in the frequency band of the GSM downlink chan-
nel. The GSM system is simulated employing Simulink, and the
previous IQ measurement is added to the DCS simulation. The
output of the simulation will allow us to estimate the BER of
the communication system in the presence of the intentionally
generated sparks produced by the ESD gun.

Alternatively, to obtain the results of the APD methodology, a
different postprocessing is employed to reach the APD diagram
employing the same time-domain measurements used earlier.
In the next sections, a more detailed description is provided for
each methodology. In Fig. 1, a schematic of the measurement
and evaluation techniques described in this section is shown.

Regarding the sparks generated to interfere the GSM sys-
tem, they were generated placing a metallic slice close to the
air-discharge test electrode. The repetition frequency of the dis-
charge pulses depends on the distance between the discharge
electrodes and the metal where the discharge is produced. With
the aim to study several cases of interference, the distance was
varied to produce different repetition rate of the sparks. The first
distance selected is the minimum distance required to trigger the
spark. This distance will allow evaluating the case with the high-
est repetition rate. Moreover, a larger distance equal to 1 mm
has also been selected to view the incidence of lower repetition
rate interference over the degradation of the DCS. Regarding
the amplitude set in the ESD gun, it has been set to +12 kV,
however, as the dielectric breakdown voltage is lower due to the
proximity between the electrode and the metal, this tension is
not reached.

IV. MEASUREMENT OF THE INTERFERENCES

A detailed description of the instrumentation and the param-
eters configured to obtain the IQ components of the impulsive
noise is explained in this section. Moreover, the time-domain
results obtained for each of the radiated transient produced by
the sparks are also shown.
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Fig. 2. Time-domain measurement of the IF signal when the SLR and SHR
interferences are produced.

As it has been mentioned earlier, two different radiated tran-
sient interferences have been generated to try to produce distur-
bances to the GSM downlink. The downlink is the problematic
link in the GSM-R system because the signal level received from
the BTS is extremely weak. When the electrode of the ESD gen-
erator is at minimum distance to the metal, sparks with higher
repetition rate are produced; we have named this interference as
sparks high rate (SHR) interference. Otherwise, when the metal
is placed at a distance of 1 mm, sparks with lower repetition
rate are generated, and the radiated transient has been named as
sparks low rate (SLR) interference

For the time-domain acquisition, the GSM antenna is con-
nected to the R&S ESPI3 EMI receiver. The EMI receiver is
centered in the frequency band of the downlink GSM channel
20, which corresponds to 939 MHz. Regarding the RBW em-
ployed in the EMI receiver, it was set to 3 MHz for the SHR,
while it was set to 10 MHz for the SLR. The RBW setting shall
be adjusted in order to provide sufficient amplitude level to the
IF signal for improving the transient pulse identification and the
overall sensitivity. The reference level of the EMI receiver is
also configured to maximize the dynamic range without saturat-
ing the instrument. The IF output signal is used as the input of
the Tektronix DPO 7104 oscilloscope, which is sampling at
125 MSamples/s as the IF output of the EMI receiver is
20.4 MHz. The total record length set to carry out the mea-
surements is 107 samples as it has been sufficient to measure
all the main parameters of the transient interference. These 10
millions of samples correspond to a total acquisition time of
80 ms.

Fig. 2 shows the IF signal captured by the oscilloscope when
the SHR and SLR interferences are produced. The total time
observed is equal to 80 ms, where 104 pulses appear due to
the high rate of the sparks produced by the breakdown of the
air dielectric when the SHR interference is applied. Otherwise,
when the SLR interference is measured, only eight pulses are
acquired.

Once the IF measurement has been carried out, then, data
are postprocessed to obtain the IQ components of each type
of interference. Furthermore, in this stage, the interference
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Fig.3. In-phase component of the transient interference when the SHR inter-
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Fig. 4. In-phase component of the transient interference when the SLR inter-
ference is produced.

is bandpass filtered by the GSM frequency bandwidth in or-
der to know the exact interference that would be received by
the MS.

In Fig. 3, the in-phase component of the 104 transient pulses
detected is represented after it has been filtered through 200-kHz
bandwidth, and in Fig. 4, the in-phase component of the SLR
interference is represented overlapping the transient pulses that
occurs in 80 ms. The maximum value measured for the SHR
interference is around 150 pV.

Regarding the SLR measurements, in comparison with the
1Q components of the SHR interference, the amplitude has been
reduced to 30 'V and the number of pulses generated by the
sparks has been reduced to only eight pulses in 80 ms. Conse-
quently, the repetition rate of the interference has been varied
from a mean frequency of 1.3 kHz, when the SHR interference
is generated to 100 Hz when the SLR interference is applied.

V. EVALUATION OF THE DEGRADATION PRODUCED OVER
THE GSM SYSTEM

In this section, the results of both new procedures to deter-
mine the distortion produced by the two radiated transient in-

TABLE II
GSM TECHNICAL SPECIFICATION TO QUANTIFY THE SIGNAL QUALITY

Quality Band ~ Range of actual BER  Assumed value
RXQUAL_0 Less than 0.2% 0.14%
RXQUAL_1 0.2% to 0.4% 0.28%
RXQUAL_2 0.4% to 0.8% 0.57%
RXQUAL_3 0.8% to 1.6% 1.13%
RXQUAL_4 1.6% to 3.2% 2.26%
RXQUAL_S 3.2% 10 6.4% 4.53%
RXQUAL_6 6.4% 10 12.8% 9.05%
RXQUAL_7 Greater than 12.8% 18.1%

terferences over the GSM system are compared with the mobile
reference measurement.

A. GSM Reference Equipment Measurement

First, a direct evaluation procedure is used as the reference
to determine if the developed methodologies results are in ac-
cordance. As it has been mentioned earlier, the measurement
carried out involves the following equipments: (a MS) and a
BTS simulated by the Hewlett—Packard GSM MS Test unit
model HP8922 M. The aim of the measurement is to evaluate
the downlink of the GSM system which can be interfered by the
sparks produced close to the MS.

The GSM technical specification ETSI GSM 05.08 estab-
lishes that the MS shall report the received signal quality. In
this technical specification, it is specified how the received sig-
nal quality shall be measured by the MS in a manner that can
be related to an equivalent average BER before channel decod-
ing. The parameter that it is used to record the quality of the
received signal is RXQUAL. The GSM technical specification
defines eight levels of RXQUAL that must be mapped to the
equivalent BER as detailed in Table II.

It is important to remark that the BER probabilities values
used to define a quality band are the estimated error proba-
bilities before channel decoding. After channel decoding, the
RXQUAL probability values are also specified but are differ-
ent from the values described in Table I. In our application, the
RXQUAL value before the decoding is provided by the MS and
it is shown at the screen of GSM MS Test unit. In addition to
the RXQUAL reported by the MS, BER measurement can be
also carried out using the GSM MS Test unit providing more
accurate measurements than the RXQUAL.

Once the quality parameters to quantify the degradation of the
GSM communication system have been defined, the procedure
to measure the influence of the radiated transient is explained as
follows. In order to carry out the measurements, the link between
the MS and the GSM MS Test unit is created. The GSM commu-
nication channel designated has been chosen arbitrarily without
any specific precondition; the channel selected is number 20
which corresponds to an uplink frequency of 894 MHz and
the downlink frequency at 939 MHz. Regarding the output an
input level set, the GSM MS Test unit has been configured pro-
viding the mobile a signal corresponding to an RXLevel equal
to 25, which means that the signal level is between —86 and
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—85 dBm. If a lower level of the receiver signal is selected,
it will imply that it will be easier to disturb the communica-
tion; on the other hand, if the received signal level is higher,
it will be more difficult to interfere the communication sys-
tem. Therefore, the level of signal received has been selected in
terms of a reliable situation, considering that usually the GSM-
R communication system receives levels that vary from —40 to
—100 dBm.

Regarding the measurement provided by the equipment, the
MS reports the RXQUAL level and the GSM MS Test unit
performs a BER measurement of 10 140 bits for each of the
transient radiated interferences. When SHR interference is ap-
plied in the proximity of the MS, the RXQUAL reported by the
MS is RXQUAL_4, meaning that the BER reported by the mo-
bile is between 1.6% and 3.2%. Additionally, the measurement
carried out by the GSM MS Test unit reports a BER of 2.07%
when 10 140 bits are considered. When the interference with
lower frequency is applied (SLR interference), the MS reports
RXQUAL_0, which means that the BER is lower than 0.2%. In
addition, when the BER measurement is performed by the GSM
MS Test unit, the BER measured is 0.01% when 10 140 bits are
considered.

From the results stated by the MS and the GSM MS Test
unit, we observe that the influence of the radiated interferences
generated by the sparks is worst when the interference with the
highest spark rate is applied. When the interference with a mean
rate of 100 Hz (SLR interference) is applied close to the MS,
the degradation produced to the GSM system is negligible as
the reported RXQUAL is zero. Otherwise, SHR interference
produces a significant degradation to the quality of the GSM
transmission, causing a BER around 2%. Consequently, the in-
terference with a mean repetition rate of 1.3 kHz is capable to
interfere meaningfully the GSM system.

B. Results Employing 1Q Interference Capture and GSM
Base-Band Simulation

The first developed methodology to evaluate the influence
over the GSM system is based on the base-band simulation of
the DCS, adding the IQ components previously measured.

Regarding the evaluation of the GSM system in the presence
of the impulsive noise generated by the sparks, a simulation
has been performed using Simulink. First, the baseband signal
has to be modeled properly with the objective to reach accurate
results. A GSM transmitter and a receiver are modeled accord-
ing to the specifications defined in the GSM standards, also
including the impulsive noise channel. Regarding the transmit-
ter and receiver, they are divided into two main blocks; one
block is responsible for generating the codification, while the
other generates the modulation. In the coding block, the cyclic
redundancy code is generated and also an interleaving of the bits
is carried out. Afterward, in the modulation block, the Gaussian
minimum shift keying (GMSK) modulation is produced as the
GSM specification calls GMSK the physical layer modulation
scheme. The main definition parameter of the GMSK modula-
tion is the BT; where B is 3-dB bandwidth of the filter and T is
the symbol duration. In the simulation, the bit rate selected is

—— real(Gain)
imag(Gain)

Amplitude
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Fig. 5. IQ components of the SHR impulsive interference added to the base-
band simulation after the amplitude normalization.

9.6 kbps and the BT parameter is assigned to 0.3. Concerning the
bit-error measurement, the simulation permits us to obtain the
BER before and after the coding is applied to the transmission.
It is essential to consider that the results reported in the previ-
ous section by the GSM MS Test unit are provided before the
decoding is produced; consequently, the BER computed before
channel decoding will be the reference simulation data. In order
to properly apply the interference in the simulated channel, the
previously measured impulsive noise data must be normalized.
A gain is included as the base band simulation is normalized
to 1 V. Therefore, if we want to evaluate the GSM system con-
sidering the received level by the MS, the interference must be
multiplied by the factor to normalize the —86 dBm signal to 1 V.

Regarding the simulated time, it has been fixed to 1 s in order
to analyze a sufficient number of bits to achieve accurate re-
sults. During this period of time, the interference coming from
the spark generator will be always present. Therefore, we are
simulating the interference scenario where the transient inter-
ference longs at least 1 s. However, the measurements presented
in Section IV were performed only for 80 ms (see Fig. 2);
consequently, a concatenation of the 80-ms IQ measurements
is done till the total time of 1 s is reached. This solution is the
most optimized, because with the 80-ms measurement, the main
characteristics of the transient interference have been measured
properly. Additionally, it is not necessary to store a full sec-
ond sampled at 125 MSamples/s which will have incurred in an
unmanageable amount of data for the postprocessing.

Once the interference is added to the channel, the simulation
can be run providing us the corresponding results when both
interferences are taken into account. First, the high repetition
spark interference case is simulated to analyze its influence over
the GSM system. In Fig. 5, it is observed that the normalized IQ
components are added to the channel when the SHR interference
is applied and simulated. Regarding the BER produced by the
interference, with the simulation, it is easy to estimate the errors
produced as the transmitted bits are known. Consequently, when
the SHR interference is present in the channel simulation, the
BER obtained before decoding is 2.39%, which corresponds to
a RXQUAL_4.

Concerning the distortion produced by the SLR interference,
a reduction of the degradation produced to the communication
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Fig. 6. 1Q components of the SLR impulsive interference added to the base-

band simulation after the amplitude normalization.

system in comparison with the SHR interference is expected.
In Fig. 6, the IQ components of the SLR interferences added to
the channel for the simulation are shown. If Fig. 6 is compared
with Fig. 5, it is noticed that the distortion produced to the
GSM system caused by the short-rate sparks interference will
be reduced. Once the SLR interference simulation is carried out,
the BER results before the decoding is 0.04%, which is related
to a RXQUAL_O, meaning that the interference produced to the
GSM system is negligible.

C. Results Employing the APD Diagram Including the GSM
Specification Limits

The second developed methodology to determine the degra-
dation produced by the SHR and SLR interference uses the APD
diagram. As it has been mentioned, limit points can be estab-
lished to the APD diagram to know the degradation produced to
the GSM communication system.

The IQ components, measured in Section IV for both interfer-
ences, are employed as the input to compute the APD diagram.
The statistical properties of the radiated transient interferences
are obtained in the downlink 939-MHz channel of the GSM
system and using the 200-kHz bandwidth. The results displayed
for the rapid (SHR) and slow (SLR) interferences are shown in
Fig. 7, as well as the computed case, when nonimpulsive inter-
ference is considered. Moreover, the limit points associated with
each of the RXQUAL levels defined in the GSM specifications
are also represented to rapidly identify the RXQUAL resulting
level. The RXQUAL limit points which can be observed in Fig. 7
have been calculated according to (8). The level received by the
mobile is —86 dBm, and the corresponding modulation scheme
for the GSM system is a QPSK, which means that the bits trans-
mitted per symbol is 2 (m = 2) and § = 1. Substituting the
values in (8), the APD limits for each level of RXQUAL can be
seen in Fig. 7. The resulting RXQUAL level will be determined
considering the point below the line of the APD diagram. Ad-
ditionally, if the APD diagram line is below all the limit points
represented in the APD diagram, the RXQUAL value will be
RXQUAL_O which means a BER lower than 0.2%.

From the results shown in Fig. 7, the APD curve for each of
the transient interferences represents the exceeding probability
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Fig. 7.  APD diagram of the SHR and SLR interferences including the
RXQUAL limits.

of the interference envelope amplitude. Therefore, it is easy to
interpret the different slopes produced by each of the impulsive
interferences. The SHR interference has higher amplitude and
also higher probability than SLR interference, which means that
in impulsive interferences such as the radiated transients, the
repetition rate of the interference is also higher. Moreover, the
limit points permit us to delimit that the SHR interference will
produce a signal quality of RXQUAL_4 when the disturbance
is present in the environment. On the other hand, from the APD
diagram, it can also be concluded that the SLR interference will
not cause any noticeable degradation to the GSM system, as the
APD resulting curve is below all the RXQUAL levels. From
the direct observation of the APD diagram, it can be established
that the SHR produced a BER around 1.8%. Otherwise, when
the slow repetition spark interference is generated, the error rate
is around 0.09%.

The APD diagram has shown that the interference statistical
information provided by the methodology is a useful and accu-
rate tool to analyze the DCS performance rapidly and properly
in the presence of radiated transient interferences. Considering
the results shown in this section, the APD shows its powerful
capabilities to be the best methodology to measure and analyze
radiated transient interferences. Commonly, radiated transient
interferences produce heavy-tailed distributions as it is observed
in Fig. 7, this type of resulting distribution allows us to easily
interpret the results from the APD diagram.

In addition, using the APD methodology with a single time-
domain measurement, various GSM channels can be evaluated
rapidly calculating the APD curve. As an example with the
measurements performed in Section IV, where 3-MHz RBW
was set in the EMI receiver, the APD diagram can be computed
for either 15 GSM downlink channels. Otherwise, if a full-
spectrum measurement is carried out employing time-domain
methodologies developed [10], the APD diagram can be obtain
in any channel of the GSM communication system.
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TABLE III
COMPARISON OF THE MEASURED-SIMULATED DEGRADATION PRODUCED BY
SHR AND SLR INTERFERENCES OVER THE GSM SYSTEM

Methodology Interference  RXQUAL BER
Measured signal quality by MS SHR 4 2.07%
SLR 0 0.01%
DCS simulation SHR 4 2.39%
SLR 0 0.04%
APD error estimation SHR 4 1.8%
SLR 0 0.09%

VI. METHODOLOGIES COMPARISON AND CONCLUSIONS

In this section, the results obtained following the different
methodologies to evaluate the influence of both radiated tran-
sient interferences over the GSM downlink system are com-
pared. The measurements reported by the GSM MS Test unit
are the reference ones because an equipment transmitting in-
formation was placed under the radiated transient interferences.
The measurement of the interferences and afterward performs
the GSM simulation, and the APD diagram calculation are the
methodologies developed to predict beforehand the degradation
of the DCS. A summary chart of the results reached by the
different methodologies is displayed in Table III.

Concerning the results obtained, first, it is essential to high-
light the excellent agreement reached between all the different
methodologies. When the impact of the SHR interferences is
evaluated with the DCS simulation methodology and the APD
error estimation, the RXQUAL_4 value anticipated is the same
that is reported by the GSM MS Test unit. Additionally, if the
BER differences are considered, the variation is around 0.3%
compared with the reference value, which is a minimum differ-
ence if it is assumed that RXQUAL_4 level varies from 1.6%
to 3.2%. Furthermore, if the results of the SLR interference are
compared, each methodology concludes that a negligible inter-
ference effect is produced between the radiated transients and
the downlink of the GSM system. All the methodologies asso-
ciate the SLR interference to a received signal quality equal to
RXQUAL_O, which incomes to an irrelevant interference sce-
nario. Regarding the BER results related to the sparks generated
around a repetition frequency of 100 Hz (SLR interference), all
the results are below 0.1%.

The results show that the developed methodologies have pro-
vided estimations of the BER with excellent accuracy when
results are compared with the reference obtained from direct
BER measurements by the GSM MS Test unit. Even if the
results presented here cover a particular scenario, extensive
measurement campaigns have shown that this methodology is
sufficiently general and coherent to be reliably used to estimate
the degradation of any DCS produced by a previously measured
radiated transient interference. Beforehand, the IQ capture and
DCS simulation procedure must be suitable to evaluate any com-
munication system interfered by the transient noise if the system
is properly modeled. Otherwise, the APD methodology can be
employed when the DCS under evaluation are digital coherent
radio receivers. Finally, it is necessary to emphasize the APD

diagram practical usability, which has been especially valuable
due to its straightforward quantification and interpretation of
the degradation produced in the GSM system due to transient
interferences.
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ABSTRACT

This paper presents a compact system for the
measurement of electromagnetic interferences in the
time domain. The measurement system is based on a
USB oscilloscope, used as digitizer, and specific
software for signal processing and spectral estimation.
The measurement system is suitable for both conducted
and radiated electromagnetic emissions up to 200 MHz.
Its accuracy, precision and dynamic range are sufficient
for the intended application. It is particularly suitable
for measuring transient disturbances due to its triggering
capabilities. Its relative low weight and cost makes it a
valuable tool for investigating on-board the indirect
effects of lightning strikes as disturbances coupled to
cables and antennas inside launch vehicles, aircrafts,
and unmanned aerial vehicles.

1. INTRODUCTION

Nowadays, the control systems of the aircrafts rely on
electronics. Therefore, the electromagnetic
compatibility has become essential for assuring the
safety and reliability of manned and unmanned aerial
vehicles. In that sense, previous research has identified
three main types of electromagnetic disturbance that
affect aircrafts: a) the man-made High-Intensity
Radiated Fields (10 kHz - 40 GHz) [1], b) the non-
nuclear electromagnetic pulse weapons (0-100 MHz)
and c) the indirect effects of lightning strikes
(0-50 MHz) [2].

In particular, some of the distinctive characteristics of
lightings as sources of EMI are: a) the interaction of
lightning with airborne vehicles is mainly caused by the
aircraft or the launch vehicle itself, making it even more
difficult to anticipate, b) given the impulsive and
transient behaviour of lightning it has a broadband EMI
signature that cannot be measured using the standard
frequency sweep/stepped scan approach c), Lightning
damage to airborne electronics is generally minimal, but
it could be catastrophic for the launcher and payload
electronic [3].

In order to improve the immunity of aircrafts to the
aforementioned indirect effects of lightning strikes it is
necessary to measure the interference coupled to cables
and antennas placed inside the fuselage under real
conditions. Hence, a compact and light weight
measurement system for electromagnetic interference
(EMI) capable of measuring properly transient
disturbances is required.

Proc. 2016 ESA Workshop on Aerospace EMC’,
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Recently, specific implementations of Time-Domain
EMI (TDEMI) measurement systems for conducted and
radiated emissions measurements, with the emphasis in
the evaluation of the impact of transient disturbances
have been presented [4]. Those oscilloscope based
TDEMI measurement systems do not require an
intermediate frequency stage, therefore they will be
further referred as Full-TDEMI measurement systems.

Currently, the improved capabilities of Full-TDEMI
measurement systems and the advantages derived from
measuring in the time-domain [5] make it feasible to
implement a compact setup for on-board assessment of
EMI with remarkable capabilities for performing:
Mixed (Time/Frequency) domain analysis, signal
decomposition [6], statistical evaluation of the EMI [7]
and its impact on the degradation of communication
systems [8], [9].

In that sense, this paper is intended to present an on-
board compact system for electromagnetic interference
measurements and experimental results that support
suggested applications.

2. MEASUREMENT REQUIREMENTS

A specific EMI measurement system suitable for on-
board measurements of the indirect effects of lightning
strikes shall be able to:

e Measure simultaneously and synchronously
electric and magnetic fields and induced currents
and voltages.

e Provide a full spectrum measurement result, and
not just monitoring selected frequencies.

e Comply with the usually restrictive volume and
mass budget, therefore it shall be as compact and
light weighted as possible.

e Be used to anticipate the degradation caused by
the EMI in the on-board communication systems.

In this regard, time-domain measurement techniques
seem to be the more straightforward alternative to
satisfy the abovementioned requirements because:

e [t takes advantage of the multichannel feature of
oscilloscopes.

e [t can be used to estimate the EMI spectrum in
the whole measurement bandwidth using the
Short-Time Fourier Transform and derived
methods.

e USB oscilloscopes are relatively small, consume
little power and are light-weighted.
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e The measured EMI in the time-domain contains
all the information required to predict accurately
the  degradation  suffered by  digital
communication systems by means of the
Amplitude Probability Distribution (APD)
detector.

3. THE MEASUREMENT SYSTEM

The on-board compact system for Full-TDEMI
measurements is based on a USB oscilloscope with the
following main specifications: 4 channels, 200 MHz of
analog bandwidth, 1 GS/s as the maximum sampling
rate, a flexible resolution of 8 to 16 bits and a buffer
memory of 512 MS. With regards to other relevant
specifications, the size it is contained in the 190 x 170 x
40 mm volume, it consumes 1.5 A at 5 V of d.c. power
and it weights approximately 0.5 kg.

This measurement system is able to measure
simultaneously the indirect effect of a lightning strike in
terms of the voltages, currents and/or electromagnetic
fields depending on the type of probe/antenna used for
monitoring. Its triggering capabilities allow to
synchronize the acquisitions with the instant of
occurrence of a certain event defined by the leading or
the trailing edge of a pulsed EMI. Then the time-domain
data is transferred to a computer that runs a specific
software intended to perform the signal processing
(windowing, filtering, equalization, decimation, spectral
estimation, correction, and escalation) required to
present the results in the frequency-domain according to
the standards for emissions measurement.

4. EXPERIMENTAL SETUP

This experiment is intended to verify the suitability of
the compact Full-TDEMI measurement system for
the  on-board assessment of the indirect effects of
lightning strikes in aircrafts.

This experiment consisted in using the compact
Full-TDEMI measurement system for measuring the
voltage induced in a monopole antenna and in an
unshielded cable placed over the same ground plane.
The ground plane represents the fuselage of the aircraft.

The source of the disturbance was an
arbitrary ~waveform generator Agilent 81160A.
The coupled disturbance voltage was measured
simultaneously in the 10 MHz - 200 MHz
frequency range using two oscilloscope channels.
Measurements  were performed inside a fully
anechoic room (FAR). The disturbance field was
radiated using a Schaffner CBL6143 bilog antenna
in horizontal polarization placed at a 1 m
distance from the antenna. Fig. 1 shows the
previously described test setup.

c) Test setup. Front view.
Figure 1. The experimental test setup.

Firstly, the accuracy of the compact Full-
TDEMI measurement system was verified using a
synthetized multi-tone test signal with 5 MHz tone
spacing. This multi-tone test signal was applied
into the radiating bilog antenna. Then the
voltage coupled to the monopole and to the
cable was measured using the compact full-TDEMI
measurement system and an EMI test receiver. As
shown in Fig. 2 and Fig. 3, both methods provide
approximately the same results for the amplitude and
the frequency of the tones. For the measurement
of the amplitude of the prominent peaks, the
difference between both measurement methods was
+1.28 dB in the worst case.
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Figure 2. Voltage coupled to the antenna due to the
indirect application of a radiated multi-tone test signal.
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Figure 3. Voltage coupled to the cable due to the
indirect application of a radiated multi-tone test signal.

In the next stage of this experiment, a surge pulse with
the rise and fall times specified by the “RS105, radiated
susceptibility, transient electromagnetic field MIL-STD-
461E” standard was generated using the arbitrary
waveform generator Agilent 81160A.Then, this surge
pulse was applied to the input of the radiating antenna.
The disturbance voltages induced in the monopole
antenna and in the cable were measured using the
compact Full-TDEMI measurement system and the
results are shown in Fig. 4.
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Figure 4. EMI measurement in the time-domain

This transient EMI is clearly a broadband disturbance
that occupies almost the whole measured spectrum
during its occurrence, as shown in Fig. 5. An EMI test
receiver would have been unable to measure properly
such disturbance since it is a one-time event.
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Figure 5. EMI measurement in the frequency-domain

From Figure 5 it is important to notice the change in the
resolution bandwidth (RBW) used for presenting the
results in the frequency domain. Below 30 MHz, a
9 kHz RBW was used (CISPR band B) while for the
30 MHZ — 200 MHz frequency band a 120 kHz RBW
was used (CISPR band C). Since the direct
measurement results are in the time-domain, practically
any required RBW can be selected for the EMI spectral
estimation by configuring the appropriate windowing
parameters in the Short Time Fourier Transform.

5. DISCUSSION

This experiment was an approximation of a real
scenario intended to exercise the implemented compact
TDEMI measurement system to quantify disturbances
induced as indirect effects of a lightning strike.

In that sense, the test method RS-105 from MIL-STD-
461E was used to perform the described experiment as a
proof of concept for the feasibility and convenience of
using a Full-TDEMI for the on-board evaluation of
lightning induced transient. However, other test
methods and their waveforms, such as those described
in the section 22 of the standard RTCA-DO-160G
“Environmental Conditions and Test Procedures for
Airborne Equipment” are also compatible with Full-
TDEMI measurement systems.

6. CONCLUSION

The  current USB oscilloscope  technology
complemented by specific measurement processing
software allowed to implement a reliable and feasible
Full Time Domain Electromagnetic Interference
measurement system capable of being used for
monitoring  the electromagnetic fields on-board
aerospace vehicles. The accuracy, the precision and the
dynamic range of the on-board Full-TDEMI
measurement system are sufficient for the required
applications and have been verified for the measurement
of both continuous wave and pulsed emissions. This
compact TDEMI measurement technology is especially
suitable for monitoring the indirect effects of a lightning
strike on launch vehicles, aircrafts, and UAV because its
acquisitions can be triggered by the transient
disturbances coupled into cables and antennas inside the
fuselage.
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Abstract— It is difficult to properly evaluate the
electromagnetic  disturbances generated by large fixed
installations because of, i.e., the background noise, unsteady
emissions and transient interferences. Those challenging EMC
issues have been recently studied in European research projects
on improved test methods in industrial environments. In order to
overcome traditional in-situ EMI measurement troubles, a novel
time-d methodology is proposed and used in a real fixed
installation with large machinery. Firstly, a comparison between
the developed measurement system, using an oscilloscope, and an
EMI receiver is done in some test-cases for validation purposes.
After verifying the accuracy of the measurements, we proceed
with the measurement campaign applying the full time-domain
methodology. The main benefits of employing the time-domain
system are emphasised through the results. It was observed that
the some remarkable advantages of the time-domain approach
are: triggering by disturbance events, extremely reduce the
capturing time, identify on real time the worst emissions modes
of the EUT, avoid changes at the background noise and perform
simultaneous multichannel synchronous measurements.

Keywords—time-d.
in-situ meaur ; conducted, r

; fixed i Il

diated, background noise

I. INTRODUCTION

Within the framework of a European research project
[1] novel measurement methodologies have been developed.
The goal is to perform reliable in-situ
electromagnetic  interferences (EMI) measurements. It is
well known that carrying out radiated and conducted
EMI measurements is challenging in large fixed
installations scenarios [2-4]. In comparison with the tests
conducted in an electromagnetic compatibility (EMC) test
laboratory, in-situ measurements have a common and
meaningful problematic related to the inherent uncontrolled
environment conditions.

In particular, the lack of a line stabilization impedance
network  (LISN) in  in-situ  conducted emissions
assessments causes that the noise generated by other
equipment connected to the same power network is not
filtered from the EMI generated by the equipment
under evaluation. Hence, uncontrolled and discontinuous
interferences are present at the power supply measured cable
increasing uncertainty of the results.

978-1-5090-1416-3/16/$31.00 ©2016 IEEE

The procedure to distinguish the emissions produced by
the equipment under test (EUT) and the ambient noise
described at CISPR 16-2-5 technical report consists, basically,
into capturing the interferences when the EUT is switched off
(or in standby) and then turning on the EUT and repeat the
measurements. It is considered that the differences on the
spectrum are due to the emissions of the EUT. However this
procedure is obtaining the data at different moments and the
results can be affected by the variations of the background
noise. Nevertheless, these fluctuations can be caused by a
discontinuous interference generated by other loads connected
to the same power or communication network.

Another problem is that large machinery measured in fixed
installations has many different functional modes producing
numerous interferences. It shall be considered that a large
fixed installation can have many engines, electronics, etc. that
work following a long procedure for which it has been
designed for. For instance, at the real installation presented in
this paper, the noisiest engines were active only during few
seconds within a long functioning cycle that last several
minutes. Hence, if frequency sweep based or stepped scan
based EMI measuring apparatus are employed, the required
overall measurement time would be extremely long to
measure properly all the frequency range. In addition to the
time-constrain that we have mentioned, we must also add that
if we use the detectors defined at the EMC standards such as
the quasi-peak or the average detectors this trouble is even
worst. For example, if we perform a conducted EMI
measurement with the average detector from 150 kHz to 30
MHz for it can take around 10 minutes to complete a
frequency sweep which is a waste of time if we consider that
the worst interference is generated only during few seconds.
Hence, if we employ conventional frequency sweep
instrumentation, the emissions produced by the EUT will be
constantly changing and the results obtained along the
spectrum will correspond to different measured situations.

Fortunately, current capabilities of hardware and
previously studies demonstrate that it is feasible and reliable to
perform time-domain measurements instead of frequency
sweeps to obtain the spectral information of the interference
[5-7]. Therefore, in this paper a measurement system based on
time-domain captures is employed to overcome these main
difficulties that recurrently appear when in-situ measurements
are carried out. Moreover, other benefits that time-domain
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measurements offer will be highlighted and explained at the
following sections.

II.  METHODOLOGY

In this section the key aspects of the full-time-domain EMI
measurement system and the main benefits of using it are
explained.

A. Overview of the Full-Time domain measurement system

The full-time-domain (Full-TDEMI) EMI measurement
system employed for the in-situ measurements have been
developed and extensively used in recent years by GCEM-
UPC [8-12]. This measurement system is based on a time-
domain acquisition followed by a post-processing stage which
allows obtaining equivalent results than conventional EMI test
receiver.

Figure 1 shows a block diagram of the measurement
system, indicating that the measurement can be done either
with an antenna, a current clamp, a voltage probe, etc. The
time-domain data is acquired by a general purpose
oscilloscope and the post-processing is carried out with a
standard laptop. The amplitude spectrum of the EMI is
computed using the Short-Time Fourier Transform and non-
parametric spectral estimation methods. More details can be
found at [8-12].
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Oscilloscope Estimation
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Fig. 1. Full TDEMI measurement system block diagram
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Regarding the equipment and the software used to conduct
the measurements at the fixed installation shown in this paper
two different hardware have been used. To obtain the
measurement for conducted emissions according to CISPR 16
standards, a Picoscope 5444B has been used for the
acquisition stage. The conducted measurement system is
limited to 200 MHz, the maximum sampling rate is 1
GSample/s and the total storage memory is 512 MSamples.
Moreover, for conducted disturbances measurements, a
multiline voltage probe has been constructed according to
CISPR 16-2-1 specifications in order to measure the EMI at
several lines of the EUT simultaneously. Fig. 2 shows an in-
situ measurement using the multiline voltage probe which it is
connected to the EUT and then to the oscilloscope.

Likewise, for radiated emission tests up to one gigahertz,
an oscilloscope Tektronix model DPO5104B has been used. In
this case the oscilloscope is connected to a biconical or to a
log-periodic antenna depending on the frequency range.

B.  Main benefits of the Full-TDEMI measuring system for
in-situ measurements

e Reduction of the effective measurement time:
Comparing Full-TDEMI measurements with traditional

515

frequency sweep methodologies with regards to the
effective measurement time; the time-domain based
systems are able to obtain the full spectrum
information in milliseconds instead of several minutes.

Fig. 2. In-situ example measurement for conducted emissions employing the
time-domain methodology and the multi-channel in-situ voltage probe.

Therefore, capturing data at this speed reduce the
possibility of changes in the EUT functional mode. As
it has been mentioned at the introduction, in large
installations the EUT could have many functional
modes lasting only few seconds, and it is really
challenging to measure the full spectrum mode in each
functional mode. Additionally, reducing the capturing
time to a practical instantaneous capture of some
milliseconds, the uncertainty contribution due to the
changes in the background noise during the observation
time can be reduced. Escaping from continuous
changes at the emissions produced by other equipment
connected to the power supply or either intermittent
transmitters. Finally, the reduction of the capturing
time is an opportunity for the industry to perform more
controls and measurements to the fixed installations
due to the cost reduction.

e Full spectrum real-time measurements: Another
advantage that time-domain methodologies offers to
the end users is that it is possible to obtain both the
spectral and time domain information in a real-time.
This means that the user can view the entire spectrum
and the time domain signal several times per second
(depending on the hardware and software employed).
This is an important advantage compared with the
frequency sweep instrumentation as we have several
benefits. Firstly, it is easy to identify the worst cases as
the spectrum is refreshing constantly, moreover as we
are using time-domain instrumentation, we have
several trigger functionalities available. Therefore it is
possible and simple to measure, for instance, transient
events like the disturbances that appear when we are
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switching ON or OFF. Moreover, it is important to
mention that capturing transient phenomena employing
frequency sweep instrumentation is near to impossible.

e Multichannel synchronous measurements: This feature
is available because the instrumentation used for time
domain acquisition has multiple input channels instead
of the unique channel, as happens with EMI receivers.
Therefore, for conducted emissions the multichannel
Full-TDEMI allows to perform simultaneous
measurements at the different lines of the power
supply, which is particularly useful for in-situ
measurements. The main benefits are the combined
testing time reduction and also to avoid differences
caused by influence of the background noise. These
multichannel measurements can be performed with the
aid of a multiline voltage probe, as shown in Fig. 2.

e Versatility of the measurement system: The Full-
TDEMI system can be USB powered and it has
sufficient autonomy to be used in conjunction with a
standard laptop. Therefore, this is a grateful advantage
for in-situ measurements where it is difficult to power
the measuring equipment. Many times a long cable has
to be placed in order to power the measurement
instruments and other times the instruments are
connected to the same mains from where EMI is being
measured causing additional errors.

e Time-domain data available: Finally, it is important to
highlight that having available the time domain data is
a great advantage compared with the limited
information  provided by traditional EMC
measurements using the EMI receiver. Previous
research has demonstrated the time domain data of the
EMI can be used to predict the bit-error-rate of digital
communication systems [13].

III.  RESULTS

Some of the results produced by measuring the real
scenario of the large fixed installation are shown to illustrate
the advantages of the time-domain measurement system. In
the following sections you will find a description of the
measured scenario, some validation results comparing the
time-domain data with standard EMI receiver measurements
and finally the results that highlight the main benefits of using
the time-domain measurement system instead of the traditional
frequency sweep instrumentation.

A. Measured scenario

A complex scenario was measured in accordance with the
requirements of the customer. The large fixed installation is an
automatic storage and retrieval system composed by various
large machinery including engines, elevators, shuttles, etc.
running a complex working cycle.

B.  Validation

Several comparisons were made for conducted and
radiated disturbance measurements to determine if the time-

domain approach provided coherent results when compared
with an EMI test receiver, which is taken as the standard
reference. Following some comparison results of a conducted
measurement test case are shown in Fig. 3.
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Fig. 3. Conducted EMI peak measurement comparision between time-
domain methodology and a conventional EMI test receiver

From the Fig. 3, it is important to highlight that with the
time-domain system a dynamic range up to 70 dB can be
reached. This is important because dynamic range is one of the
main concerns when oscilloscopes are employed instead of
EMI receivers.

Regarding the comparison between the results obtained
with the EMI receiver and the ones reached with the Full-
TDEMI approach, there is and evident similarity between both
results. Moreover, an objective validation method was applied
to quantify the agreement of the measurement in terms of the
EMI amplitude spectrum. The Feature Selective Validation
(FSV) method, which is described into IEEE standard 1597.1
has been used with the limit-line consideration improvement
[14] to compare the results. This limit-line criterion weights
the influence of the points according to their relevance in
terms of their proximity to a certain limit-line, which is an
interesting capability from an EMC point of view. The limit
line used for this purpose is the one defined for industrial
environments (Class A limit). The results provided by the FSV
method are shown below in Table I.

TABLE I. FSV VALIDATION RESULTS

Indicator Result
Amplitude Difference Measure (ADM) 0.193
Feature Difference Measure (FDM) 0.6 Very Good
agreement
Global Difference Measure (GDM) 0.66

Hence, the conclusion of the comparison with the FSV is
that the agreement is very good. This similarity is very good in
terms of shape and excellent considering the amplitudes.

Also regarding the data displayed at Fig. 3, from 10 MHz
till 30 MHz frequency band, differences can be appreciated
between the EMI receiver and the TD system. These
differences are attributable to the capturing time, which is
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longer when the frequency sweep method is applied. The
measuring time needed for the EMI receiver is around 5
minutes to obtain the peak measurement; consequently the
noise produced by the other equipment connected to the power
supply network is not stable. On the other hand, the
instantaneous measurement of the full-TDEMI methodology
allows more control in terms of the changes in the background
noise.

According to the great similitude observed at the results
shown and other measured cases, we decided to continue with
the measurements using only the time-domain methodology
due to the benefits commented at the previous sections.

C. Time-domain results

The fixed installation is measured using the methodology
described in section II. Next, some representative results are
used to illustrate the advantages.

The first set of measurements presented was obtained
when conducted emissions measurements were carried out. As
it has been discussed previously, the different functional
modes of the large installation generate different type of
interferences. In Fig. 4 and Fig. 5 the results in time domain
and frequency domain shows as the huge differences that
appear when the different components of the installation
connected to the same power supply are working. The tools
available at the software allow the user to see in real time the
changes of the full spectrum making it easy to identify the
cases with strongest emissions. From the comparison of the
spectrum measured at two different functional modes,
differences of more than 40 dB are observed in the EMI. In
Fig. 4, the results are obtained when some rollers of the fixed
installation start to move. Otherwise, Fig. 5 shows the results
in time and frequency domain when an elevator was activated.
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Fig. 4. Results in frequency domain with the peak and average detector and
the time domain data when the rollers were measured.
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Fig. 5. Results in frequency domain with the peak and average detector and
the time domain data when the elevator was measured.
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It is really important to highlight that the movement of the
rollers only last 5 s in the entire machinery cycle of several
minutes. Therefore, if a traditional frequency sweep approach
were used it would have been extremely unlikely to measure
this worst case emissions. Probably, these worst case
emissions have been omitted due to the short duration of the
rollers cycle. Moreover, if an EMC expert has estimated
beforehand that the worst test case should correspond to the
elevator disturbances, a wrong assessment of the EMC would
have been produced.

Then, in order to demonstrate other capabilities of the
time-domain in-situ measurements, Fig. 6 shows the results
obtained with the time-domain system in another location of
the fixed installation. The results were obtained employing
synchronous measurements from the three-phase EUT power
supply. In Fig. 6, the results of the peak and average detector
EMI measurements are presented. With an instantaneous
measurement we were able to capture not only the highest
emission level of the fixed installation, but also the average
measurements. This is a step forward if we think in terms of
ensuring that we are sure of getting the highest disturbances of
the EUT and also in terms of time-reduction to have the full
frequency range response of the three lines with both
detectors. To illustrate this statement we have also conducted
a measurement with a traditional EMI receiver.

In this case, only the peak detector was employed as it is
the fastest alternative to sweep the spectrum. Compared with
the time domain measurement, where the full peak and
average spectrum are obtained for the three lines using only a
100 ms measurement, it was required to spend more than
20 minutes to obtain an almost equivalent results using the
peak detector and measurement with the EMI receiver.
Although frequency sweeps were repeated continuously over
more than 20 minutes with the maxhold function, it was not
sufficient to record the full spectrum interferences generated
by the EUT. Due to the time restrictions it was not possible to
perform the average measurement on this facility.
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Fig. 6. Conducted peak and average EMI measurements for every line of the
mains port of a three-phase EUT employing the full time-domain
methodology and a peak measurement of one line using the EMI receiver.
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From the results observed in Fig. 6, between 2 MHz and 3
MHz there is not significant data when the EMI receiver is
used. In this frequency band, the emissions generated by the
EUT are not captured as the frequency sweep is not
synchronized with the occurrence of the interference in any of
the multiple sweeps performed during the 20 minutes of
measurement. In the rest of the EMI frequency spectrum the
fitting of the TD method results and the EMI receiver are
excellent in terms of amplitude and shape.

Next some results of the radiated emissions are also shown
to demonstrate that measuring with the oscilloscope is also
feasible for radiated emissions tests. As it has been mentioned
before, ambient noise is one of the main concerns of in-situ
measurements. From the results given by Fig. 7, the ambient
noise of the FM radio broadcasting service and other
transmitting signals close to 200 MHz are easily identified.
However, broadband interferences are detectable around 50
MHz and they are clearly attributable to the EUT when it is
switched on.
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Fig. 7. Radiated peak measurements employing the full time-domain
measurement system for an EUT when it was at standby and switched on.

In this case, the main advantage of using the time-domain
methodology is that we are able to perform instantaneous
measurements, avoiding changes at the background noise that
introduce confusion to the EMC assessment. As we have the
capability to analyse the full spectrum with instantaneous time
domain captures we can identify the emissions produced by all
the functional modes of the EUT and be immediately aware of
the changes at the spectrum. Otherwise, using traditional slow
frequency sweep instrumentation we can miss interferences
that last few seconds and also misunderstand changes at the
background noise confusing it with emissions of the EUT.

IV. DISCUSSION AND CONCLUSIONS

With the aim to improve the measurement of the
disturbances at large fixed installations, the full time-domain
methodology has been developed and validated with a
measurement campaign. The results shown in this paper
conclude that the main troubles of in-situ measurements can
be partially solved by using a time-domain approach.
Moreover, through the different comparisons done, it has been
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shown that it is also possible to obtain as good results in terms
of accuracy as with an EMI receiver.

Regarding the main benefits observed, the time-domain
methodology aids the test technician to overcome challenges
such as the changes of background noise, evaluate accurately
all the EUT functional modes (even the short lasting ones) and
reduce significantly the effective measurement time. As has
been shown along this paper, one key aspect is the multiple
channel synchronous measurements capability, this allow us to
carry out conducted disturbances measurements at three-phase
power supply lines employing the multiline voltage probe.
Furthermore, multiple channel synchronous measurements
open many possibilities that are particularly interesting for in-
situ measurements, including advance triggering capabilities
and measurements post-processing for ambient noise
cancellation. Finally, it is essential to highlight that with the
time-domain measurements the spectrum data is available in
terms of the amplitude and the phase. Therefore, it is possibly
to use this data to predict if the noise generated by the EUT is
degrading the performance of any digital communication
system, since it has been shown that peak, quasi-peak or
average measurements are not sufficient to estimate directly
the degradation suffered by digital communication systems.

To conclude, in the near future time-domain EMI
measurements are likely to become the standard approach for
in-situ industrial assessments due to the benefits it offers in
comparison with traditional frequency sweep instrumentation.
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Abstract—This paper studies the advantages of applying time-
domain based instrumentation to conduct -electromagnetic
interference emissions from rolling-stock. In IEC 62236-3-1 or
EN 50121-3-1 standards, it is mandatory to measure the railway
vehicle in static and in-motion conditions. When conventional
frequency sweep instrumentation is employed, difficulties
regarding ambient noise variation and the short-duration of
worst-case emission modes take place. In Annex B of the
standard, a test procedure is described to acquire the worst-case
EMI, however, as it is explained at the paper the effective
measured time at each frequency is only 0.08 ms in some
frequency bands. Hence, multiple movements of the vehicle are
needed increasing the uncertainty of the measured source and
making difficult to distinguish vehicle EMI from background
noise interference. To solve this problem, a Full TDEMI
measurement system is proposed with the availability to increase
the effective measured time, reduced the ambient noise variation,
the usage of multiple antennas at the same time and the
possibility to discard transient interference that should not be
evaluated. At the end of the paper, measurements carried out
with the time-domain system are shown demonstrating the
effectivity of the methodology.

Keywords—electromagnetic interference, measuring receiver,
noise figure, time-d i railway

1. INTRODUCTION

The Electromagnetic Compatibility (EMC) assessment for
Railway is carried out following the IEC 62236 / EN 50121
standard series [1], [2], which define the measurement
procedure, the test site, the test conditions and the limits. The
electromagnetic interference (EMI) emissions test for the
complete vehicle is performed at an outdoors railway
infrastructure, which implies important difficulties common
with other in-situ measurements [3]-[4] due to the presence of
non-stable background noise and varying interferences.
Moreover, the rolling stock is evaluated in static conditions and
in dynamic mode, circulating at low speed and accelerating
and/or braking at the measurement point. This dynamic mode
measurement is a challenge for the test technicians making
sometimes unfeasible to acquire the worst emission mode and
distinguish it from the Background Noise (BGN). Furthermore,

according to the standards, transient interference produced by
events like the discontinuity between the pantograph and the
catenary should be ignored. This is an undesired phenomenon
that usually appears when railway EMI assessment is
performed [5], [6], [7].

These problems are emphasized by the use of traditional
EMI receivers based on a Superheterodyne architecture. The
frequency-sweep instrumentation measures the EMI spectrum-
components at different observation time, doing hard to decide
which measurement is caused by the rolling-stock, changes in
the background noise or transient interferences. This limitation
is even more critic if we consider the short-duration events like
braking or acceleration that should be measured by the
dynamic measurement. With the aim to overcome the
problematics of the dynamic measurement, Annex B of EN
50121-3-1 explains the test procedure for in-motion
measurements, defining the sweep time at different small
frequency bands (Table I). Each sub-band is divided with the
intention to reduce the sweep time and to be capable of
catching the worst emission mode.

TABLE L. FREQUENCY SWEEP CONFIGURATION ACCORDING TO EN 50121-3-1
ANNEX B.

Test guide according to EN 50121-3-1 Annex B for
Band dynamic measurements

Subrange (Hz) Span (Hz) ;;5;:)/ | ti;f::e(zls 9

150k -1.15M 1M 9/10 37

1-11 M 10M 9/10 370

8 10-20 M 10M 9/10 370

20-30 M 10M 9/10 370

30-230 M 200 M 100/120 42

C/D 200-500 M 300 M 100/120 . 63

500-1000 M 500 M 100/120 100

If we study Table I, the peak measurement is obtained at a
rate of 37 ms to 100 ms, depending on the frequency sub-band.
Nevertheless, this is the time elapsed to complete the full
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sweep with the peak detector, meaning that we are only
measuring one frequency point each 100 ms. Hence, the
effective measurement time can be obtained by dividing the
sweep-time of the sub-band by the number of points of the
frequency sweep. To provide some data, in Table II the
effective time is computed considering two different situations.
The first one is when we are conducting a full dynamic
measurement, since the train is coming, passing through the
measurement point and leaving, this measurement usually lasts
30 s. Otherwise, for highlighting the inconvenience of using
traditional superheterodyne receivers, another situation has
been contemplated in Table II. This is the short-duration event
column, where the observation time lasts around one second.
This short-duration event is a plausible scenario as the
maximum emissions generated by acceleration or deceleration
could appear in less than a second.

TABLE II. EFFECTIVE MEASUREMENT TIME AT EACH FREQUENCY-POINT

Effective time measured (ms)
Swrange | Mo | Smeataach | Fugvmamic | DL | e pessuren

(Hz) points e e durlas!inn (%)
S 250 0.148 120 4 04
111 M 2500 0.148 12 04 0.04
1020 M 2500 0.148 12 04 0.04
20-30 M 2500 0.148 12 04 0.04
30230 M 5000 0.0084 6 02 0.02
290-500 7500 0.0084 4 0.3 0.013

290-1000 12500 0.008 24 0.08 0.0008

Considering Table II data, we are only measuring between
0.4 % and 0.008 % of the time depending on the sub-band
evaluated. Elsewhere, if we consider a short-duration event of 1
s, this implies that we are only measuring 80 us between
500 MHz and 1 GHz, which apparently seems improbable to
ensure to catch the maximum emission. Therefore, usually,
several movements of the vehicle are needed to acquire the
worst emission mode, however, it causes a more complex
assessment with more variability on the outdoors
measurements. We should consider that between each time that
the rolling stock circulates in front of the measurement point,
several minutes could occur. Meaning that at the end several
hours of measurement are elapsed and uncontrollable changes
at the background noise appear, making sometimes difficult or
impossible to associate the interference measured with the
vehicle or with the changes at the BGN. Even more, as it has
been mentioned before, we had to include the appearance of
transient interference, which should be avoided from the
evaluation.

Although the presence of Annex B at the standard, the
problem is still present and the test technicians reported us their
difficulties to identify the EMI produced by the rolling stock.
Therefore, novel methodologies not based on traditional
frequency-sweep instrumentation should be applied to improve
the EMC evaluation. Fortunately, during the recent years, new
software developments and the improvement of hardware
capabilities make feasible to employ Real Time or Full TDEMI

measurement systems. The time-domain systems based on Fast
Fourier Transform (FFT) allows reducing the observation time
increasing the effective measured time [8]-[11]. Additionally,
the Full TDEMI system has been successfully employed at in-
situ measurements providing other advantages like the multi-
channel synchronous measurements or the possibility to trigger
the measurements with the time-domain data.

In the next section, the Full TDEMI methodology is
explained identifying the main advantages to be applied at the
EN 50121-3-1 standard. Moreover, results obtained from a
rolling stock evaluation using the novel methodology are
presented in section II1.

II. METHODOLOGY

A. Full TDEMI Measurement system overview

Full TDEMI measurement systems have been developed
according to CISPR 16-1-1 and it is employed for conventional
and in-situ emissions tests [11]-[13]. The system is based on
acquiring the time-domain data of the EMI using oscilloscopes
and thereafter compute the spectrum with the detectors defined
at CISPR 16-1-1 standard. A basic schematic of the
measurement system is shown in Fig. 1.

Transducers  EMI conditioning Hardware Software
X I
5 Q
S8 i i O
X L]
LISN
|| AmP/FILTER OSC/ADC DSP

Fig. 1. Overview of the Full TDEMI measurement system

The transducers of the Full TDEMI measurement system
are connected to one or several channels, as oscilloscopes have
the capability to measure synchronously multiple inputs. For
the railway application, the transducers are the antennas to
measure the Magnetic Field (H-field) or the Electric Field (E-
Field), nevertheless, other transducers like Line Impedance
Stabilization Networks are suitable to be used.

Regarding the oscilloscope, it limits the measurement
bandwidth; consequently, it needs to ensure that the Voltage
Standing Wave Ratio (VSWR) is less than 2 within all the
measurable frequency range. Otherwise, the memory of the
scope and the sample rate are the other key-points of the
hardware. To fulfill CISPR 16-1-1 requirements, generally, it is
necessary to oversample the time-domain signal five times the
maximum measured frequency and to use the memory needed
to compute the weighting detectors. The scopes used to obtain
the results presented at the next section are a 5444B
Picoscope® (OSC1) for measurements at A and B bands and a
DPO 5104B Tektronix® (OSC2) employed at C and D bands.
The OSC1 is sampling at 250 MSamples/s and the OSC2 at 5
GSamples/s.

Finally, all the post-processing tasks are done with a laptop,
where the software is conducting windowing, resolution
enhancing, resampling, spectral estimation (using the Short-
Time FFT and the Welch’s method) and the detector
emulation.
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B. Effective time improvement using Full TDEMI systems

As it has been stated in the introduction section, the
effective measured time is extremely low when frequency
sweep instrumentation is used. With the Full time-domain
methodology, we can improve the dwell time at each frequency
as we are obtaining the full spectrum at every acquisition.
Hence, the final effective time, using the Full TDEMI, is the
time set at the scope multiplied by the number of acquisitions.
Clearly, we have some idle time between different trigger
events due to deep memory acquisitions transfer data to the
Personal Computer (PC).

A study has been completed analyzing the optimum time
scale and data-transfer time to maximize the total evaluated
time. Considering that the detector employed for dynamic
measurement is the peak one, short-time captures are allowed
to compute the spectrum. In tables III and IV, it is presented
the effective time measured by Full TDEMI system, compared
with the frequency sweep, highlighting the gain, which is
referred to the total time measured by the Full TDEMI
instrumentation divided by the total time at each frequency by
the frequency sweep instrumentation. In table III, the Full
TDEMI is optimized to measure an entire dynamic movement
that usually lasts 30 seconds and in table IV the system is
adjusted to acquire a worst-case event that lasts one second.

TABLE III. EFFECTIVE MEASUREMENT TIME CONSIDERING A DYNAMIC
MEASUREMENT THAT LASTS 30 8

Frequency band Frequency sweep 0SC 2 0SC1
according to
CISPR16-1-1 (ms) (a) % (ms) % __|Gain (n)] (ms) % | Gain (b)
28 0,160 112,5 23,75
A A 1
2 o080 | 8 225 47,5
120 0,400 45 1140 38 95
s 12 0,040 0 18 a5 95
12 0,040 a5 95
12 0,040 a5 95
3 6 002 | 2079 | 069 | 3465
o 4 0013 | oo | g1a [2040
2,4 0,008 17,33

& Measured time at each frequency for sweep (see Table I)

> Gain is referred to the total time measured by the Full TDEMI instrumentation divided by the total time
at each frequency for the sweep method
In Table III it is observed that a gain between 4.5 and 95
times on the equivalent measured time is obtained with the Full
TDEMI system. In B-Band, we increase the measured time at
each frequency by 95 times with OSC1 and 45 times with
OSC2. Therefore, with a single dynamic measurement, we
measure the same effective-time as moving the vehicle 95
times with the frequency sweep method. Moreover, in C-Band
the improvement is close to 35 times and in D-Band it is
between 10 and 17 times. For instance, in D-Band we increase
the effective time from 2.4 ms to a 41.58 ms, when the 30 s
measurement is analysed.

Alternatively, if the objective is to evaluate a short-duration
braking or accelerating event, it is recommended to increase
the acquisition time set at the scope, being able to rise the
percentage of the effective time. In Table IV, the observation
time has been reduced from 30 s to 1 s, but at the same time,
we are capable to enlarge the effective-time as the data-transfer
to the PC is not a penalty.

TABLE IV. EFFECTIVE MEASUREMENT TIME CONSIDERING A SHORT-
DURATION EVENT THAT LASTS 1 S

Frequency band Frequency sweep 0SC 2 0sC1
according to
CISPR16-1-1 (ms) () % (ms) % _|Gain (b)| (ms) % | Gain (b
1,60 0,160 625 625
A 0,80 [ 190 o5 1250
4,00 0,400 25 1000 100 250
s 0,40 0,040 100 0 250 2500
0,40 0,040 250 2500
0,40 0,040 250 2500
c 0,20 0,020 50 s 250
o 013 0,013 N i 75
0,08 0,008 125

& Measured time at each frequency for sweep (see Table II)

Y Gain is referred to the total time measured by the Full TDEMI instrumentation divided by the total time
at each frequency for the sweep method

In this occasion, when we are employing OSC2 in B-Band,
we are capable to observe the 100% of the short-event. Making
feasible not to miss the worst-case emission. At this frequency
band, we improve from observing only 0.4 ms to 1000 ms with
OSC1 and 100 ms with OSC2, meaning a gain up to 2500
times. Otherwise, the gain in C and D bands are between 75
and 250. Therefore, the Full TDEMI system is a remarkable
step-forward in terms of effective time measured at each
frequency, compared with the sweep times defined in Annex B
of EN 50121-3-1. Furthermore, other advantages take place
when the Full TDEMI system is used, some of them related to
the increase of the effective time measured.

C. Advantages of using Full TDEMI systems instead of

[frequency sweep receivers

Applying Full TDEMI measurement system to measure
rolling stocks implies different advantages as a consequence of
increasing the measurement effective-time and the use of
multiple synchronous channels.

o Simultaneous — Multi-antenna ~ measurements. ~ The
employment of scopes instead of spectrum analyzers or
EMI receivers allows us to conduct multiple-channel
synchronous measurements. Therefore, multi-antenna set-
up is used in parallel to measure H-Field and E-Field,
reducing the number of vehicle movements needed.
Moreover, the simultaneous measurement ensures to
obtain the radiated emissions for the same functional
mode at all the frequency bands, making possible to
acquire the worst-case at all the frequency ranges with a
single movement of the rolling stock.

o Availability to discard transient interference. Another
great advantage is to eliminate from the useful data
broadband transient interference produced by transients
like pantograph discontinuities. This type of impulsive
noise is difficult to identify at the spectrum domain.
However, in time-domain, transient interference is
characterized by huge amplitude and a short-duration.
Therefore, the transient interference is clearly observed in
the time domain and can be discarded without a doubt.
An example of a discarded measured is shown in Fig. 2,
where we can identify easily the transient interference.
This short-time domain acquisition shall be discarded for
the final analysis, as it is described in standards.
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Fig. 2. Example of transient interference in time-domain, which should be
avoided for the EMC assessment. The transient interference is identified by
the red rectangle

e Reduction of the background noise variation. Another
main advantage, as a consequence of the reduction of the
overall elapsed time, is the reduction of the ambient noise
variability. The short-time full spectrum captures enable
to use fewer vehicle-movements and to discard transient
interferences, hence, the effect of the BGN is moderated.
On the other hand, the measurement of the BGN made
before and after the EMI measurement of the vehicle is
more accurate as we are measuring more effective-time to
characterize it. Hence, the common trouble of measuring
an uncharacterized ambient interference during the
measurement of the EUT is less probable.

o Triggering capabilities. As we are using an oscilloscope,
all the triggering capabilities can be used to synchronize
the Full TDEMI measurement with a particular event.

III. RESULTS

In this section, the time-domain system is applied to
measure the emissions from a railway vehicle according to EN
50121-3-1. The motivation of the measurements is to put into
practice the developed methodology and evaluate the main
theoretical advantages. Ensuring at the same time that the novel
employment of the oscilloscopes is appropriate for the
application. We measured an urban vehicle at a railway
infrastructure allowing us to carry out static and dynamic
measurements. Due to a non-disclosure agreement, it is not
possible to provide more data of the measured vehicle,
however, a simplified schematic of the measurement set-up is
shown in Fig. 3.

Fig. 3 shows the test configuration of the Full TDEMI
measurement system. It is important to highlight that
simultaneous measurements were conducted with an ETS-
Lindgren 6502 loop antenna to measure the H-Field at the B-
Band, a PMM BC-01 biconical antenna for E-Field at the C-
Band and a PMM LP-02 log-periodic antenna for the D-Band.
Regarding the hardware used, OSC1 was connected to the loop
antenna and OSC2 simultaneously to the biconical and log-
periodic. For the post-processing, one laptop is linked to the
OSCl via USB and another to OSC2 using an Ethernet TCP/IP
connection.

Laptop carrying
out Full TDEMI
post-processing

Tektronix DPO

Picoscope 54448 (\
% 51048
P T 111
Loop antenna \;@/ Logoperiodic
antenna
Biconic antenna

|
N
J P

10m

— T I I I 1 I I/n\v [ I 1 T
AMEEEmE E%TE ===z

—

Fig. 3. Measurement schematic of the railway vehicle applying the Full
TDEMI measurement system with multiple antennas

Some of the results obtained are presented to highlight the
main advantages and to demonstrate that although
oscilloscopes were used, we had a great dynamic range of 70
dB and enough sensibility to refer the data to the limits. Firstly,
in Fig. 4, we present the results for the static mode with the
log-periodic antenna. The aim of showing these data is to
accentuate the similarity between the background noise
measurement (the ambient noise) and the static emissions of
the vehicle. Clearly, non-contribution from the railway vehicle
is observed at this frequency range with the quasi-peak (QP)
detector. Otherwise, when outdoor measurements are
conducted with frequency sweep receivers differences appear
and is difficult to distinguish between BGN changes and EUT
emissions. On the contrary, by using the Full TDEMI system,
we increase the effective measured time, reducing the
observation period and making the BGN more stable.

90~ . . . -

[—EMI, static mode (QP)
—Back Ground Noise (QP)
|---50121-3-1 limit Af

80

@ 5
3 3

Electric Field (dBuV/m)

a
&

T e

L L L |
200 300 400 500 600 700 800 900 1000

Frequency (MHz)

Fig. 4. E-Field results obtained for the static measurement. In blue trace the
measurement of the EUT and in black the ambient noise measurement.

Regarding the dynamic mode, we perform the measurement
reducing the number of vehicle-movements needed, by
acquiring simultaneously the H-Field and the E-Field. As in the
static mode, we still have the advantage of reducing the
observation period, which implies a steadier ambient noise.
Moreover, for the dynamic mode, it is mandatory to measure
the EM emissions due to braking or accelerating. Therefore, we
have the advantages of increasing the effective measured time,
discarding transients and ensuring to evaluate the worst-
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emission case. In Fig. 5 and Fig. 6 dynamic results of the B-
Band and the C-Band are displayed.

: : |
[F—EMI ow speed. traction (Peak] |

70 |[—Background noise (Peak)
- |- -50121-3-1 tmit |

Magneic Field (dB.Vim)

015 05 1 2 5 10 30
Frequency (MHz)

Fig. 5. H-Field results obtained for the dynamic measurement. In blue trace
the measurement of the EUT and in black the ambient noise measurement

Tow speed, traction (Peak)
Ground Noise (Peak)
|- -50121-3-1 limit

100

Electric Field (dB.Vim)

|
90 100 110 120 130 140 150 160 170180190200

30 w0 50 50 0 8
Frequency (MHz)

Fig. 6. E-Field results obtained for the dynamic measurement. In blue trace
the measurement of the EUT and in black the ambient noise measurement

The emissions results of the vehicle in-motion show
disturbances at the lower frequencies, which are properly
measured with the Full TDEMI. In fact, we carried out up to 10
movements of the train, however, non-changes were observed
at the spectrum between the first measurement and the other
nine. Implying that with a unique movement of the rolling-
stock it is sufficient to measure the worst-case emission at all
the frequency range. This is a great advantage compared with
the difficulties that appear when conventional receivers are
employed, making essential to move the train several times to
complete the spectrum emissions. Furthermore, the background
noise is also changing and it makes near to impossible to
differentiate between the vehicle emissions and the ambient
noise. Hence, it is a significant improvement to use the time-
domain approach as it makes necessary to measure just once
the vehicle in motion to perform the evaluation.

IV. CONCLUSIONS

The applicability of the Full TDEMI system to conduct
properly EN 50121-3-1 EMI measurements has been
demonstrated theoretically and practically through in-situ
measurements. Overcoming the main difficulties due to the
background noise and the mandatory dynamic mode. The main
advantages of the Full TDEMI are the increasing of the
effective measured time at each frequency, which can rise up to
2500 times, the availability of employing multiple antennas

synchronously and the possibility to discard transient
interference that should not be evaluated.

Therefore, authors consider time-domain methodologies
should be included in Annexes of the railway standards. Novel
time-domain based systems are in compliance with CISPR 16-
1-1, henceforward, a specific guide should be included to
maximize the performance and explain the main benefits of the
system, as it is done in Annex B for frequency sweep
instrumentation. Furthermore, the Full TDEMI systems offer
us the possibility to measure properly the worst-case scenario
using instrumentation with a moderate cost, where the most
expensive hardware is the 1 GHz oscilloscope.
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STATISTICAL EMI ANALYSIS AND THE
EXPECTED MAXIMUM DETECTOR

The publications in subsections 5.1 and, 5.2 comprise the contributions made to the statistical processing
of time-domain EMI measurements in the line of the third objective of this Thesis. Their highlights are
described below.

Objective 3: The worst-case disturbance emissions levels (extreme values) were analytically modeled
to find the properties of the peak detector measurements. Then, a more robust model
for predicting the expected maximum emissions levels was proposed based on the
non-parametric kernel-fitting of the EMI distribution and bootstrapping techniques. The
later approach provided better estimates for non-Gaussian conditions than the former
analytical approximation.

5.1. FUNDAMENTAL JOURNAL ARTICLE 2

M. A. Azpiirua, M. Pous and E Silva, “On the Statistical Properties of the Peak Detection for Time-Domain
EMI Measurements,” in IEEE Transactions on Electromagnetic Compatibility, vol. 57, no. 6, pp. 1374-1381,
Dec. 2015. doi: 10.1109/TEMC.2015.2456983

Abstract-This paper presents a discussion on the inherent characteristics of the measurements
performed with time-domain electromagnetic interference measurement systems in regards of
the detection of the maximum emissions levels. In that sense, some relevant statistical properties
of the frequency components of the maximum emissions levels in the amplitude spectrum are
investigated using the extreme value theory to provide a model based on the Gumbel probability
distribution and estimates for its parameters, expected value, variance, and Cramer-Rao bounds.
The results suggest that using the expected maximum value of the emissions levels instead of
the just the observed maximum value improves the measurement repeatability and also reduces
the uncertainty in the results. This paper presents an additional insight measure that enhances
our understanding of the statistical behaviour of the measured EMI and of the time-domain
measurement process itself.
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5.2. CONFERENCE PROCEEDING 5

M. A. Azpiirua, J. A. Oliva, M. Pous and E Silva, “Robust extreme value estimation for full time-domain EMI
measurements,” 2017 International Symposium on Electromagnetic Compatibility - EMC EUROPE, Angers,
2017, pp. 1-6. doi: 10.1109/EMCEurope.2017.8094729

Abstract-A robust approach for estimating the expected maximum levels of radiofrequency,
time-varying, electromagnetic emissions is proposed. The expected maximum peak value
is intended to provide a statistical approximation for the worst case emissions scenario that
accounts for the variability of the measured interference. The estimates are obtained through
Monte Carlo resampling from a non-parametric distribution fitted by means of kernel density
estimation applied to the time-frequency representation of the assessed interference. As a key
advantage, calculating the expected maximum peak value does not require increasing the dwell
time or holding the maximum value over successive sweeps. Results indicate the methodology
is better suited than previous approaches for calculating the expected maximum peak value
because it does not depend on normality assumptions difficult to guarantee in practice. The
proposed technique is an example of how full time-domain EMI measurements can be exploited
for obtaining further insights.
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On the Statistical Properties of the Peak Detection
for Time-Domain EMI Measurements

Marco A. Azptrua, Member, IEEE, Marc Pous, and Ferran Silva, Member, IEEE

Abstract—This paper presents a discussion on the inherent char-
acteristics of the ts performed with time-domain elec-
tromagnetic interference measurement systems in regards of the
detection of the maximum emissions levels. In that sense, some rele-
vant statistical properties of the frequency components of the max-
imum emissions levels in the amplitude spectrum are investigated
using the extreme value theory to provide a model based on the
Gumbel probability distribution and esti for its par S,
expected value, variance, and Cramer-Rao bounds. The results
suggest that using the expected maximum value of the emissions
levels instead of the just the observed maximum value improves
the measurement repeatability and also reduces the uncertainty
in the results. This paper presents an additional insight measure
that enhances our understanding of the statistical behavior of the
measured EMI and of the time-d i ement process itself.

Index Terms—Electromagnetic compatibility, electromagnetic
interference (EMI), electr tic ts, statistical sig-

nal processing, time-domain analysis.

I. INTRODUCTION

ceivers covered in CISPR 16-1-1 and ANSI C63.2 docu-
ments [1], [2] include the peak, quasi-peak, average, and rms-
average detector modes. Those detectors are circuits intended to
provide weighted lectures of the amplitude of the EMI depend-
ing on the pulse repetition frequency [3].

The peak detector has a peak-value holding capability. In
general terms, the peak detector is an analog maximum-hold
circuit realization. In frequency sweep EMI receivers, the sig-
nal applied at the input of the peak detector circuit has been
previously lowered to intermediate frequency, filtered, and rec-
tified. The peak detector holds the maximum of the measured
voltage for a long time indicating the peak value measured over
the dwell time of the interference signal.

Therefore, an EMI test receiver in the peak detector mode
measures the maximum value of impulsive perturbations for
each spectral component included in the assessed band, one
frequency step at a time. However, the dwell time shall be ad-
justed considering the EMI pulse repetition rate. Hence, EMI

T HE electromagnetic interference (EMI) measurement re-
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measurement with frequency-sweep-based instruments is a
time-consuming task.

On the other hand, in entirely time-domain EMI (TDEMI)
measurement systems, there are neither analog detector circuits
nor analog signal processing; measurements can be adjusted to
be triggered by pulsed interferences and one single acquisition
in the time domain is used to perform spectral estimation pro-
viding most result through postprocessing. Consequently, math-
ematical emulation of the detectors is often applied to weigh the
amplitude spectrum in order to obtain spectral estimations di-
rectly comparable to results from frequency-domain sweeping
receivers.

The aforementioned emulation of the standard weighting de-
tectors is a significantly complex task because the charge/dis-
charge time constants and the meter time constant are imple-
mented by means of multistage parallel digital filter functions
that require a large amount of memory [4]. Even if this method
provides very accurate results, its mathematical complexity
makes it difficult to perform a rigorous uncertainty assessment
on the measurement results.

As an alternative and less computationally intensive method,
some TDEMI measurement systems have used the detector em-
ulation by means of additive weighting factors, which depend
only upon the EMI pulse repetition frequency [5]. However,
in this particular case, the accuracy is compromised because
it is really difficult to provide a single correction factor when
the EMI is formed by a superposition of pulses with different
repetition rate and continuous-wave signals.

In any case, the current approach taken to emulate the peak
detector of a conventional EMI test receiver is very simple and
straightforward: the highest value of the video voltage observed
during the measurement time is recorded and displayed. Nev-
ertheless, this very intuitive approach has a fundamental flaw
from the statistical point of view, because it provides a biased
estimator that has least robust statistics because it is maximally
sensitive to outliers. Therefore, the aforementioned current im-
plementations of detector emulation in TDEMI measurement
systems have potential drawbacks in terms of accuracy, ro-
bustness, and uncertainty assessment, representing an obstacle
to achieve measurement traceability in TDEMI measurement
systems.

Conversely, the extreme value theory has been used in the
field of reverberation chambers to model the electric field dis-
tribution near the wall cavity, providing meaningful results for
modeling the maximum E-field [6]. In that sense, this paper
provides an insight on the measurement process carried out by
TDEMI measurement systems and then develops a compres-
sive approach to evaluate the expected value, the variance, and
Cramer—Rao bound (CRB) for the estimation of the maximum

0018-9375 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Block diagram of a TDEMI measurement system.
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Fig. 2.  General flowchart of the TDEMI measurement processing.

emissions levels based on statistical inference techniques and
on the extreme value theory.

II. OVERVIEW OF TDEMI MEASUREMENT SYSTEMS

In general terms, a TDEMI measurement system, for radiated
and/or conducted disturbances, is described by the block dia-
gram shown in Fig. 1 [3]. For the measurement of radiated EMI,
a broadband antenna shall be used, while for the measurement
of conducted EMI corresponds either a current clamp or a line
impedance stabilization network. Sometimes the measured sig-
nal is amplified, and then it is low-pass filtered for band-limiting
purposes, so the signal fulfills Nyquist condition for the maxi-
mum sampling rate supported by the TDEMI system. Then, in
the analog-to-digital converter (ADC), the signal is digitized and
stored. Finally, the amplitude spectrum is computed via spectral
estimation techniques.

On the other hand, from the standpoint of the signal acqui-
sition and processing stage, a TDEMI system is more naturally
described by the flowchart shown in Fig. 2.

In that sense, the data acquisition process for a TDEMI mea-
surement system begins when the analog signal is sampled either
directly by the measuring instrument (i.e., digital oscilloscope)

or externally by means of ADC or digitizers. Then, the EMI data
are transferred from the main memory to the device that will pro-
cess it. For the commercial fast Fourier transform (FFT)-based
EMI receivers, this process is performed internally by the built-
in processors and softwares [4]. However, a customized TDEMI
measurement system may carry on the digital signal processing
with the aid of specific software running on a personal computer.
Then, the data are transferred to a personal computer via some
communication port. Subsequently, the amplitude spectrum is
digitally computed using the FFT (or some variant of), peri-
odograms, or other spectral estimation methods [5]. Later, the
errors due to the frequency dependence of the antenna factor, the
attenuation in the transmission line, the gain of the preamplifier,
the frequency response of the antialiasing filter are corrected.
Next, a mathematic emulation of the peak, RMS, average, and
quasi-peak detectors is made, either by applying a correction
factor dependent on the pulse repetition frequency [5] or by
means of the application of a digital infinite impulse response
filter [7]. Additionally, other signal processing techniques can
be used in order to reduce the impact of the noise but this has
varied upon specific implementations. Finally, the results must
be displayed and compared with the respective limit lines to
provide a judgment about the test result regarding the EMI in
the measured frequency band. For studying nonstationary sig-
nals, a spectrogram representation of EMI has also been used
previously [8].

III. FUNDAMENTALS OF DIGITAL SIGNAL PROCESSING FOR
PEAK DETECTION IN A TDEMI MEASUREMENT SYSTEM

A continuous-time signal function z(t) that represents the
EMI directly measured by a TDEMI system is observed during
a time period of length 7. In order to computationally evalu-
ate the frequency spectrum of z(¢), X (f) the measured signal
is sampled and digitized to obtain a time-discrete signal x [n],
where n is integer and z[n] is assumed to be periodic with total
number of samples N, which means z[n + N] = z[n]. There-
fore

z[n] = z(nAt) (eY]

where T, = NAt and At is the sampling interval, i.e., At =
1/ fs, fs being the sampling frequency. Conversely, the discrete
frequency spectrum X [] is related to the continuous frequency
spectrum X (f) by

X[k] = X (EAS) ()

where £ is an integer and A f is the spacing of the spectral lines.
The quantitiesN, T, At, and A f are related by

N
Af =—. 3)
J Tp
The discrete Fourier transform (DFT) is given by
N-1 o
X[k = an)e “
n=0

The spectral estimation is performed on the basis of the DFT
under the assumption that « [n] is periodic in n with a period
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N. However, z [n] is not really periodic since there is only a
continued measured signal sequence of length N.

To reduce the scallop loss and the spectral leakage caused
by the finite length, the time record  [n] is multiplied by a
window function w [n] [9], [10]. If windowing is used, it is
necessary to compensate the corresponding energy loss caused
by the window using the coherent gain scaling factor [11].

On the other hand, to obtain a spectral estimation with A f
equivalent to the required resolution bandwidth, the minimum
record length Vi, shall be
wy
Af
where wyis the window factor of the windowing function used,
i.e., Gaussian, Hann, or Kaiser—Bessel [12].

Then, if N > Np,ip, it is possible to define M overlapping
windows of Ny, length in order to determine the frequency
and phase content of the mth local sections of an EMI signal
as it changes over time. This process is called the short-time
Fourier Transform (STFT) and it is given by

Nuin = fs (&)

Nuin —1
Xm [k] =

n=0

_k
Ninin

z[njwln —m(1 — Of)Nmm]eﬁZM
(6)
where oy is the overlap factor (generally between 0.5 and 0.8
depending on the type of windowing function) and m = 1,2,
..., M is the time shift index that controls the translation of
the overlapping window between successive time frames. Fig. 3
shows a simplified diagram on the spectral estimation process
performed by the STFT.
Therefore, the STFT provides a matrix with the values of each
spectral component of the measured EMI as it changes over time

Xl [0] Xl[ll Xl [kmax]
Xo[0] X[l X [Fmax]

Xl = | o _ NG
X (0] Xp[1] X [Fmax]

Consequently, in a TDEMI measurement system, the maxi-
mum amplitude peak value of the spectral estimation X ,c,x is
the vector containing the maximum signal magnitude observed

in each frequency bin for all the windowed time frames given
by

Xear[] =
max {| X1 [0]] | X [0]] [Xar 011}
max {| X [1]] [ X2 [1]] [Xar [1]]}
max{|X1 [kmax” ‘X‘Z [knmx” ‘XM' [kmax”}

®)

IV. STATISTICAL PROPERTIES OF THE MAXIMUM PEAK
SPECTRAL ESTIMATION

Let us start assuming that the measured EMI signal is a ran-
dom variable and that the recorded time length is a representative
sample of the interference under assessment. Likewise, we as-
sume that each measured waveform point captured in the time
domain is independent of each other.

Our first assumption is valid because of the stochasticity of
the process that generates interferences and also due to the
sources of variability introduced by the measurement process
itself. Regarding the second assumption, it shall be satisfied
because the confidence of the results depends upon it and, it is
verified through the repeatability of the results.

Then, from the measured sample, the STFT creates M win-
dowed time frames that are, by themselves, a group of subsam-
ples from which the EMI spectral content will be estimated M
times, one spectral estimation from each subsample. Since each
windowed time frame is different from the others, their spectral
content is also different and the variability of each frequency
bin can be analyzed in terms of random variables.

With that said, it is clear that X, peak [k] is an estimator of the
extreme value taken by the distribution of each kth component
of the amplitude spectrum X ..« [k]. In the following sections,
the statistical properties of such estimators will be investigated.

A. Probability Distribution
Let us suppose that G(X) is the distribution of X, cai

G(X) = P (Xpear < X) (©)

that is equivalent to the event
GX)=PXi=X,...,. Xy =X) (10)

and since it has been assumed independency between the out-
comes of the spectral estimation obtained from each individual
subsample, and also, considering that each individual subsam-
ple is identically distributed as F'(X) since they belong to the
same population, then,

M
GX)= [ PXm < X) = [F(X). (11)

m=1
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Finally, the probability density function (PDF) of X],eak is
given by

o) = MO (X))
where f(X) is the PDF of X. This means that the PDF of
the maximum of each spectral component depends directly on
the sample size and on the distribution function of the spectral
component.

Nonetheless, the distribution function of each spectral compo-
nent is generally unknown. However, according to the extreme
values theory, the Fisher-Tippett—-Gnedenko theorem provides
an asymptotic result for the distribution of the largest extreme
value of the sample, regardless of the parent population, pro-
vided a sufficiently large sample size [13].

Hence, (11) is asymptotically approximated to the Gumbel
distribution, which is given by

Xpeak ~

a

G(X;Uc,ﬁ)zef"'xj (13)
where « and 3 are the location (mode) and scale parameters, re-
spectively, of the Gumbel distribution [13]. Thus, differentiating
(12) with respect to X, the PDF of X cakis

) (=)

(14)

The approximation provided by (14) is a particular case of the
generalized extreme value distribution. The appropriateness of
the Gumbel distribution for modeling extreme values has been
demonstrated when the parent distribution has an unbounded
tail that decreases at least as fast as an exponential function, and
has finite moments, as does the Gaussian distribution [14].

For EMI measurement applications, the aforementioned con-
dition is reasonably satisfied because the combination of the
multiple sources of variability that influence the measurement
result causes the distribution function of the spectral estimation
to converge approximately into a normal distribution, according
to the central limit theorem [6], [15].

= d 1 (X0
XP(‘ak ~ diXG(X~a7ﬁ) = B (6 ( K

B. Parameter Estimation

As stated before, the Gumbel distribution has two param-
eters, a and [. These parameters are generally unknown and
must be estimated from the information provided by the sam-
ple. Several techniques, such as maximum likelihood estimation
or method of moments, have been used to provide mathemati-
cal expressions of the corresponding estimators [16]. However,
these approaches require a sample of maximum values, i.e., a
set of maximum values taken from several different samples
generated by the same process.

In this particular case, only one sample of M different spectral
estimations for each frequency component is available from a
single measurement of EMI in the time domain.

Nevertheless, for the particular case, where the spectral esti-
mations are normally distributed with mean g and variance o2,
X ~ N(p,0), the parameters of the Gumbel distribution can

o Xpeah = X E(Xpear) = X —— E(Xpear) — 1t

3t 1 .

2.8 i . E
26t ! i

g
~

¥}

Amplitude (dB)
5]
]

o »

'S

10 20 30 40 50 60 70 80 90 100
Number of runs

Fig. 4. Comparison between the estimated maximum emission levels and
their corresponding expected value for 100 successive MC trials, M = 100,
and o = 0.75 dB.

be expressed as

1
a=0,," (1 - M) (15)

1 1
_ -1 I -1 =
B= Puo <1 eM) Py (1 M) 16)

where ®~!(p) is the normal inverse cumulative distribution
function of X applied to the probability value p.

In consequence, the parameters of the Gumbel distribution are
estimated using the sample average X and standard deviation s
as the best estimates of p and o, respectively,

&

an

i w. (1o L) . (1L
B= ®x, (1 eM) Qx5 (1 M)' (18)

C. Expected Value

I
L=
>
T
L
N
—
|
S
N————

Since Xpmk is modeled as a random variable distributed as
(14), the expected value of the maximum peak measurement for
a TDEMI measurement system is given by [13]

E (Kpear) =+ 8 (19)

where 7 is the Euler-Mascheroni constant (y ~ 0.5772).
Then, substituting (17) and (18) into (19), the mean of X ,cax
can be rewritten as

E (Xpeak) =1-7)2x, (1 - %) +7Px (1 - ﬁ) .

(20)

As a result from (20), it is clear that E(Xpmk) — Xpeak # 0
and, therefore, X, peak 18 a biased, but consistent, estimator.

In order to exemplify the importance of E(Xpeak), Fig. 4

shows the results of a Monte Carlo (MC) simulation that repre-

sent the results from 100 successive Xpeak measurements, for
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D. Variance
The variance of a f(,,mk depends on £ and is given by [13]

Var (Xpeat ) = %2/3’2. @n

Thus, according to (18) and (22), Var(Xjeax) is estimated as
var (%, ),ﬁ oy (1L
ar peak | = 6 X s oM

1 2
—by (1 — . 22
X < ]LI)) (22)

From (23), it is important to notice that Var(f(l,wk) decreases
as M — oo. However, M is a finite quantity and it shall be
expected variability in the results provided by the maximum
peak reading, as is evident in Fig. 4. In this regard, Fig. 4 verifies
that Var(E(Xpear)) < Var(Xpeax)-

Fig. 5 shows the standard deviation of both Xpoak and
E(chak) as a function of M for 0 = 1 dB. The standard de-
viation of F(Xpeax) was calculated numerically using 10° MC
iterations, due to the complexity of the corresponding analytical
expression.

In both cases, the standard deviation slowly decreases with
M, but the standard deviation of E(f(,m,,k) is always in the
order of magnitude lower than the standard deviation of Xpeak
and is less sensitive to changes in M.

distribution as a function of the sample size M and the standard deviation of
the process that generates the samples, o. (a) Location parameter, c. (b) Scale
parameter, (3.

E. Cramer-Rao bound

Since for EMI measurement applications the parameters «
and [ are unknown, the estimated parameters & and é are also
random variables. However, their efficiency can be compared
with the CRB in order to establish if their use is appropriated. In
this particular case, the CBR will be interpreted as a lower bound
on the variance of estimators of the deterministic parameters of
a PDE.

The authors of [17] have demonstrated that the CRB of the
Gumbel distribution parameters are independent of the location
parameter, and are approximately given by

_6p ™ B
CRBs = —— <1+€+7 -2y )~ 11095 (23)
63> B2
B, = ~ 0.608=—. 24
CRB; = — ~ 0.608; (24)

Additionally, through MC simulation, it has been proven that
the estimators bias have small effects on the CRB mostly when
M is large [17].

Fig. 6 shows the calculated CRB using (23) and (24) com-
pared with the variance of the estimator of & and {3 calculated by
means of MC simulation for 10° iterations in each combination
of M and o. Since the variance of the estimators is very similar
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Fig. 7.  Waveform of the measured transient EMI.

to the CRB, it is possible to conclude that (17) and (18) are
efficient and provide reliable estimators for the calculation of
the expected maximum value.

V. ON THE USE OF THE EXPECTED MAXIMUM VALUE IN
TDEMI MEASUREMENT SYSTEMS

In this section, an application example of radiated EMI mea-
surement will be presented. Our TDEMI measurement system
has been implemented using a general purpose oscilloscope
Tektronix DPO 7104. The aforementioned oscilloscope has the
following main technical specifications: 8-bit ADC resolution
(6.7 effective bits), 1 GHz of analog bandwidth, 20 GSamples/s
of the maximum sampling rate, and 125 MSamples of the maxi-
mum record length. A detailed explanation on the features of this
TDEMI measurement system is found in [18]. In the same man-
ner, an explicit description of the signal processing techniques
applied to the measured signal is given in [12]. Measurements
were performed using a standard setup for radiated emissions
assessment inside a full anechoic chamber.

The measured EMI was an intentionally generated transient
disturbance provided by a pulse function arbitrary generator
Agilent 81160A. The transited EMI is superposed with two nar-
row band tones at 200 and 400 MHz. Additive white Gaussian
noise was intentionally added to the EMI. The pulse repetition
frequency of the disturbance is 110 kHz and the pulse dura-
tion is approximately 40 ns. The sampling frequency was set
to 5 GSamples/s. The resolution bandwidth was configured at
120 kHz, and according to (5), the required minimum record
length is Ny,in ~ 93000 samples given a window function with
wy = 2.23.

The synthesized disturbance was intended to provide nar-
rowband and broadband interferences in order to exercise the
measurement system in a complex and representative scenario.
The consistency of the results for other different measured EMI
waveforms has been verified. In that sense, Fig. 7 shows a 100-
ns time frame of the measured signal where the transient EMI
waveform is displayed. The total recorded time was approxi-
mately 200 ps which correspond to M = 50 for an overlapping
factor of 80%.

Using the general procedure explained in Section III and,
particularly equation (8), the maximum emissions levels Xl)eak
were measured from 30 MHz to 1 GHz. Likewise, applying (20),
the corresponding expected value for the maximum emissions

Electric field (dBuV/m)

0.1 1
Frequency (GHz)

Fig. 8. Measurement results for the maximum and the expected maximum
emission levels obtained using a TDEMI system.
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Fig. 9. Average of the measurement results for the maximum XI,N,k and

the expected maximum E(XI,Mk) emission levels obtained using a TDEMI
system.

levels E(X, pwk) was also estimated in the same frequency band.
Both results are shown in Fig. 8.

As expected, the results are coherent with the theory and the
values of Xpeak and E(Xl)eak) have a very similar behavior in
the frequency domain. For each frequency, £ (chak ) underesti-
mates or overestimates the observed X, peak, similarly as shown
in Fig. 4. Differences between chak and E(f(pmk) are within
2 dB in this particular case.

However, in order to effectively verify the impact of using
E (X' ],mk) instead of just X peaks it was required to perform sev-
eral measurements and evaluate the ranges of variation and the
average results for each quantity. In that sense, the measure-
ment was repeated ten successive times using the same setup
and settings.

Fig. 9 shows the average of the measurement results for the
maximum X, e, and the expected maximum E(Xpeax). As
expected, both averaged traces are even more similar and they
will tend to converge if more independent measurement repeti-
tions are performed and included in the average. However, since
E(Xpeak) is less variable than Xpeak, it would be reasonable to
assume that it provides smaller ranges of values, being therefore
a more repeatable measure.
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Fig. 10. URL and LRL of the observables Xpmk and E(j(pwk).

Subsequently, Fig. 10 shows that the interval of chak in-
cludes the E(Xpear) interval between its upper range limit
(URL) and lower range limit (LRL), verifying the abovemen-
tioned observation about the ranges of the estimates.

For the presented example, the range of chak can be as
high as approximately 8 dB while the range of E(X'pwk) is
below 4 dB. The fluctuation ranges are smaller when measuring
a continuous wave EMI since their spectral components are
less variable between the different independent windowed time
frames. This particular fact was also verified by the resulting
ranges observed at 200 and 400 MHz for which the difference
was about 1.2 dB.

VI. DISCUSSION

Leaving aside the outstanding time-saving capabilities of
TDEMI measurement systems, one of their most important lim-
itations is that the equivalent measurement time cannot be as
long as the one achieved by the conventional super-heterodyne
EMI test receivers, simply because of memory restrictions for
storing the digitized signal. Therefore, from the statistical point
of view, the sample size (EMI observation time) is smaller in
TDEMI measurement systems.

However, this is not necessarily a weakness of the TDEMI
systems, provided an adequate understanding of the measure-
ment results and their proper statistical processing. In fact,
TDEMI measurement systems give us interesting insights of
the results through the exploration of the statistical properties
of the measured EMI. This would not be easily achieved using
the conventional frequency domain approach.

In that sense, TDEMI measurement systems shall continue
improving through alternative measurement approaches. Hence,
one of the aspects that still require our attention is the final pro-
cessing stage of the results, in particular, the emulation of detec-
tors and the development of meaningful measurable quantities
for characterizing the EMI.

Particularly, the measurement of the maximum emissions lev-
els of EMI is very important, even more when assessing transient
disturbances, since those maximum emissions levels correspond
to the specific time frames containing the highest disturbance

energy. Therefore, in this paper, we investigated some statisti-
cal properties of the peak detection for TDEMI measurement
systems.

Using the extreme value theory, the maximum emissions lev-
els were modeled as random variables with the Gumbel distri-
bution. Having a statistical model for the maximum emissions
levels allowed us to identify interesting properties involving
the PDF of the results. Also, it has been proposed to use the
expected maximum emissions to represent the worst-case emis-
sions, since this would improve measurement’s repeatability and
uncertainty. But E(Xpmk) is not observable, since it is calcu-
lated by means of a statistical model, and it is not equivalent to
any measure obtainable with a conventional frequency-domain
receiver. This might be seen as a drawback, but we consider it
as an opportunity to further research for advancements in our
understanding of the EMI measurement systems and process.

Consequently, an aspect that could be cumbersome and chal-
lenging for the use of E(chak) instead of X’Imk would be
providing a test verdict in its terms, since an adequate inter-
pretation of the expected maximum value is not as easily and
intuitively understood at first hand.

Furthermore, one could argue that £/ (Xl,eak) is not as differ-
ent from any other results provided by a TDEMI measurement
system as it would be natural to think at a first glance. All results
provided by a TDEMI measurement system are not observables;
they are estimates obtained as output of algorithms and trans-
formations applied to the measured EMI in the time domain,
which is the real observable.

VII. CONCLUSION

The results showed that, using the extreme values theory, the
maximum emissions levels can be modeled as random variables
with the Gumbel distribution, and the expressions to evaluate its
parameters, expected value, variance, and CRBs were provided.

The expected maximum emissions E(Xpmk) complement
the observed maximum emissions levels chak as a metric to
represent the worst-case emissions. This provides a better mea-
surement repeatability because (X, cak ) has less variance than
chak. Additionally, the proposed model indicates the measure-
ment variability, and therefore, the uncertainty can be reduced
for TDEMI measurement systems by selecting an adequate
record length and overlap factor since the number of windowed
frames is a variable of influence on the parameters of the Gum-
bel distribution. This has been verified using the MC simulation
and explained through a measurement scenario. On the other
hand, since (Xpeak) is not observable, it is cumbersome to
use it for assessing compliance.
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Abstract—A robust approach for estimating the expected
maximum levels of radiofrequency, time-varying, electromagnetic
emissions is proposed. The expected maximum peak value is
intended to provide a statistical approximation for the worst case
emissions scenario that accounts for the variability of the
measured interference. The estimates are obtained through Monte
Carlo resampling from a non-parametric distribution fitted by
means of Kernel density estimation applied to the time-frequency
representation of the assessed interference. As a key advantage,
calculating the expected maximum peak value does not require
increasing the dwell time or holding the maximum value over
successive sweeps. Results indicate the methodology is better
suited than previous approaches for calculating the expected
maximum peak value because it does not depend on normality
assumptions difficult to guarantee in practice. The proposed
technique is an example of how full time-domain EMI
measurements can be exploited for obtaining further insights.

Keywords—  Statistical signal processing, Extreme value
estimation,  Electromagnetic  interference,  Electromagnetic
Time-d in analysis

L INTRODUCTION

In emission testing, the electromagnetic disturbance
spectrum measured with the receiver’s peak detector mode is
intended to provide a fast realization of the worst-case scenario
with regard the interferences produced by the equipment under
test (EUT). In swept receivers, increasing the dwell time enables
a better approximation to the actual maximum emissions.
Likewise, whenever the EUT generates a highly variable
electromagnetic interference (EMI), it is the common practice to
increase the number of sweeps and to retain the maximum
observation for each frequency step, that is, the “max-hold”
feature included in most test receivers.

The aforementioned procedure certainly increases the
probability of measuring the worst-case emissions, but still can
be heavily time consuming if such worst-case scenario is due to
an interference of low repetition frequency. In such cases, the
triggering capabilities of Full Time Domain EMI measurement
systems (Full TDEMI) can be especially helpful for detecting
the highest EMI event (in the time domain) and capturing its
whole spectrum in a single acquisition [1], [2].

Despite the advantages provided by the trigger in Full
TDEMI measurement systems, it is likely that a significantly
long dwell time is still required to measure properly the highest

978-1-5386-0689-6/17/$31.00 ©2017 IEEE

EMI levels at each frequency step. However, increasing
indefinitely the dwell time is not feasible. For instance, the
memory of the oscilloscope limits the maximum dwell time
settable in Full TDEMI measurement systems [3]. Additionally,
the blind time between successive deep memory acquisitions
and the potentially enormous amount of raw data generated
poses constraints to the maximum dwell time, and therefore, to
the capability of the measurement system to record EUT’s
highest emissions.

Nonetheless, time-domain EMI measurements enable the
extraction of statistical information about the variability of the
disturbance. Such information is useful for calculating the
expected maximum emissions levels of the EUT under
assessment. In this regard, in a previous paper, the authors
investigated the statistical properties of the peak detector in
time-domain EMI measurements. Using the extreme value
theory, the maximum emission levels were modeled as random
variables with Gumbel distribution, and the expressions to
evaluate its parameters, expected value, variance and Cramer-
Rao bounds were provided [4].

In this regard, the expected value and the variance of the
maximum electromagnetic emissions were calculated provided
the measured interference is normally distributed at each
frequency step. On the other hand, the assumption of normality
is not necessarily satisfied, as happens commonly with the
impulsive noise [5]. Thus, when the EMI magnitude at each
frequency bin is not approximately normally distributed, a
robust approach to the extreme value estimation is required in
order to provide fair estimations of the expected maximum
emissions.

This paper presents a numerical approach for the robust
estimation of the expected maximum electromagnetic emissions
measured with Full TDEMI measurement systems. The content
is organized as follows: Section II introduces Full TDEMI
measurement systems; Section III presents the methodology for
performing a robust extreme value estimation of the EMI;
Section IV focuses on a measurement example employed to
compare to the results obtained using the analytical approach
and, finally, the conclusions.

II.  FULL TDEMI MEASUREMENT SYSTEMS

Full TDEMI measurement systems are oscilloscope based
implementations of a CISPR 16-1-1 compliant measuring
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receiver [6]. According to the CISPR standards, they are a type
of FFT-based instruments. Unlike real-time EMI receivers, Full
TDEMI measurement systems do not have an intermediate
frequency stage and the measured frequency range is not divided
into sub-bands. That is the fundamental reason why the whole
(full) spectrum is measured in each acquisition, which is a key
capability for measuring transient EMI. In general, they require
digitizing the EMI using much higher sampling rates than other
types of FFT-based receivers causing full-spectrum
measurements to be memory intensive when standard dwell
times are used.

After deep memory acquisition, the software of the Full
TDEMI measurement system performs signal processing tasks
including windowing, resolution enhancing, resampling,
spectral estimation (using the Short-Time Fourier Transform
and the Welch’s method) and the detector emulation [2]. Those
mathematical transformations are responsible for delivering the
measurement results in accordance with CISPR 16-1-1
requirements [7].

In general terms, a Full TDEMI measurement system is
described by the block diagram shown in Fig. 1. For the
measurement of radiated EMI, a broadband antenna shall be
used, while for the measurement of conducted EMI corresponds
either a line impedance stabilization network (LISN), a
capacitive voltage probe or a current clamp. The measured
signal could be amplified and/or filtered if better sensitivity is
required [2].

Software Hardware EMI conditioning EMI Transducers
= L X Q
JH @R HE DA
© [osN]
DSP OSC/ADC FILTER/AMP

Fig. 1. Block diagram of a Full Time-Domain EMI measurement system [2].

III.  ROBUST EXTREME VALUE ESTIMATION FOR EMI
MEASUREMENTS

In this section, the fundamental signal processing techniques
and the statistical considerations used to estimate robustly the
maximum emissions level will be covered in the following
subsections.

A. Fundamental signal processing

First, let us consider the continuous-time signal x(¢) that
represents the EMI under assessment. The measurement process
begins when x(¢) is digitized and sampled during a time period
of length 7, at a rate f,=N/T)=1/At, obtaining the time-discrete
signals x[n], where n=1,2,... N. The digitized EMI signal,
x[n]=x(nAt), is assumed to be periodic with the total number of
waveform points, which means,

x[n+N] = x[n]. (D

Due to the random behavior of EMI, the former assumption
of periodicity is not strictly satisfied. However, this is
acceptable provided a sufficiently large dwell time with respect
to the EMI repetition frequency, that is, 7> 1/f, . With regard
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the sampling rate, it must be enough to satisfy the Nyquist
criterion and to avoid aliasing [2].

Then, the digitized EMI is transformed to the frequency
domain using the Discrete Fourier Transform (DFT) as follows,

2mk
i

X[k]:Z_x[n]e’ v @

However, in order to reduce the scalloping loss and the
spectral leakage caused by the finite length the time record, x[n]
must be multiplied by a window function w[#]. It shall be noted
that the windowing function is such that its frequency response
suits the IF filter requirements of an EMI receiver [8]. If
windowing is used, it is necessary to compensate the
corresponding energy loss caused by the window using the
coherent gain scaling factor [9].

Consequently, to obtain a spectral estimation with the
required resolution bandwidth, RBW (that is, 200 Hz, 9 kHz,
120 kHz and 1 MHz for CISPR bands A, B, C/D and, E,
respectively), the minimum record length, N,,,;,, shall be

wr

Nmin = f‘v RBW ’
where wy is the window factor of the windowing function used,
i.e., Gaussian, Hann or Kaiser-Bessel [2].

3)

If N>N,,;,,, it is possible to define J overlapping windows of
N, length in order to determine the frequency and phase
content of the j-th local sections of x[#] as it changes over time.
This process, called the Short-Time Fourier Transform (STFT),
can be expressed as

N i2/mk

1 -
Xlk,71= ) xn—tlwinle ", “
n=0
where 7 describes the dependency on time of each spectral
component of the spectrogram [10]. Consequently, the
spectrogram time steps of the STFT are given by

l:lepS:T At :j (1'0/) Nmin At, (5)

for j=1,2,... J. Likewise, the spectrogram frequency bins are
=k Af, where Af" is the frequency resolution. An adequate
overlap factor, o, must be used to reduce amplitude error caused
by the scalloping loss up to an acceptable level [11], [12].

Subsequently, the STFT can be rearranged in a matrix form
with the values of each spectral component in the rows and as
the time steps in the columns, that is,

XL X[L2] X[1,J]
X201 X[2.2 X[2,J7 |.
x| AP AR 2] ©)
Xlkyaell XTKyirs2] -+ X[y I

Considering (6) provides the information of the time-
frequency distribution of  x(f), X[k j] can be used for
calculating the different detector modes required for standard
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EMI measurements [4], [12], [13]. In the particular case of the
peak detector, Xpea[£], it corresponds to,

X lk1=max{Xk, /| je f2.l) O

B. Distribution analysis

Expressions for the expected maximum EMI levels will be
presented. The forthcoming analysis assumes the EMI under
assessment behaves as a (cyclostationary) random signal and,
that the measured time-frame is an independent and
representative sample of the interference under assessment.

In this regard, the windowed time frames obtained by the
STFT (6) are a group of subsamples from which the EMI
spectral content was estimated J times, one spectral estimation
from each subsample. The variations of the spectral content at
each frequency bin are then analyzed in terms of random
variables. This means X,.u[k] is an estimator of the extreme
value taken by each component of the amplitude spectrum.

If Guan(X[A]) is the cumulative distribution of X),..[£],
G (XTK]) = P(X (K]S XTK]).  ®)

and, considering independence between the outcomes of the
spectral estimation of each individual subsample, and also, that
each individual subsample is identically distributed as F(X[k])
since they belong to the same population, then,

-

G (XTK]) =

max

P(X [K1< XTK]) =[F(XTkD] . ©)

1

~.
]

Finally, the probability density function (PDF) of X,,.,[4] is
given by the derivative of Gua(X[k]), that is,

XK1~ J[FXTRD] ™ f(XTKD).  10)

where f(X[k]) is the PDF of X[k]. This means the PDF of the
maximum of each spectral component depends directly on the
sample size and on the distribution function of the spectral
component.

Unfortunately, the distribution function of each spectral
component is generally unknown. However, the generalized
extreme value (GEV) distribution allows modeling the largest
(and the smallest) value among a large set of independent,
identically ~distributed random values [14], therefore,
Xpeak[k] ~ foe(XTk];0[k],B[k],ETk]). In that sense, the GEV
distribution is given by,

.fGE;,(X;a,ﬂ@:%exp 7[1+§7(X;a)]\5 [1+§(X;1)]\5 an

where ¢, f and, & are called the location, scale and, shape
parameters respectively. It is important to notice that the
dependency with the discrete frequency, k&, has been
intentionally omitted from (11) for a better readability of the
equation.
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C. Parameter estimation

In a previous work [4], the above mentioned GEV
distribution was simplified to the &=0 case, called Gumbel
distribution in order to obtain an analytic expression of the
location and scale parameters under the assumption that X[k] is
normally distributed.

Nonetheless, for the generality of cases, such normality
could not be granted and a robust calculation methodology must
be applied. However, from each EMI measurement there is a
single peak value per frequency step and, consequently, it is not
possible to perform parameter estimation based on a sample of
maximum values.

In this regard, a numerical approach based on non-
parametric distribution fitting and resampling techniques is
proposed. In order to proceed, the first step is to create a non-
parametrical model for the distribution of X[k] using kernel
density estimation (KDE), using (12) [15]. In particular, a
Gaussian kernel is used (13) [15], that is,

ZK[i[kj]j , (12)

where K(e) is the kernel function and /# > 0 is the smoothing
parameter called bandwidth, which are given by,

X[k]~ f(XTk]) =

2

1 -k
Ku)=—e?* ,and, 13)
2w

h=(0.97"")min{6,IQR/1.34}, (14)

where ¢ is the standard deviation of the sample and the IQR is
the interquartile range. The criteria for choosing / was selected
because it provides good performance for both unimodal and
bimodal densities in terms of the mean integrated square
error[15].

Then, a large number of equally sized samples distributed
according to (12) is generated using a Monte Carlo approach.
This means, a number M > 1000 of samples having each J
pseudorandom elements approximately distributed as X[k] was
computationally generated. Next, (7) is applied to each sample
in order to create a set, Speu[k], of maximum values for each
frequency step.

Speak [k] { peak, l[k] peak 2 [k]’ "'Xpeak,M [k]} ) (15)

Finally, o, f and, & are estimated using the Maximum
Likelihood Estimation (MLE) method for each frequency step.
D. Expected value for the maximum EMI levels

can demonstrated that, for
pwk[k] ~ foen( X[k, a[k],ﬂ[k] &Tk]), the expected value for the
maximum EMI levels is,
a+B(TA-&)-1)/¢& forE#0,E<1
o+ py for £=0 > (16)
oo for £21

E(X )=
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where yis the Euler—Mascheroni constant (y=0.5772), T'(e) is
the gamma function and the dependency with the discrete
frequency, k, has been omitted for clarity.

IV. APPLICATION EXAMPLE

This section comprises the measurement methodology and
an application example relevant for showing the differences
between the estimations performed using the robust and the
classical approaches.

A. Test setup

The specific Full TDEMI measurement system that serves as
measuring receiver is based on a real-time sampling digital
storage oscilloscope Tektronix DPO5104B. A detailed
explanation of the features of this Full TDEMI measurement
system is found in [3].

In the same manner, an explicit description of the signal
processing techniques applied to the measured signal is given
in [2]. Measurements were performed using a standard setup for
radiated emissions assessment inside a full anechoic chamber.

The sampling frequency was set to 5 GSamples/s. The
resolution bandwidth was configured at 120 kHz and the dwell
time was set to 10 ms. The measurement distance was 3 m and
a Schaffner CBL6143 bilog antenna in horizontal polarization
was used. The EMI was generated by a pair of personal
computers while transferring a large video file through an
Ethernet link.

B. Measurement results

Fig. 2 shows the EMI measurement results obtained by using
the standard peak and CISPR average detectors. The weighting
caused by the average detector responds to the fluctuation of the
EMI levels within the measured time-frame.

80

70

60
!

50 M l )

Wl

L L I
30 100 200 500 1000
Frequency (MHz)

E-field (dBuV/m
N
S

30
20

10

Fig. 2. EMI measurement results with the standard peak and CISPR average
detectors.

The time-frequency response of the measured EMI is shown
in Fig. 3 spectrogram. On the one hand, it is observed that most
components of the lower frequency EMI spectrum are cyclic
and stationary. However, above 500 MHz the highest emissions
occur during a 3 ms burst-like event.
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Fig. 3. Spectrogram of the measured EMI.
Likewise, the persistence plot of the measured EMI is useful
to realize how the interference varies in amplitude. In that sense,

Fig. 4 shows in red tones the most probable amplitude levels
and fades to blue tones for the less observed values.
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Fig. 4. Persistence plot of the measured EMIL.

C. Extreme value analysis

Given the variability observed in the measurement results
(Fig. 4), the actual maximum emissions levels could be even
higher than the measured peak values. To investigate this, first,
a distribution analysis was carried out. In this regard, the
amplitude probability distribution of the EMI at three different
frequencies is presented, as an example, and their maximum
peak values are then estimated using the proposed
methodology. Those frequencies are f;=30.63 MHz,
£,=260.6MHz and, f5=947.3MHz.

Fig. 5 presents the probability density function fitted for the
EMI amplitude at the aforementioned frequencies. It also shows
the measured peak value and the expected maximum peak value
with the triangle and diamond markers, respectively. It is
remarkable how the distribution of the interference changes
with frequency. However, at the selected frequencies, the
amplitudes have a bell-shaped distribution.
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Fig. 5. Estimated probability density functions for the amplitude of the
measured EMI at the selected frequencies: f; = 30.63 MHz, f,=260.6 MHz and
f3=947.3 MHz.

By using the normal probability plot shown in Fig. 6, some
remarkable characteristics of the distributions come to light. For
instance, the amplitude of some frequency components can be
skewed, as happens with X[f3], or the shape of the distribution
tails (fat/short) may depart from the normal distribution which
would lead to inaccurate estimations based on the approach that
assumes normality [16].
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Fig. 6. Normal probability plot for the amplitude of the measured EMI at the
selected frequencies.

Consequently, significant differences arises when estimating
the maximum peak EMI values depending on the selected
approach, as shown in Table I.

TABLE 1. COMPARISON OF THE ROBUST AND THE CLASICAL EXPECTED PEAK
VALUES AT THE SELECTED FREQUENCIES

Frequency KXpeak E(Xpear) Robust E(Xpeat)
[MHz] [dBuV/m] [dBuV/m] [dBuV/m]
fy 30.63 65.16 70.72 67.01
f 260.6 51.61 51.66 51.61
f3 974.3 42.46 49.35 43.26

Likewise, the differences in the expected peak values
obtained with the classical and with the robust approach are
evident when represented in the whole frequency range, as
shown in Fig. 7.
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In general, the robust approach delivered more conservative
and reasonable estimates. By using the robust estimation,
approximately 80% of the frequency components are expected
to have a maximum peak value that is less than 1 dB higher than
the actual measured value, as shown in Fig 8.
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Fig. 8. Histograns of relative frequency for the difference between the

measured and the expected peak values.

Likewise, according to the robust estimation, the maximum
difference encountered between the expected peak and the
measured peak was 3.78 dB at fy = 43.17 MHz. Analyzing the
distribution of the EMI at that frequency (Fig. 9), it was noticed
that the amplitudes were largely variable and that the
distribution is bimodal, which explains the higher expected
peak value.
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Fig. 9. Estimated probability density functions for the EMI amplitude at
fy=43.17 MHz.
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On the contrary, the estimates obtained by means of the
classical Gumbel distribution approximation based on a
normality assumption lead to an overestimation of the extreme
values, with a mean difference of 7.79 dB between the expected
peak and the measured peak.

V.  CONCLUSION

A robust statistical estimation of the expected peak EMI
value of signal sources which are time varying was achieved
following a numerical approach that combines kernel density
estimation and Monte Carlo resampling for calculating the
parameters of a GEV distribution that model the measured peak
emissions as random variables. A key advantage of this
approach is that it does not require increasing the dwell time or
holding the maximum value over successive frequency sweeps.
The experiment confirms this methodology is best suited for
calculating the expected maximum peak value of time varying
interferences than previous analytical approximations because
it does not rely on normality assumptions difficult to ensure in
practice.

The proposed technique is an example of how the
information provided by full time-domain EMI measurements
can be used for obtaining complementary measurement insights
helpful in the assessment of the EUT’s worst-case emissions
that is required for risk and reliability analysis.

In a broader sense, this method could be extended to analyze
several factors that influence the EUT’s maximum emissions,
e.g., the cable layout, turntable rotation, height of the antenna,
antenna polarization or even the EUT software configuration
Further research is foreseen to allow estimating the distribution
function and the maximum EUT’s emissions based on larger
and more complex data sets comprising the abovementioned
sources of variability.
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DECOMPOSITION OF EMI IN THE

TIME-DOMAIN

The publications in subsections 6.1, 6.2 and, 6.3 comprise the contributions related to the decomposition
of EMI in the time-domain. Considering the Thesis objectives, the most remarkable contributions are
outlined below.

Objective 2: The required measurement setup and processing method for ambient noise cancellation
using a single antenna was developed and reported. Likewise, the measurement setup
and processing method for APD measurements in the presence of broadcasting signals of
communications systems was developed and reported.

Objective 3: Algorithms for implementing the empirical mode decomposition for electromagnetic
interferences with additional capabilities for detecting and separating, transient-like,
impulse noise, were developed. Then, the developed techniques were employed for
attenuating, more than 20 dB, broadcasting signals present in EMI measurements
performed outside a shielded room. In the same manner, this method was employed for
extracting the information about the impulsive noise even in the presence of broadcasting
signals during outdoor measurement camping’s. APD diagrams of the EMI were measured
accurately after the suppression of the communication system signal.

6.1. FUNDAMENTAL JOURNAL ARTICLE 3

M. A. Azpiirua, M. Pous and E Silva, “Decomposition of Electromagnetic Interferences in the Time-Domain,”
in IEEE Transactions on Electromagnetic Compatibility, vol. 58, no. 2, pp. 385-392, April 2016. doi:
10.1109/TEMC.2016.2518302

Abstract-Electromagnetic interferences are potentially very complex signals formed by the
superposition of transient (broadband) and continuous wave (narrowband) components with
significant randomness in both amplitude and phase. Decomposing the electromagnetic
interference measured in the time domain into a set of intrinsic mode functions is useful to gain
insights of the process that generates the interference. Evaluating the intrinsic mode functions
contributes to improving the measurement capabilities of the time-domain electromagnetic
emissions measurement systems based on the general-purpose oscilloscopes. In this paper,
a combination of techniques that includes empirical mode decomposition and transient
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mode decomposition is used to separate the main components of complex electromagnetic
disturbances. This approach requires no prior information on the spectral content of the
measured EMI and it does not perform a domain transformation. Examples of electromagnetic
interference decomposition verify the effectiveness and the accuracy of the proposed approach.
Finally, a discussion on the advantages, practical applications, limitations, and drawbacks of the
described techniques is addressed.

6.2. CONFERENCE PROCEEDING 6

M. A. Azpiirua, M. Pous and E Silva, “A single antenna ambient noise cancellation method for in-situ radiated
EMI measurements in the time-domain,” 2016 International Symposium on Electromagnetic Compatibility -
EMC EUROPE, Wroclaw, 2016, pp. 501-506. doi: 10.1109/EMCEurope.2016.7739185

Abstract-This paper presents a single antenna ambient noise cancellation method for in-situ
radiated emissions measurements performed using an entirely time-domain approach and the
sliding window Empirical Mode Decomposition. The method requires a pair of successive
measurements, an initial one for characterizing the ambient noise and a final one for the EMI
measurement in the presence of ambient noise. The method assumes the spectral content of
the ambient noise is stable between both measurements. The measured time-domain EMI is
decomposed into a finite set of intrinsic mode functions. Some modes contain the ambient
noise signals while other modes contain the actual components of the EMI. A brute-force search
algorithm determines which mode, or combination of modes, maximize the absolute difference
between the magnitude of their spectrum and the ambient noise levels for every frequency bin
in the measurement bandwidth. Experimental results show the effectiveness of this method for
attenuating several ambient noise signals in the 30 MHz-1 GHz band.

6.3. CONFERENCE PROCEEDING 7

M. Pous, M. A. Azpirua and E Silva, “APD outdoors time-domain measurements for impulsive noise
characterization,” 2017 International Symposium on Electromagnetic Compatibility - EMC EUROPE,, Angers,
2017, pp. 1-6. doi: 10.1109/EMCEurope.2017.8094786

Abstract-A novel measurement and post-processing technique for estimating if impulsive noise
is capable of degrading the performance of digital communication systems (DCS) is presented.
It is based on the well-known capability of the amplitude probability distribution (APD) to
estimate the bit-error-rate of digital communication system in the presence of electromagnetic
interferences. However, the APD shall be computed from measurements taken in the absence
of the useful signal of the communication system, which is a strong handicap for in-situ
measurements. The main contribution of the work presented is the combination of time
domain EMI measurements and decomposition techniques for separating the impulsive noise
from the narrow band signals of the digital communication systems. Therefore, although the
communication system signal is present at the test site, the APD diagram is obtained without
the influence of the communication system, which is crucial to directly relate the shape of the
diagram with the bit-error-rate introduced by the impulsive noise. This is an important step
forward compared with the traditional approach as it offers the possibility to study the impact of
impulsive interferences although DCS, such as broadcasting services, are present at interference
scenarios.
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Decomposition of Electromagnetic Interferences
in the Time-Domain

Marco A. Azpurua, Member, IEEE, Marc Pous, and Ferran Silva, Member, IEEE

Abstract—Electromagnetic interferences are potentially very
complex signals formed by the superposition of transient (broad-
band) and continuous wave (narrowband) components with signif-
icant randomness in both amplitude and phase. Decomposing the
electromagnetic interference measured in the time domain into a
set of intrinsic mode functions is useful to gain insights of the pro-
cess that generates the interference. Evaluating the intrinsic mode
functions contributes to improving the measurement capabilities
of the time-d electrc tic emissi ement Sys-
tems based on the general-purpose oscilloscopes. In this paper, a
combination of techniq that includes empirical mode decom-
position and transient mode decomposition is used to separate the
main components of complex electr tic disturk This
approach requires no prior information on the spectral content
of the measured EMI and it does not perform a domain transfor-
mation. Ex: les of electr tic interference decomposition
verify the effectiveness and the accuracy of the proposed approach.
Finally, a disc on the adv practical applications, lim-
itations, and drawbacks of the described techniques is addressed.

Index Terms—Digital signal processing, electromagnetic com-
patibility, electromagnetic interference, electromagnetic measure-
ments, time-domain analysis.

1. INTRODUCTION

LECTROMAGNETIC interferences are complex signals
E composed of the superposition of continuous-wave, tran-
sient, and random disturbances. In consequence, measuring
properly and defining specific features of an electromagnetic
interference (EMI) are challenging tasks.

In this regard, the conventional approach for the evaluation
of the electromagnetic emissions consists in measuring the am-
plitude spectrum of the disturbance using a frequency sweep
receiver and the CISPR standard detectors [1]. Therefore, the
current standard measurement procedures for assessing an EMI
neglect important time-domain characteristics of the electro-
magnetic disturbances, such as the repetition rate, the different
emission profiles of an EUT as it changes its operation mode, and
the impact of transient events [2]. This is particularly relevant
for evaluating and predicting the degradation suffered by digital
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communication systems due to the influence of a transient EMI
[2]. Consequently, in some cases, the standardized methods of
EMI measurement and evaluation are not completely suitable,
insufficient or might require an enormous amount of time to
provide reliable measurement results [3], [4].

Currently, the fast Fourier transform-based EMI test re-
ceivers and real-time spectrum analyzers have time-scan mea-
surement capabilities that overcome many of the limitations
of the stepped frequency scan in the EMI receivers. However,
the bandwidth of their intermediate frequency filter and the
tradeoff between the time domain and the frequency-domain
resolutions [5] are their main constraints for measuring simulta-
neously broadband and narrowband interferences on the whole
frequency range. Recently, advances in an EMI postprocessing
and the enhanced capabilities of digital oscilloscopes allowed
to implement entirely time-domain EMI (TDEMI) measure-
ment systems. Those TDEMI systems provide accurate, full
spectrum, multichannel, time saving, and cost-effective EMI
measurements [6].

Nonetheless, estimating the spectral content of an EMI is
only one side of a multifaceted problem. For example, tran-
sient, intermittent, or event triggered (i.e., by changing opera-
tion modes) disturbances could be unnoticed by conventional
frequency sweep EMI measurements because the unsynchro-
nized occurrence of the EMI and its short duration. Previous
research has addressed some of those problems using time-
domain EMI analysis. In particular, Alban et al. [7] used an ad
hoc oscilloscope-based TDEMI measurement system for devel-
oping a statistical model for the broadband noise in comput-
ing platforms. In the field of power electronics, time-domain
EMI measurements have also been used for providing time-
frequency-energy distributions by means of the wavelet analysis
used for emissions mitigation in chaotic converters [8]. More re-
cently, statistical approaches to the evaluation of EMI measured
in the time-domain have been used to predict the degradation
caused by transient disturbances on digital communication sys-
tems [2], [9] and to model the distribution of peak measurements
using extreme value theory [10].

In that sense, exploring new processing approaches and tech-
niques is fundamental to enhance the performance of such
TDEMI systems. In particular, this paper presents an entirely
time-domain method that comprises techniques and algorithms
for signal decomposition that offer further possibilities to EMI
analysis. This method is based on the empirical mode decompo-
sition (EMD) [11] and includes a preliminary stage of transient
EMI separation that improves EMD performance.

The decomposition of an EMI in the time-domain seeks
to decompose the main components of the measured signal

0018-9375 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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without applying a domain transformation. Thus, the transient
and continuous-wave modes identified usually have a clearer
physical meaning and make it possible to apply specific digital
processing techniques for improving the overall measurement
result in terms of dynamic range and accuracy.

The structure of the paper is as follows: Section II introduces
the EMD and discusses its suitability for analyzing EMI. Then,
Section III presents an algorithm for separating the transient
pulses from the measured EMI. Through the application exam-
ples (Section 1V), it will be verified how the aforementioned
techniques can also be used to effectively improve the measure-
ment results when transformed to the frequency domain.

Finally, it is important to state that the developed algorithms
were mostly implemented in MATLAB code. Therefore, the
nomenclature used in the algorithms written as pseudocode is
influenced by the MATLAB syntax and functions.

II. EMPIRICAL MODE DECOMPOSITION

The EMD is a method developed for analyzing nonlinear and
nonstationary signals. It was introduced by Huang et al. in 1998
[12]. EMD has been successfully used to process biological
signals [13] and images [ 14] among other applications. The main
capability of the EMD is to decompose complicated datasets
into a finite, and often small, number of components called
intrinsic mode functions (IMF) that admit well-behaved Hilbert
transforms.

Thus far, EMD has not been used to decompose EMI. How-
ever, as time-domain techniques gain more acceptance in the
EMI assessment, EMD could provide insights to the understand-
ing of the processes generating the disturbance emissions. Next,
the EMD algorithm will be explained in terms of its applications
for the EMI decomposition.

A. Overview of the EMD algorithm

The foundation of the EMD is to study heuristically the local
oscillations of the signal. This is achieved by looking at the
evolution of a signal between two consecutive local extrema in
order to define a high-frequency function containing its details,
features, and shape characteristics. This detailed oscillation is
contained between two minima and includes, necessarily, a local
maximum peak value. On the other hand, the complementary
low-frequency part (local trend) of the signal is called residual
r(t). Then, the aforementioned process is iteratively repeated on
the successive residuals for all the oscillations composing the
entire signal through a process called “shifting,” until all IMF
have been found [15]. If the residual is monotonic, it means
there are no more IMF to be decomposed, then the shifting
algorithm stops the iteration and the EMD is complete. Fig. 1
shows a simplified flowchart for the shifting algorithm of the
EMD method.

Then, for a given signal in the time domain x(t), the
EMD constructs an equivalent representation in terms of the
linear combination of the IMF ¢, (¢), and the residual, as

\ n=1, r)=x(t) |
!

Extract extremes of x(2) ;4

|
] v

Upper envelope, ena(?),| |Lower envelope, epin(?),
Interpolation Interpolation
[ ]

'

Compute local mean

mean(t)=[€min(t) +emax(1)]/2
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‘ h(t)=X(0)-emean?) \ No

e

Yes
v

n=n+1
cn()=h(1)
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v
‘ End ]

Fig. 1. Flowchart for the “shifting” algorithm of the EMD method. Note:
other stopping criteria for the iteration process have also been used [16].

expressed by

N

z(t) =D e (t)+7(1) M

n=1

where each mode is constrained to be zero mean and ampli-
tude/frequency modulation waveforms. A complete explanation
of the properties of the EMD is provided in [12].

B. EMD of EMIs

Using EMD for analyzing EMI is challenging because of
the “mode mixing” phenomena. Mode mixing refers to the pres-
ence of oscillations of very disparate amplitude in an IMF or
the presence of very similar oscillations in different IMF. Mode
mixing often take place when dealing with datasets containing
intermittent pulses and noise [17], as usually occurs with EMI.

Additionally, the direct application of the EMD algorithm
on measured EMI signals with transient components requires
enormous amount of time to reach the stop criteria, because
the algorithms attempt to overdecompose the transient pulses,
leading to IMF with no clear meaning.




FUNDAMENTAL JOURNAL ARTICLE 3

87

AZPURUA et al.: DECOMPOSITION OF ELECTROMAGNETIC INTERFERENCES IN THE TIME-DOMAIN 387

To overcome these drawbacks, it is proposed to separate the
transient pulses from the measured EMI in the time domain, as
will be explained in the next section. In this case, the transient
signal extracted from the EMI is considered to be the first IMF.
Then, a variant of the EMD called ensemble empirical mode de-
composition (EEMD) is applied on the first residual component
of the EMI. EEMD performs the EMD over an ensemble of the
signal and additive white Gaussian noise (AWGN). The addi-
tion of the AWGN aids solving the mode mixing problem by
populating the whole time-frequency space to take advantage of
the dyadic filter bank behavior of the EMD [18]. An implemen-
tation of the EEMD algorithm has been developed and made
available by [19].

III. TRANSIENT MODE DECOMPOSITION

Before applying EEMD on the measured EMI, the transient
pulses shall be separated from the continuous EMI. This is
achieved through the automatic recognition of the transients as
high amplitude and short-duration signals. By identifying the
transient mode within the EMI, it is also possible to estimate
its pulse repetition frequency. In order to do so, several pro-
cessing steps are required due to the potential complexity of
the measured EMI. The transient mode decomposition (TMD)
algorithm has been implemented in three stages: 1) envelope de-
tection, 2) identification of the transient events and, 3) estimation
of the pulse repetition frequency. In the following sections, this
algorithm will be explained.

A. Envelope Detection

First, the measured EMI in the time domain xz(¢) is processed
to obtain its analytic signal x, (t), that is,

Tq (1) = A(t) /D = 2 (t) + jH {x} (t) ®)

where A(t) is the instantaneous amplitude and H{x}(¢) is the
Hilbert Transform of z(t), which is given by [20]

H{a} (1) = %/jo 20 g,

ot —T

3)

The instantaneous amplitude allows a better identification
of the features of the signal, such as peaks. Next, the algorithm
builds a vector with the local maxima found in A(t), ek, and a
vector containing their corresponding time of occurrence ;e
Considering EMI measurements that are intrinsically noisy, the
algorithm uses functions for robust peak detection in the pres-
ence of random noise that include prominence criteria between
adjacent peaks [21].

In general, the elements of ¢, are not uniformly distributed
in time. Therefore, the robust envelope signal ey, (t) is ob-
tained by interpolating z},¢. Within the measured time interval
and then x ¢,y is resampled at the same rate. The specific inter-
polation method implemented in this part of the algorithm was
cubic interpolating splines since it is fast, efficient, and stable
[22]. However, other shape preserving interpolation methods
can be used. Finally, ., (¢) is scaled to the amplitude of x(t).
The simplified algorithm for envelope detection is described as
pseudocode.

Algorithm 1-a): Robust envelope detection
1D A(t) < |a(t) + jH{z} ()|

2: [@poak  peak ] < peaks(A(t))

3: Teny (1) < spline([Tpeax  tpeak | 1)
4: Teyy (t) < scale(zeny (1), z(t))

B. Identification of Transient Events

TMD second step consists of identifying the start and stop
instants of the transient events. For accomplishing this, it is re-
quired to define a threshold level § used as a virtual trigger point
for analyzing the transients in ., (¢). However, considering
the variability of the peaks,  must be empirically estimated to
provide sufficient sensitivity to the algorithm.

In this regard, § is calculated considering the ranges of am-
plitude of the prominent peaks of the envelope signal. Then, an
observation window z,, is defined as a subinterval of e,y ()
extracted to evaluate locally the behavior of the envelope signal
in order to decide whether and when the transient has finished.
The time lapse covered by x,, is At and z,, is centered in the ob-
servation instant ¢,;,. At has been selected as the period of the
lowest frequency tone measurable in the band assessed. The ba-
sic algorithm written as pseudocode is presented subsequently.

Algorithm 1-b): Automatic identification of the transient
events and their durations
1 while tops < timax

2 if Lenv (tobs) > 3
3 M‘vnnt,s <~ Nnv(\ul,s + 1
4: for tena = tops + At/2:tyax — At/2
5: Ty = Teny (tend — At/ 2:tena + At/2)
6: ifz, <a
7 Start‘(Ne\'ents) — tobs
8: Stop(chtmts) < lend
9: tobs < tend + 1
10: end
11: break
12: end
13: tops < tops + 1
14: end
15:  end

In consequence, the algorithm above uses ¢ to decide if during
a certain instant t,;,, a transient event has been encountered
and then examines the mean value of xz,, to decide whether
or not the transient event has finished in terms of a specified
sensitivity factor c. Then, the transient mode is the part of the
EMI that occurs between the detected start and stop instants.
The continuous EMI is calculated by subtracting the transient
mode from the EMI signal.

Afterward, the duration of the N,y (s detected transients are
calculated as the difference between the vector containing the
start time and the one containing the stop instants. The duration
vector is statistically analyzed in order to find significant differ-
ences between the transient durations and also to reject outliers,
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particularly using the modified Thompson’s Tau method [23].
Finally, the average transient event duration Atgu, is calculated.
The average transient event duration is an important parameter
because it can be used to configure the proper record length
when performing segmented memory acquisitions in order to
optimize the exploitation of the available memory in oscillo-
scopes [6].

C. Estimation of the Pulse Repetition Frequency

The final step of the TMD algorithm is the estimation of the
pulse repetition frequency frcP‘ Estimating f;cp is not manda-
tory for decomposing the EMI in the time domain, but it can be
helpful for identifying the source of the inference. In this regard
f,ep shall be estimated considering the impact of the jitter in
successive transient events and the variability in the duration
of the detected transient pulses due to the randomness of the
measured signal amplitude with respect to the fixed threshold.

Therefore, for estimating the pulse repetition frequency frep,
it is required to measure the central tendency of the inverse of
the time shift between the start instants and also between the
stop instants of successive transient events At and Atgiqp,.
It is important to notice that for estimating the pulse repetition
frequency there shall be at least two transient events detected.

The procedure for calculating fi.,, is described in the fol-
lowing part of the algorithm. Aty and Atg,, are one-
dimensional vector variables and the multiplicative inverse oper-
ation done in the third step is performed element-by-element. In
the same manner, the median () function calculates the statistical
median of the concatenated vectors (Atgeart) ™! and (Atgeop) 7L

Algorithm 1-c): Median pulse repetition frequency

11 Atgpart < start(1l: Nevents — 1) — start(2 : Nevents)
2t Algpop <= 5top(1 : Nevents — 1) — stop(2 : Nevents)
3: frep — median([ (Atgiar )" (Atsmpyl b

IV. APPLICATION EXAMPLES

In this section, examples of EMI decomposition in the time
domain will be presented. First, a low-frequency EMI signal
was emulated using a controlled test signal synthesized us-
ing MATLAB and an Agilent 81160A pulse function arbitrary
noise generator. The second scenario corresponds to a radiated
emissions test. Measurements were performed with a TDEMI
measurement system based on a Tektronix DPO5104B oscillo-
scope [8]. The assessed bands are in accordance with the CISPR
22 standard for conducted and radiated emissions measure-
ments, respectively.

Despite the specific measurement conditions used for the
next application examples, such as frequency range, resolution
bandwidth, sampling rate, etc., it is important to remark that the
method described previously is neither restricted by them nor
by the standard used as a reference.

A. Decomposition of a Synthesized EMI

Fig. 2 shows a 1.6-ms time record of the EMI under consid-
eration. This signal has been synthetically designed to include

e
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Fig. 2. Test signal for emulating an EMI measured in the time domain.
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Fig. 3. EMI amplitude spectrum measured between 150 kHz and 30 MHz.

transient/broadband and continuous wave/narrowband compo-
nents. In particular, this example provides one quasi-periodic
transient pulse with random jitter (EMI;, ) and other three con-
tinuous wave signals. The continuous wave interferences are
two amplitude modulated (AM) tones with carriers at 250 kHz
(EMl,y1) and 27 MHz (EMI.2), respectively, and a very low-
frequency Gaussian modulated sinusoid pulse train (EMI,.3).

The amplitude spectrum of the EMI under assessment is
shown in Fig. 3. The spectral estimation has been calculated
using the Welch’s periodogram and the processing techniques
explained in [4] and [6]. The narrow band signal EMI,; at
approximately 250 kHz corresponds to the AM broadcasting. In
the upper part of the measured spectrum, the contribution of the
broadband interference (EMI,, ) overlaps the narrow band inter-
ference at 27 MHz (EMI.2) making it impossible to separate
them using plain filtering. As expected, EMI.., 3 is completely
unnoticed in the amplitude spectrum shown in Fig. 3 because it
is out of the measured frequency range.

In order to decompose the EMI in the time domain, first
the transient pulses shall be detected and removed using the
algorithms for TMD. The estimated pulse duration is 0.78 ps
and ﬁ.ep ~ 4.4 kHz. Fig. 4 shows the superposition of the seven
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Fig. 4. Transient EMI pulses extracted from the EMI signal in time domain.
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Fig. 5. Continuous wave part of the measured EMI after transient removal.

transient pulses identified in the recorded time frame of the
assessed EMI. The amplitude of the transient EMI in the time
domain is remarkably high in comparison with the continuous
components. Fig. 4 verifies that the algorithm performs robustly
even in the presence of jitter.

Once the transient pulses have been identified, they are re-
moved from the EMI in order to perform the EMD on the con-
tinuous wave components of the EMI under assessment. Fig. 5
shows the EMI signal in the time domain after transient removal.
Notice the amplitudes are under 80 mV, which is approximately
two orders of magnitude below the transients.

By means of the EEMD, the continuous part of the EMI
was decomposed into three IMF with simple waveforms: IMF; ,
IMF;, and IMF;3. Fig. 6 presents the three IMF that comprise the
assessed EMI. The residual is negligible because it is basically
random noise introduced by the waveform generator. IMF; and
IMF; are clearly AM signals, EMI 1, and EMI 2, respec-
tively. IMF; is the very low-frequency Gaussian-modulated si-
nusoid pulse train, which is EMI. 3. Even if EMI.3 does not
have frequency components in the 150 kHz—30 MHz band it is

0 02 0.4 0.6 08 1 VI 1.4 1.6
Time (ms)

0 02 0.4 0.6 08 1 12 14 1.6
Time (ms)

Time (ms)

Fig. 6. IMFs of the continuous wave EMI.
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Fig. 7. Spectrum of the narrowband and broadband modes after the decom-

position of the EMI measured with a TDEMI system.

a measurable part of the EMI since the time-domain approach
provides the complete information of the signal within the in-
strument bandwidth.

Then, the IMF can be used to improve the results from the
spectral estimations in TDEMI measurement systems. The key
idea is to obtain the spectral contribution of each IMF using the
optimum setting according to the type of signal [6], as shown
in Fig. 7. Then, the total amplitude spectrum can be estimated
superposing the contribution of each IMF [24].
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Fig. 8. Measurement setup.

Once the EMI signal is decomposed in the time domain,
the frequency-domain results can be presented in terms of the
broadband and narrowband IMF as shown in Fig. 8. After de-
composition, both narrowband interferences are identified since
the citizen band signal is no longer masked by the broadband
spectral components of the transient pulse.

The denoising effect provided by the EMI decomposition
is remarkable. Also, separating the broadband EMI from the
narrowband interferences allow the algorithms to apply spe-
cific windowing and filtering; thus, improving the overall re-
sults through the reduction of the variability in the amplitude
spectrum estimates.

B. Decomposition of Radiated EMI

Inside a fully anechoic chamber (FAC), two sources of ra-
diated disturbances were placed acting as the EUT. The first
EMI source is a circuit that generates radiated transients. The
other noise source is a GSM jamming device in the 900-MHz
band. The door of the FAC was intentionally left open in order
to capture noise from radio broadcasting. Radiated emissions
measurements were performed in the 30 MHz—1 GHz band. The
antenna was positioned for a 3-m EUT-to-test-antenna distance.
A Schaffner CBL6143 bilog antenna in horizontal polarization
was used. The test setup is shown in Fig. 8.

Emissions measurements were made with a TDEMI mea-
surement system and, for validation purposes, with an EMI test
receiver. On the one hand, the TDEMI measurement system
used a digital oscilloscope Tektronix DPO5104B, a sampling
rate of 5 GS/s and a record length of 1 ms. On the other hand,
frequency sweep measurements were done with a R&S ESPI
test receiver and the dwell time used was 1 ms. In both cases,
the resolution bandwidth was set to 120 kHz in accordance
with the CISPR specifications for bands C and D. The overall
measurement results are presented in Fig 9.

Fig. 9 indicates there is a broadband disturbance interfering
the FM broadcasting band. Likewise, the emissions from the
jammer interfere between 900 and 950 MHz with GSM. The
results obtained using both measurement systems (TDEMI and
EMI test receiver) are in good agreement, that is, they provide
the same information in terms of spectral estimation.
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Fig.9. Radiated EMI spectrum measured between 30 MHz and 1 GHz.
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Fig. 10.  Spectrogram of the measured EMI.

Fig. 10 shows the spectrogram of the EMI. The time—
frequency representation of the measured disturbance verifies
the transient behavior of the broadband interference. Fig. 10
also shows the GSM jamming signal is a linear chirp with a
31.25 ps period.

From Fig. 10, it is seen how the transient mode of the mea-
sured EMI overlaps the frequency spectrum of FM broadcasting.
Furthermore, this spectrogram representation cannot be used
for further signal decomposition since the transient duration is
shorter than the length of the window required for the selected
resolution bandwidth, that is, a resolution constraint in this type
of time—frequency representation.

Nonetheless, through the decomposition algorithms pre-
sented in Sections II and III, the TDEMI measurement sys-
tem is able to represent the radiated interferences as IMF. Fig.
11 shows the results of EMI decomposition process. The first
IMF correspond to a transient signal with 10-kHz pulse rep-
etition frequency and 0.1-ps duration. IMF; is the GSM jam-
ming interference. Finally, IMFj3 is the FM radio broadcasting
signal.

The results exhibit some level of mode-mixing between IMF;
and IMF,. In the spectrum of IMF,; there is an attenuated
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component of the GSM jamming signal. Likewise, in the IMF,
there is a broadband component of noise that corresponds to the
transient EMI. Nonetheless, the magnitude of the mode mixed
components is near the noise floor, several decibels below the
frequencies of maximum emissions. In this example, it would be
possible to filter the mode mixed components since they do not
overlap in frequency with the predominant interference of each
IME. Conversely, there was no mode-mixing between IMF3 and
the other modes. This means that the transient mode was com-
pletely separated of the FM broadcasting signal, as shown in the
spectrum of IMF; .

Aimed at validating the results, frequency sweep measure-
ments were made only for the transient EMI, turning OFF the
GSM jammer and closing the door of the anechoic chamber.
Fig. 12 shows that the sensitivity of the TDEMI measurement
system was improved by the noise reduction in the spectral
estimation of the transient IMF.

The results confirm the decomposition algorithms were suc-
cessful in identifying a finite set of IMF that describes accu-
rately the main components of the EMI. EMI decomposition
algorithms required a single time-domain acquisition and no
prior assumption was imposed on the frequency content of the
measured interference.

V. DISCUSSION

The decomposition of EMIs in the time domain is a method-
ology useful for analyzing complex disturbances. The combi-
nation of EMD and algorithms for transient mode separation

In comparison with other signal decomposition approaches,
the presented techniques have several advantages: it introduces
neither distortion nor delay on the IMF, it requires no prior
information on the spectral content of the measured EMI, it
does not require a domain transformation, it provides IMFs that
usually have a clear physical meaning, it is not constrained by
time-frequency resolution limits, and it allows a straightforward
implementation through software.

Therefore, the decomposition of EMI in the time domain
provides several new practical applications to be explored in
TDEMI measurement systems, especially for those based on
general-purpose oscilloscopes. For example, the EMI decom-
position in the time domain could be used for finding, tracking,
and identifying sources of an EMI in complex environments,
that is, inside large machinery and installations. Also, EMI de-
composition in the time domain is potentially applicable for the
cancellation of unwanted background ambient noise in emis-
sions measurements performed in situ, as required in industrial
environments or when assessing interferences of railway sys-
tems.

However, EMI decomposition in the time domain has some
drawbacks, and its performance is improvable. In particular,
with the EMD algorithm, it is not possible to know beforehand
how many IMF will be identified. Therefore, the required time to
process the signal is not bounded, and this could be impractical
for emissions testing measurements purposes. A possibility to
reduce the processing time is to establish a fixed number of
intrinsic modes obtainable on the basis of the analysis of a
preliminary measure.

VI. CONCLUSION

This paper presented the customization of the EMD with
transient separation capabilities for the application of EMI de-
composition in the time domain. The algorithms are capable of
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identifying a finite set of IMFs that describe accurately the main
components of the EMI. The presented algorithms required a
single time-domain acquisition to perform the EMI decomposi-
tion and no prior assumption was made on the frequency content
of the measured interferences. The result of the decomposition
process provides insights of the measurement results through
the use of specific time-domain signal processing techniques.

The main advantage of the applying EMI decomposition in
the time domain is the capability of studying the contribu-
tion of each IMF to the overall EMI. This allows identifying
different narrowband, broadband, and ambient noise compo-
nents within measurement results. That knowledge would allow
TDEMI measurement systems applying specific digital process-
ing techniques for improving measurement results by means of
selective denoising.
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Abstract—This paper presents a single antenna ambient noise
cancellation method for in-situ radiated emissi
performed using an entirely time-domain approach and the
sliding window Empirical Mode Decomposition. The method
requires a pair of successive measurements, an initial one for
characterizing the ambient noise and a final one for the EMI
measurement in the presence of ambient noise. The method
assumes the spectral content of the ambient noise is stable
between both measurements. The measured time-domain EMI is
decomposed into a finite set of intrinsic mode functions. Some
modes contain the ambient noise signals while other modes
contain the actual components of the EMI. A brute-force search
algorithm determines which mode, or combination of modes,
maximize the absolute difference between the magnitude of their
spectrum and the ambient noise levels for every frequency bin in
the measurement bandwidth. Experimental results show the
effectiveness of this method for attenuating several ambient noise
signals in the 30 MHz — 1 GHz band.

ements

Keywords—  Digital signal processing, electromagnetic
compatibility, electromagnetic  interference, electromagnetic
ts, time-d in analysis.

L. INTRODUCTION

In-situ electromagnetic interference (EMI) measurements
are polluted by noise sources present in the same
electromagnetic environment. This unavoidable
electromagnetic background noise is a combination of
broadcasting signals from telecommunication services and the
disturbances radiated by the equipment, machinery and
installations that surround the measurement antenna. The
electromagnetic ambient noise is a major concern for in-situ
EMI measurements because it increases the noise floor and
reduces the measurement system effective sensitivity and
effective dynamic range. Such degradation could make the
measurement system unable to detect electromagnetic
emissions generated by the EUT under evaluation.

Previously, ambient noise cancellation (ANC) techniques
have been developed with the aim of undertaking the
challenges imposed by the presence of ambient noise in in-situ
EMI measurements. Those ANC techniques comprise
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alternative test methods and specific signal processing. In the
following, some of those ANC techniques will be described.

The simplest and more straightforward approximation to
handle ambient noise consist in performing a pair of EMI
measurements, the first one with the EUT turned off and the
later one with the EUT powered and active. With the
information provided by the first background ambient noise
measurement a few decisions can be made to improve
measurement results in presence of ambient noise: 1) tune-out
receiver and notch filtering narrow band ambient
interferences 2) shortening the measurement distance in order
to improve signal-to-noise ratio 3) using the signal substitution
method 4) perform a linear subtraction [1]. Those frequency
domain approaches to ambient noise reduction are very simple
to apply but have many limitations such as: 1) effectiveness
restricted to small number of narrow band signals out of the
band of the EMI under assessment, 2) induce non-linear near
field effects that invalidate the extrapolation of results to the
original far-field distance, 3) requires additional signal
generator and is again restricted to a single narrow band
interference, and 4) is strictly incorrect because both
measurements are not simultaneous, even if it provides
approximated result in some particular cases.

Some other patented ANC methods for EMI measurement
systems rely on adaptive filtering [2], [3]. Those ANC
methods use simultaneous measurements performed with two
identical antennas on a measurement system with two
channels, one channel is expected to detect only the
background ambient noise while the other one measures the
combination of the EMI with the background ambient noise.
Assuming the EMI signal from the EUT is uncorrelated to the
ambient electromagnetic noise, and provided that the ambient
noise detected by the two separated antennas is highly
correlated, adaptive filter methods have been used to suppress
the unwanted noise. In this regard, the Least-Mean-Square
algorithm [4]-[6] and the frequency domain Overlap-Save
method [7] have been used to adjust the coefficients of finite
impulse response filters. Attenuation of approximately 30 dB
has been reported in simulations and in controlled test
scenarios.
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The adaptive filtering based methods of ANC have some
shortcomings: 1) require the emissions from EUT to be
decoupled from “only ambient noise” reference channel, 2)
their effectiveness is difficult to quantify when the ambient
noise share the same frequency band as the EUT emissions
and 3) would require a synchronous, multiport, real-time EMI
receiver.

Finally, another in-situ test method for radiated emission
assessment that employs spatial spectrum estimation, adaptive
beamforming, and spectrogram analysis was presented in [8].
Measurements were performed using a general purpose
oscilloscope and a linear array of four omnidirectional
antennas. This particular ANC method is restricted by the
maximum number of antennas that can be used in the array,
which is four, given by the number of channels oscilloscope.
This means the algorithm is only capable of suppressing
interferences from 3 different directions of arrival. On the
other hand, it would be troublesome to obtain a reliable
antenna factor for an array whose radiation pattern changes
dynamically, thus adding significant uncertainty to the
measurement results of electric field strength obtained with
such a technique.

In this paper, a single antenna ANC method for in-situ
radiated EMI measurements is presented. This method uses an
entirely time-domain approach and the sliding window
Empirical Mode Decomposition (SW-EMD) as the core
processing technique. In contrast with previous ANC
approaches, this method is entirely applied in the time-domain
and is intended as part of a Full Time-Domain EMI (Full-
TDEMI) measurement system implemented with general
purpose oscilloscopes. In relation with previous work, this
method provides full-spectrum ANC capabilities for both
continuous and transient ambient noise signals and simplifies
the test setup for using a single antenna. Application cases
emphasize its suitability for cancelling continuous wave and
transient ambient disturbances.

The structure of this paper includes an overview of the
SW-EMD (section II), a description the ANC method
supported on the Full-TDEMI measurement system (section
III) and presents an application example of for in-situ EMI
assessment (section IV).

II. THE EMPIRICAL MODE DECOMPOSITION

The EMD is a heuristic method developed for analyzing
nonlinear and nonstationary signals. It was introduced by
Huang et al. in 1998 [9]. The main capability of the EMD is to
decompose complex datasets into a finite, and often small,
number of components called intrinsic mode functions (IMF)
that admit well-behaved Hilbert transforms. EMD is an
entirely data-driven algorithm, it does not depend on any
predefined basis functions and it does not require a domain
transformation.

A. Overview of the EMD algorithm

The initial step of the EMD algorithm [10] is the extraction
of the extrema from signal x(#) and creation of the upper
envelope, emax[x(2)], and the lower envelope, emin[x(?)] by cubic
spline interpolation of the maxima and of the minima,
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respectively. The mean value of the envelopes, m[x(?)], is then
calculated as

o a0l e [0 o
> .
An iterative process called sifting is used to identify the

IMFs. In the first iteration of the sifting process, m[x(?)] is
subtracted from original data, that is,

imf,(t) = x(t) - m[x(¢)]. 2

Then, the mean value of the envelope of imfi(t), m[imfi(?)],
is calculated. The sifting process is iterated until imfi(z) meets
the condition of an IMF (m[imfi(1)]=0),

imf,(t) = imf, (¢) — mlimf, (¢)] @

where “:=” means it becomes.

m[x(t

Once the first sifting process reaches the stopping criteria,
the original signal is reduced by the first mode, as given by

IMFi(t) = lmfi([), 4)
r(t)=x(t)— IMF(t). )

The residue 7(?) is used as the input data for extracting the
second IMF during the next sifting loop. Procedure is repeated
until all the IMFs have been decomposed, which means,

1) = 1, (1) = IMF;(1) ©

where i is the index of current mode. The EMD algorithm
ends when r;(?) has less than three extrema, because it would
be impossible to construct the envelopes, or when all its points
are nearly equal to zero. Therefore, the sum of all IMF
components and the residue is equal to the original signal,
expressed by

x() =1, () + Y IMF|(1) ™
i=1
where 7 is total number of the decomposed IMF.

B. The Sliding Window EMD

Many variations of the EMD algorithm have been
developed. Recently, an improved version of EMD with
transient decomposition capabilities was successfully used to
decompose EMI complex signals [11]. However, time-domain
EMI measurements require long acquisitions at very high
sampling rates (several times the Nyquist limit) and analyzing
EMI measurements with EMD is a resource and time
consuming computational process.

In response to the aforementioned challenge, the SW-EMD
was posed as by Stepien [12] as an alternative algorithm to
improve computation speeds of the EMD on long datasets.
The SW-EMD calculates the EMD in a relatively small
window and slides this window along the time axis [12]. The
particular implementation of the SW-EMD used in this work
differs from original algorithm because it uses partially
overlapped time windows with a length that is a function of
the desired frequency resolution, according to the criteria used
in [13], [14]. The EMD process is repeated for each windowed
time frame and the IMFs obtained for each of those windows
are then combined to reconstruct the complete set of IMF, as
illustrated in Fig. 1.
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Assembling the IMFs
Fig. 1. The sliding window EMD process.

III. A SINGLE ANTENNA ANC METHOD

A. The Full-TDEMI measurement system

In general terms, a Full-TDEMI measurement system is
described by the block diagram shown in Fig. 2 [13]. For the
measurement of radiated EMI, a broadband antenna shall be
used, while for the measurement of conducted EMI
corresponds either a current clamp or a line impedance
stabilization network (LISN). The measured signal could be
amplified or filtered if this provides better sensitivity. In the
analog-to-digital converter (ADC), the full spectrum signal is
digitized and stored in the time-domain. Finally, the amplitude
spectrum is computed via the spectral estimation techniques.

ANTENNA

PREAMP
CURRENT =L

CLAMP Spectral

N ADC
&2 Estimation

e Oscilloscope ? DSERN>1

LISN —r

Fig. 2. The Full-TDEMI measurement system block diagram.

B. The measurement setup and procedure

With regard to the measurement setup, the general
guidelines for in-situ measurements of radiated EMI produced
by physically large equipment given in the CISPR TR 16-2-
5:2008 technical report [15] shall be followed.

Additionally, the measurement procedure for ANC
requires a pair of successive measurements. The first
measurement is used for characterizing the ambient noise,
AN(t), and shall be performed with the EUT turned off. Then
the measurement is repeated with the EUT turned on and
without changing any of the elements of the test setup. Finally,
both measurements shall be processed by the following ANC
algorithm.

C. ANC algorithm

In the current subsection, a description of the ambient
noise cancellation algorithm will be given. A simplified
flowchart of the ANC algorithm is displayed in Fig. 3. The
ANC algorithm has three major processing steps: the IMF
combination, the spectral estimation and the linear search
stage.

E g s
CIMF(t) l l l l

CIMF(t) Spectral

: Estimation
CIMF(t) TSTET
* Welch's periodogram
- Other methods

Linear search ithi
e ,n%m;::?z -
optimization if [CIMFi(f)-AN(f)| = max(ICIMF4(f)-AN(f)])

EMI(7)=CIMF(7)
»

IMF:(f) ——*| IMF combination [ AN
IMFo(t) ——| block.

IMFA(t) — k=2-1

CIMF(f)
CIMF(f)
CIMF,(7)
AN()

lEMI(f)
Fig. 3. ANC algorithm flowchart.

The first processing block receives the IMFs as inputs and
combines them in the time domain in order to obtain the
combined IMFs, CIMF. The combination rule for adding the
IMFs follows a Boolean approach in where any single IMF
can be (True) or not to be (False) included in a particular
CIMF and it can be represented as Table I. From Table I, it is
clear that the CIMF; corresponds approximately to the
measured EMI in the presence of ambient noise if the residual
is negligible.

TABLE 1. CIMFS COMBINATION RULE

IMF,
CIMF,,

n 2 1

1 F - F T

2 F - T F

k-1 T - T F

k T - T T

The second stage of the ANC algorithm corresponds to the
spectral estimation. The CIMF and the ambient noise (AN)
signals are transformed into the frequency domain using the
Short-Time Fourier Transform (STFT) and non-parametric
methods, such as Welch’s periodogram. The appropriate
resolution bandwidth (RBW), frequency step size (fiep),
window factor (wy) and overlapping factor (o, shall be
configured in order to obtain results coherent with EMI
receiver specifications.

The last step in the ANC algorithm processing chain is the
linear search. Linear search is the simplest form of the brute
force search algorithm. The linear search is used to identify,
one frequency at the time, which CIMF differs the most form
the ambient noise. Therefore, the estimated EMI spectrum is
assembled within a “for” loop, cancelling the effect of the
CIMFs that are most likely to carry the ambient noise signals.

IV. APPLICATION EXAMPLE

In this section, an application example of the introduced
ANC method for in-situ radiated EMI measurements in the
time domain will be presented. Measurements were performed
with a Full-TDEMI measurement system based on a Tektronix
DPOS5104B oscilloscope, using a sampling rate of 5 GS/s and
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a record length of 1 ms, in the 30 MHz — 1 GHz frequency
band, using a 120 kHz resolution bandwidth and a 30 kHz step
size [11], [13], [14], [16]. The test setup was placed inside a
Full Anechoic Room (FAR) from which the doors were left
intentionally opened in order to capture the ambient noise
signals.

The source of the EMI signal was a Comparison Noise
Emitter III (CNE-III) from York EMC services. A Schaffner
CBL6143 bilog antenna in horizontal polarization was used.
The antenna was positioned for a 3-m EUT-to-test-antenna
distance. Antenna factors were not applied to the
measurements. In consequence, measurement results are given
in terms of the voltage measured at the antenna port.

The result of the ambient noise characterization is shown
in Fig. 4. The expected signals from radio broadcasting, digital
terrestrial television and mobile communication services are
clearly identifiable.
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Fig. 4. In-situ background ambient noise characterization.

Next, the CNE-III is turned on and the EMI signal is
measured in the presence of ambient noise. The results are
shown in Fig. 5. The most noticeable aspect of Fig. 5 spectrum
is the presence of a broadband noise signal. Inspecting the
time domain measurements (Fig 6), a transient event was
detected in the EMI measurement. In this particular example,
the transient signals were intentionally generated by turning
on a set of fluorescent lights in a room next to the FAR.

30 T T T T

—— EMKAN

20+ q

Voltage (mV)

30 . . . .
0 0.2 0.4 0.6 0.8 1

Time (ms)
Fig. 6. Time domain EMI measurements in the presence of ambient noise.

The aforementioned transient event is part of the ambient
noise signals. In order to remove the transient pulses from the
EMI, techniques presented in [11] were applied.

The SW-EMD is used to decompose the measured EMI
signal in the presence of ambient noise. Four IMFs were
identified, as shown in Fig. 7. IMF; corresponds to the
transient event. IMF, includes the ambient noise signals of
higher frequency. IMF; contains most of the energy of the
EMI. IMF4 contains the ambient noise signal corresponding
with FM broadcasting. Since the EUT has broadband
emissions in the whole frequency range, part of the energy of
the EMI signal is distributed along the IMF5 3 4.
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Fig. 5. EMI measurements in the presence of ambient noise.
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Fig. 7. IMF of the measured EMI in the presence of ambeint noise.

Finally, the EMI signal is estimated using the ANC
algorithm explained in the previous section. The results are
shown in Fig. 8. Several ambient noise signals have been
cancelled achieving up to 25 dB attenuation.
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For validation purposes, the EMI measurement was
repeated with the FAR doors closed. The results of EMI
estimated after applying the ANC method are in excellent
agreement with the EMI measurements in the absence of
ambient noise. A minor level of mode mixing is evidenced in
the FM broadcasting band.
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Fig. 8. Estimated EMI amplitud spectrum after ANC.

V. DISCUSION

The presented ANC method relies on the assumption that
ambient noise remains stable (in terms of its spectral content)
between the EUT being switched off, and the EUT having
booted up to normal operation. This rise the concern about
changes in the ambient noise caused by sporadic “pop up”
signals that may appear during only one of the two required
measurements, i.e. mobile radio communication signals from
moving sources like police vehicles and similar.

In such situations, this method would be unable to cancel
properly such irruptive “pop up” signals. As an alternative,
time/frequency representations (spectrograms) of the EMI
signal can be used to identify such sporadic signals. Then it
would be possible to preprocess the time-domain EMI
measurement (time-gating) for excluding the specific sub
time-frame in which the intermittent signal occurred.
Moreover, this ANC approach could also be extended for
using a pair of antennas for performing ambient noise and
EMI measurements simultaneously and synchronously, thus
improving its capabilities for cancelling sporadic ambient
noise signals.

VI. CONCLUSION

A single antenna ANC method for in-situ EMI
measurements has been introduced. The method requires a
pair of measurements, one for characterizing the ambient noise
and another for the EMI measurement in the presence of
ambient noise. It is based on time-domain EMI decomposition
performed using the SW-EMD and a brute-force search
algorithm that determines which mode, or combination of
modes, maximize the absolute difference between the
magnitude of their spectrum and the ambient noise levels for
every frequency bin within the measurement bandwidth. In
comparison with other previously reported ANC methods for
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EMI measurements, this ANC method simplifies the
measurement setups because it uses only one antenna. Another
advantage of the ANC method, in comparison with the
previously published techniques, is that it allows cancelling
the effect of transient ambient noise. This ANC method is
performed through off-line post-processing. Experimental
results show the effectiveness of this method for attenuating
several ambient noise signals in the 30 MHz - 1 GHz band.

As a final remark, it is important to realize ANC methods
are not intended to replace expert judgement in complex in-
situ radiated EMI measurements. Aspects such as the selection
of an adequate antenna location and orientation, the evaluation
of multipath induced errors, the identification of sporadic “pop
up” signals, among many other factors still require to be
analyzed on an individual basis in order to decide the best
possible course of action for the radiated emissions
assessment.
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Abstract—a novel measurement and post-processing technique
for estimating if impulsive noise is capable of degrading the
performance of digital communication systems (DCS) is
presented. It is based on the well-known capability of the
amplitude probability distribution (APD) to estimate the bit-
error-rate of digital communication system in the presence of
electromagnetic interferences. However, the APD shall be
computed from measurements taken in the absence of the useful
signal of the communication system, which is a strong handicap
for in-situ measurements. The main contribution of the work
pr ted is the bination of time d in EMI
and decomposition techniques for separating the impulsive noise
from the narrow band signals of the digital communication
systems. Therefore, although the communication system signal is
present at the test site, the APD diagram is obtained without the
influence of the communication system, which is crucial to directly
relate the shape of the diagram with the bit-error-rate introduced
by the impulsive noise. This is an important step forward
compared with the traditional approach as it offers the possibility
to study the impact of impulsive interferences although DCS, such
as broadcasting services, are present at interference scenarios.

ements

Keywords— Amplitude Probability Distribution, Impulsive
noise, In-situ Electr interference,
Electr i Time-d
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L INTRODUCTION

A common type of electromagnetic interference (EMI) that
is critical for current digital communication systems (DCS), is
the impulsive noise or “type A” interference, defined by D.
Middleton [1]. This means the noise is broadband, with
bandwidths of hundreds of megahertz, and the pulses of the
interferences are of short duration. A studied example of this
kind of disturbance is the interference occasioned by the spark
produced by the discontinuity between the pantograph and the
catenary at railway applications [2], [12]. Those sparks generate
impulsive noise that propagates as electromagnetic fields and,
ultimately, interfere the GSM-R digital communication system.
Another example is the well-known disturbance of the Digital
Video Broadcasting Terrestrial (DVB-T) interfered by sources
of impulsive noise like LED lamps [3].

In CISPR 16-1-1 standard, the amplitude probability
distribution (APD) detector is specified for measuring
electromagnetic interferences (EMI). As it has been established
in several research works [4], [5], [12], this detector is suitable
to crosscheck the APD measurements with the degradation that

978-1-5386-0689-6/17/$31.00 ©2017 IEEE

DCS suffer in terms of bit-error-rate (BER) or packet-error-rate,
which are the main merit figures which are used nowadays to
evaluate DCS performance. Hence, APD shall be used to
characterize impulsive noise to protect communication
systems, as it is required by the EMC and RED European
Directives.

However, the use of APD measurements is limited due to
the inconvenient that appear when traditional superheterodyne
architecture instrumentation is employed to obtain the
measurements. The statistical measurement shall be done at
each frequency band and this causes time-limitation
problematic above other limitations like being unable to apply
strictly the same bandwidth as the communication system [6],
[12]. Nevertheless, the novel methodologies based on time-
domain captures that have recently appeared enable us to obtain
fast APD results at the full frequency range [6], making feasible
to implement EMI time-domain measurements in
product/generic standards.

As it has been commented, another key point is to
consider that many times outdoor measurements shall be
carried out to ensure the compliance of a device or
installation and to protect digital communication systems.
For instance, to evaluate or guarantee that a fixed
installation do not will produce interferences to digital
communication systems such as mobile communications or
broadcasting systems. These in-situ measurements have
the handicap that shall be conducted in presence of the
communication system that we want to protect. For instance,
when in-situ measurements are done we cannot turn off
broadcasting services like DVB-T, DAB or mobile
communications like GSM, TETRA etc. Therefore, most of
the times it is not possible to properly addressing EMC
using classical measurements defined in the standards,
as the communication system is masking the
measurement of the EMI. In addition, this is critical when
any of the detectors is employed: the QP, peak or also the
new statistical ones like APD. Therefore, it is necessary to
improve the outdoors in-situ measurements, as we need to
be able to clearly observe the interference produced only by
the impulsive noise, eliminating the contribution to the
measurement of the communication system’s useful signal.

Fortunately, novel full time domain measurements
provide new possibilities as we have the amplitude and the
phase of the measurement. Therefore, we are capable to
apply post-processing techniques capable to decompose
time-domain
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signals/interferences [14]. In the next sections of the paper it is
explained and exemplified with in-situ measurements how it is
possible to obtain APD measurements, eliminating the
contribution of the digital communication system present in the
environment. Making possible to determine the BER that the
EMI will cause to the communication system, although the
signal of the communication system is present and masking the
impulsive noise in the frequency domain.

II. METHODOLOGY

A. Full time domain EMI measurement

The full-time-domain EMI (Full TDEMI) measurement
system employed have been developed and broadly used in
recent years by GCEM-UPC [9-11]. This measurement system
is based on time-domain acquisition followed by a post-
processing stage, which allows obtaining equivalent results
than conventional EMI test receiver. The time-domain data is
acquired by a general-purpose oscilloscope and the post-
processing is carried out with a standard laptop. It is important
to emphasize that the time-domain capture catches the entire
spectrum is measured in each acquisition, only limited by the
oscilloscope bandwidth. Afterward, the amplitude spectrum of
the EMI is computed applying the Short-Time Fourier
Transform, non-parametric spectral estimation methods and
detector emulation to deliver the results according to CISPR 16-
1-1 standard. More details can be found at [9-11].

Besides computing the spectrum with the results according
to the CISPR 16-1-1 standard, the time domain signal of the
capture is also available. Hence, it is possible also to calculate
statistical detectors likewise APD. At the following section, it
is explained how to compute the APD diagram from a time
domain capture obtained with the Full TDEMI measurement
system.

B. APD measurement from Time domain captures

Full spectrum time-domain captures enable us to compute
the APD probabilistic detector at the desired frequency band
and employing the same resolution bandwidth than the actual
communication channel [6], [7]. This is an advantage of using
full time domain measurements instead of traditional EMI
receivers according to CISPR 16-1-1. The problem is that in
EMI receivers, the resolution bandwidth (RBW) of 200 kHz are
not available although many communication systems such as
GSM have this frequency bandwidth. The employment of the
correct RBW according with the bandwidth of the DCS is
particularly important when impulsive noise is evaluated. As
impulsive noise is defined as a broadband disturbance, the use
of filters different from the channel bandwidth of the DCS will
incur in large errors. Previously, in [12] it has been
demonstrated that the employment of 100 kHz or 300 kHz
instead of the 200 kHz channel bandwidth in GSM receivers is
traduced to an error larger than 6 dB at the APD detector output
when impulsive noise is measured.

The procedure to calculate the APD from the TD captures
is to down-convert the time domain signal of the frequency
band that we want to evaluate at baseband and afterwards apply
alow-pass filter with the same bandwidth of the communication
system that we want to analyse. Upcoming, the envelope of the
filtered signal is computed to finally obtain the APD diagram.

APD is defined as the amount of time the measured envelope of
an interfering signal exceeds a certain level [4]. The relation
between the APDrg(r) and the probability density function of the
envelope R is

APDg(r)=1-Fg(r) (1)

and
fa(r) = S Fe(r) = =S APDR(r)  (2)

where Fg(r) is the cumulative distribution function (cdf) and
Jr(r) is the probability density function (pdf). To obtain the pdf
of the interference a histogram is done. Afterwards, the cdf is
computed using the pdf results. Last, the APD is directly
obtained from the cdf using the expressions shown above.

As it has been mentioned before, the APD main advantage
compared with traditional detectors such as the QP is that it is
possible to relate the APD measurement with the bit-error-
probability caused by EMI. Being capable of knowing
beforehand if a digital communication system will be interfered
by the EMI and which is the grade of interference caused in
terms of BER. Several studies have pointed a way to define
limit points or limit lines at the APD diagram with the objective
to clearly understand if the APD diagram of an interference will
produce malfunction or not to a certain communication system
[31, [4], [5], [12]. The limit points are defined considering the
required bit error probability and also the sensitivity of the
system. As an example that will be used later at the next section,
a limit point at the APD diagram for a system that uses a QPSK
modulation scheme can be calculated with the expression
defined by equation (3).

— (B4
@iimie » Primie) = (ﬁ , Preq) 3

where for a QPSK modulation scheme 1 =1, m =2, A is
the rms amplitude of the communication signal and Prq is the
probability required by the communication system [5]. Hence,
if we are available to measure the APD diagram of an impulsive
noise, we can determine if it will produce an interference higher
than the required BER or it will not produce a significant
interference.

However, this analysis of the APD diagram with the limit
line shall be done only with the contribution of the interference.
If the APD diagram has also the contribution of a signal of
the communication system, we will not be able to establish if
the interference is harmful to the communication
system. Therefore, if the interference study is done outdoors
the signal of the DCS will modify the APD diagram and it
will be not possible to determine if the impulsive noise will
cause fault to the communication system. For this reason, at
the following section, a procedure to split up the impulsive
noise from the signal of the communication is explained by
post-processing time domain captures.

C. Impulsive noise decomposition

The Empirical Mode Decomposition is a heuristic method
developed for analyzing nonlinear and nonstationary signals. It
was introduced by Huang et al. in 1998 [13]. The main
capability of the EMD is to decompose complex datasets into a
finite, and often small, number of components called intrinsic
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mode functions (IMF) that admit well-behaved Hilbert
transforms. EMD is an entirely data-driven algorithm, it does
not depend on any predefined basis functions and it does not
require a domain transformation.

Recently, the original empirical mode decomposition
algorithm was customized in order to enhance its performance
when decomposing datasets obtained from EMI measurements.
Sliding window techniques allowed for processing massive
acquisitions with reasonable computing resources and transient
extraction capabilities enable the impulsive noise
decomposition. Those techniques have been used for ambient
noise cancellation applications during in-situ EMI assessments
[15]. The decomposition of impulsive noise is based on the
automatic time gating process that recognises pulsed events in
order to separate them from the continuous wave noise. In this
regard, it analyses the envelope of the EMI for estimating the
instant of occurrence and the duration of the pulses. With this
information, the impulsive noise can be appropriately
windowed for suppressing the continuous wave components of
noise outside the minor interval that comprises the impulses.
Due to space constraints, it is not possible to provide a detailed
description of the technique. The interested reader is suggested
to consult the above-mentioned references.

III.  RESULTS/STUDY CASE

A. Measurement Scenario

With the aim to demonstrate the capabilities of the
methodology described previously, a measurement test
scenario is assembled. A digital communication system signal
is synthetized by an arbitrary waveform generator and
propagated as an electromagnetic field by an antenna. This
communication system will be switched on or off with the
objective to validate the decomposition of the narrow band
communication system signal and the impulsive noise.
Simultaneously, a source of impulsive noise is generating a
broadband interference, this interference can also be turned on
or off for the validation proposes. The biconical antenna used
for measuring the electric field receives at the same time the
contribution from the DCS signal and the impulsive noise. In
Fig. 1 a schematic of the setup is illustrated.

Impulsive noise
generator

Full TDEMI
v Measurement system

Digital communication
signal

Fig. 1. Tllustration of the outdoors test setup where the communication signal
and the transient interference are coexisting.

Regarding the communication signal generated, it has been
created by using Matlab® Simulink. A 200 kHz bandwidth

QPSK signal with a square-root modulation pulse through a
roll off factor of 0.2 is generated at baseband. The signal is
up-converted to 40.68 MHz which is an industrial, scientific
and medical (ISM) radio band and it is worldwide reserved
for the use of radio frequency (RF) energy. Therefore, the
synthetized signal is emulating a feasible communication
system that can be encountered at any outdoor
environment. The signal is delivered to the Agilent
Technologies arbitrary waveform generator model 81160A,
connecting its output to a biconical antenna to propagate the
useful signal of the communication system. Concerning the
impulsive noise, a Scholder electric fast transient generator
model SFT 1400 according to EN 61000-4-4 standard is
employed. The interfering pulses are coupled to a main AC
wire producing disturbance electromagnetic fields. As it is
defined at the standard, the rise time of the pulse is 200 ns,
hence spectral components of the interference should appear
at 40.68 MHz and reach the receiving measuring system.

The measuring system is composed by a PMM
Biconical antenna model BC-01, which is connected to the
Full TDEMI measurement system explained in section
ILA. The oscilloscope (Tektronix DPO5104B) is used to
capture the time domain traces and the computer is
employed to control the oscilloscope, compute the frequency
domain, the APD diagram and also to perform the
decomposition of the signals at it has been described in
section II.C.

Following different measurements are shown regarding the
interference scenario. Firstly, standard APD full time-domain
measurements are conducted to emphasis the necessity
of eliminating the contribution of the communication
system signal in order to avoid misinterpretation of the APD
results.

B. Standard APD measurements results

Three different measurement are performed to highlight the
differences that appear at the APD diagram. In the first
measurement case only the impulsive noise is active; secondly
only the signal of the DCS is present; and thirdly the impulsive
interference and the DCS signal are simultaneous present.

The APD diagram is computed at the 200 kHz band centred
at 40.68 MHz employing the procedure described in section
IL.B. In figure Fig. 2, in a blue continuous trace, it can be
observed the APD diagram obtained when the DCS signal and
the impulsive noise generated are active. Otherwise with a red
trace it is shown the result when only the impulsive noise is
present and finally, in black the APD result corresponds to the
DCS signal without interference.

As it can be clearly observed from the results, the APD
diagrams are overlapped when DCS is active, regardless off the
impulsive noise is switched on or not. Elsewhere, when the
impulsive disturbance is measured with the DCS signal turned
off, the shape of the APD diagram changes to a heavy tailed
distribution, which is characteristic for impulsive noise
interferences. Hence, the problem of obtaining the APD
diagram in presence of the DCS signal is that the useful
communication signal is masking the impulsive interference.
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Fig. 2. APD standard measurement when the impulsive noise and the DCS
signal are coexistnet, only the interference and only the DCS signal.

In Fig. 2, it can be also observed two limit points, as it has
been explained before, with the APD diagram we are capable
to relate the measured curve with the BER of the
communication system. By means of taken into account the
required BEP and the amplitude of the received signal. Related
with this amplitude, it is necessary to consider that the signal of
the communication system can be received with different
levels. For instance, if we are evaluating a mobile DCS, the
source of the communication signal is moving and the level of
the received signal changes. The amplitude of the signal can be
a high level but also it can be reduced according to sensitivity
of the communication system. Hence, it is necessary to
determine with the limits if the DCS will incur into failure due
to an interference given the sensibility of the DCS or at least
with an average received level. Practically, it means that even
though we are receiving a level of 85 dBpV/m signal when we
perform the measurement, we have to consider that the
communication system can receive lower levels of useful signal
in other situations to compute the limit point. In this study case,
the sensibility level of the system working at 40.68 MHz is at
60 dBpV/m. Then the limit points are computed using equation
(3). Where A is the rms amplitude of the communication signal
and Prq is the probability required by the communication
system. Hence, if the trace of the APD diagram is above the
green point at the APD diagram, the BER will be higher than
1%, otherwise if it is above the blue point the BER will be
higher than 0.1%.

If we consider the red trace in Fig. 2, which corresponds to
the measurement when the DCS signal was switched off, we
can determine that the impulsive interference will cause a BER
between 0.1% and 1%. However, if we analyse the APD traces
when the DCS signal is switched on (blue and black traces), the
APD diagram contains both limit points due to the useful signal
of the communication system. Making impossible to use the
limit points and conclude if the communication system can be
interfered by the impulsive disturbance. Unfortunately, we have
to emphasize that in outdoors environments the measurement
scenario will always include the signal of the communication
system.

To illustrate what it is happening to the APD diagram when
the DCS signal is active, the spectrum measurement of the
impulsive noise generated by the fast transient generator is
shown in Fig. 3. At 40.68 MHz it is observed a narrow band
signal which corresponds to the DCS that has been synthetized.
As the measurement has been performed outdoor other
communication systems like frequency modulation (FM)
broadcasting are present from 87.5 MHz to 108 MHz.
Additionally, it can be also observed the broadband interference
generated by the impulsive noise. The fast transient generator
is causing the wide spectrum interference that can be seen from
30 MHz till above 100 MHz. Consequently, the impulsive noise
is partially sharing the spectrum with the communication
system at 40.68 MHz.

E-field (dBuV/m)

Frequency (MHz) [RBW = CISPR]

Fig. 3. Frequency domain standard measurement of the outdoor test scenario,
where it can be seen the DCS signal at 40.68 MHz and the broadband impulsive
noise.

Although it is clearly observed that the impulsive noise and
the communication systems are sharing the spectrum, it is not
feasible to unequivocally indicate if the impulsive interference
will cause malfunction to the communication system from the
peak, QP or average measurement.

Therefore, calculating the APD in presence of the
communication signal is non-sense as the APD diagram is
mostly influenced by the useful signal of the communication
system. Especially as we have seen when the signal of the
communication system is higher than the interference. For this
reason, it is necessary to apply the decomposition method in
time domain to split the impulsive noise from the
communication signal.

C. Time Domain decomposition methodology to obtain APD
in presence of the DCS signal

The solution proposed in this paper is to employ time
domain decomposition of the measurement in order to separate
the impulsive noise and calculate its APD diagram. In time
domain the impulsive noise can be clearly observed and by
means of decomposition time-domain techniques it can be split
up from the other measured signals, which are narrow band and
continuous. This opportunity of post-processing is available
because in comparison with the traditional frequency sweep
measurements, where we are looking only at the frequency
band where we are centred, in Full time domain methodology
we are observing the entire spectrum with the amplitude and
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phase information. In Fig. 4, the time domain results of
applying the decomposition of the interference plus the
communication system obtained is observed.

800 T .

—Narrow band modes
— Impulsive noise
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N
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1 2 3 4 5 6 7 8 9 10
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Fig. 4. Time domain decomposition applied splitting up the impulsive noise
and the narrow band components.

As a characteristic of the impulsive noise, when we are
observing the full spectrum, as it is done in the time-domain
measurement, we can clearly identify the pulses of the
broadband short duration disturbance. Therefore, it is feasible
to apply the post-processing techniques and achieve the red line
in Fig. 4, which is the result of splitting the impulsive noise
from the narrow band signals of the communication systems.

With the aim to illustrate the accurately splitting of the
impulsive noise from the narrow band signals, the frequency
domain has been computed in Fig. 5. From these results, it can
be verified that the decomposition of the time domain signal has
been properly done.

% Spectral estimation for broadband modes % Spectral estimation for narrowband modes
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Fig. 5. Frequency domain results of the impulive noise and the narrow band
DCS signals.

In Fig. 5, the impulsive noise spectrum only contains the
broadband interference from 30 MHz till 120 MHz. Otherwise
the spectrum produced by the narrow band modes does not
include the broadband interference. Instead of, the narrow band
signal from the DCS synthetized at 40.68 MHz and the FM
broadcasting signal at 100 MHz is evidently identified.
Therefore, it is shown that the impulsive noise has been

separated properly and now we are available to compute the
APD diagram considering only EMI impulsive noise.

In Fig. 6, the APD diagram of the impulsive noise obtained
from the full time domain decomposition is plotted with the
solid green line. For validation proposes and since it has been a
scenario to demonstrate the applicability of the methodology,
we have switched off the signal of the communication system
working at 40.68 MHz and computed the APD diagram, which
is displayed with the dashed red line in Fig. 6. Finally, the blue
line is the APD diagram obtained before applying the
decomposition and the influence of the useful signal is masking
the entire APD result.
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Fig. 6. APD result of the impulsive interference when the time-domain
decomposition methodology is applied.

Firstly, it is important to highlight that the shape of the APD
diagram is crucially changed when the signal of the
communication system is eliminated. The shape is transformed
from typically Gaussian noise distribution to a heavy tailed
distribution, which is characteristic for impulsive noise
disturbances [5], [6]. Elsewhere, the extremely good fitting
between the results obtained when the decomposition method
is applied with the case when the signal of the communication
system is switched off demonstrate the capabilities and the
benefits of the methodology developed.

Moreover, with the signal of the DCS eliminated from the
APD diagram, it is possible to consider the limit points which
relate the APD diagram of the EMI with its associated BER.
From Fig. 6, it can be easily concluded that the BER produced
by the impulsive noise will be between 0.1% and 1%. Hence, if
the 40.68 MHz QPSK communication system only tolerates a
BER of 0.1 % the interference will cause a failure. Otherwise
we can say unequivocally that if the tolerance of the DCS is up
to a BER equal to 1% the impulsive noise will not be harmful.

IV. DISCUSSION AND CONCLUSIONS

A first point of discussion is to highlight the great advantage
that introduces the APD diagram, when it is combined with
limit points, compared with the traditional detectors like QP
which are employed at EMC harmonised standards. With the
study case measurements, we have demonstrated that with the
APD diagram it is possible to determine the exact BER of a
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DCS when impulsive interference is disturbing the system.
Once the contribution of the DCS has been removed from the
APD diagram. Hence, it is essential to obtain the APD diagram
without the contribution of the useful signal of the
communication system, which is disgracefully always present
when outdoor in-situ measurements are conducted to evaluate
real interference scenarios.

In this paper, it has been demonstrated that the novel
methodology combining the Full TDEMI with time-domain
decomposition of impulsive noise and narrow band signals
offers us the possibility to split up the impulsive noise
interference from the useful DCS signal. Hence, this is the key
point to be able to evaluate the possible degradation caused at
the communication systems. Holding the advantage to
unequivocally determine if the impulsive noise measured in
presence of the communication system will cause a
degradation. The methodology will conclude if the transient
interference is harmful enough to cause malfunction, according
to the maximum bit error probabilities tolerable and its DCS
sensibility. Therefore, the novel measurement and post-
processing strategy is an overwhelming opportunity for real
interference scenarios where it is not available to switch off the
communication system to measure and evaluate the
interference. Being able to apply this methodology outdoors,
especially for mobile communications where the level of the
received signal is constantly changed.
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PERFORMANCE OF FULL TIME-DOMAIN
EMI MEASUREMENT SYSTEMS

The publications in subsections 7.1, 7.2 and, 7.3 comprise the contributions related to the decomposition
of EMI in the time-domain. In concordance with the fourth objective of this Thesis, the highlights of those

articles are summarized below.

Objective 4: The baseline requirements of the CISPR 16-1-1 were extensively evaluated using an
automated iterative procedure. In this regard, each iteration involved configuring
the reference instrument or generator, acquiring, processing, calculating the error and
comparing against the standard tolerances. Full TDEMI measurement systems were
assessed in CISPR bands A to D for two different models of oscilloscopes. The proposed
method exploits arbitrary waveform generators for replacing the CISPR nanosecond
baseband pulse generator. The uncertainty of the assessment process is estimated. There
is sufficient evidence to attest the evaluated Full TDEMI measurement systems are in
conformity with CISPR 16-1-1. Moreover, additional characterization of oscilloscopes for
determining its noise figure, sensitivity and effective number of bits was performed under
the exact same conditions required for Full TDEMI measurement systems to be CISPR16-1-1
compliant.

7.1. FUNDAMENTAL JOURNAL ARTICLE 4

M. A. Azpidrua, M. Pous, J. A. Oliva, B. Pinter, M. Hudlicka and E Silva, “Waveform Approach for
Assessing Conformity of CISPR 16-1-1 Measuring Receivers,” in IEEE Transactions on Instrumentation
and Measurement, vol. PP, no. 99, pp. 1-12, 2018. doi: 10.1109/TIM.2018.2794941

Abstract-An alternative approach for assessing the conformity of electromagnetic interference
measuring receivers with respect to the baseline CISPR 16-1-1 requirements is proposed. The
method’s core is based on the generation of digitally synthesized complex waveforms comprising
multisine excitation signals and modulated pulses. The superposition of multiple narrowband
reference signals populating the standard frequency bands allows for a single-stage evaluation of
the receiver’s voltage accuracy and frequency selectivity. Moreover, characterizing the response
of the weighting detectors using modulated pulses is more repeatable and less restrictive
than the conventional approach. This methodology significantly reduces the amount of time
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required to complete the verification of the receiver’s baseline magnitudes, because time-domain
measurements enable a broadband assessment while the typical calibration methodology
follows the time-consuming narrow band frequency sweep scheme. Since the reference signals
are generated using arbitrary waveform generators, they can be easily reproduced from a
standard numerical vector. For different test receivers, the results of such assessment are
presented in the 9 kHz-1 GHz frequency range. Finally, a discussion on the measurement
uncertainty of this methodology for assessing measuring receivers is given.

7.2. CONFERENCE PROCEEDING 8

M. A. Azptirua, J. A. Oliva, M. Pous and E Silva, “Fast and automated verification of multi-channel full
time-domain EMI measurement systems,” 2016 2017 IEEE International Instrumentation and Measurement
Technology Conference (I2MTC), Turin, 2017, pp. 1-6. doi: 10.1109/12MTC.2017.7969789

Abstract-Recently, concern has been raised with regard to the adequacy of current verification
practices carried out in electromagnetic compatibility (EMC) testing laboratories. Bridging the
gap in the scope and reliability of the verifications performed in EMC laboratories requires
faster and simpler verification methods to be performed prior testing. This paper presents a
verification method for Full Time Domain Electromagnetic Interference measurement systems
(Full TDEMI) that is intended to be quick and automated in order to become practical under
the “just-before-test” approach. The method comprises a four stage process for assessing:
sine-wave voltage accuracy, response to pulses, selectivity and input impedance. The verification
method has been implemented and executed on an oscilloscope-based Full TDEMI achieving
a reduction of time and effort involved while ensuring the compliance with CISPR 16-1-1
applicable requirements. Finally, this verification method improves the statistical significance
because of the large number of points and conditions checked by the measurement automation
software.

7.3. CONFERENCE PROCEEDING 9

M. A. Azpiirua, M. Pous, M. Fernandez Chimeno and E Silva, “Dynamic Performance Evaluation of Full Time
Domain EMI Measurement Systems,” 2018 International Symposium on Electromagnetic Compatibility -
EMC EUROPE, Amsterdam, 2018, pp. 1-6. (Accepted paper)

Abstract-This paper presents the evaluation of the performance of Full Time Domain
Electromagnetic Interference measurement systems in terms of the noise figure, the linearity,
the dynamic range, the voltage standing wave ratio and the crosstalk. The above-mentioned
parameters allow a broader characterization of the oscilloscope-based implementations of
CISPR 16-1-1 measuring receivers, providing relevant specifications that are beyond the
standardized baseline requirements. Such metrics are assessed using the actual settings and
operating conditions required for compliant time-domain EMI measurements. For the specific
oscilloscope used in the experiments, the noise figure is measured for all the different vertical
ranges between 5 mV/div and 1 V/div. Likewise, the linearity and the dynamic range, in
terms of the effective number of bits, was measured for sine wave input signals with an
rms voltage swept between 20 mV and 1 V. This experiment was repeated for CISPR bands
A, B and C/D using 10 kHz, 1 MHz, and 100 MHz sinusoids, respectively. The results
allow a more comprehensive comparison between Full TDEMI measurement systems and the
more conventional superheterodyne architecture receivers that are completely specified in the
frequency domain.
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Waveform Approach for Assessing Conformity
of CISPR 16-1-1 Measuring Receivers

Marco A. Azptrua™, Member, IEEE, Marc Pous, José A. Oliva, Borut Pinter,
Martin Hudli¢ka, Senior Member, IEEE, and Ferran Silva, Fellow, IEEE

Abstract—An  alternative approach for assessing the
conformity of electromagnetic interference measuring receivers
with respect to the baseline CISPR 16-1-1 requirements is pro-
posed. The method’s core is based on the generation of digitally
synthesized complex waveforms comprising multisine excitation
signals and modulated pulses. The superposition of multiple
narrowband reference si populating the standard freq y
bands allows for a single-stage evaluation of the receiver’s voltage
accuracy and frequency selectivity. Moreover, characterizing
the response of the weighting det s using dulated pulses
is more repeatable and less restrictive than the conventional
approach. This methodology significantly reduces the amount
of time required to complete the verification of the receiver’s
baseli itudes, because time-d i ts enable
a broadband assessment while the typical calibration method-
ology follows the time-consuming narrow band frequency sweep
scheme. Since the reference signals are generated using arbitrary
waveform generators, they can be easily reproduced from a
standard numerical vector. For different test receivers, the results
of such assessment are presented in the 9 kHz-1 GHz frequency
range. Finally, a discussion on the measurement uncertainty of
this methodology for assessing measuring receivers is given.
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I. INTRODUCTION

HE measuring receiver is the fundamental instrument
for conducted and radiated electromagnetic emissions
testing. According to the standard definition given by the
CISPR 16-1-1:2015, it is an “instrument such as a tunable
voltmeter, an electromagnetic interference receiver, a spectrum
analyzer or a fast Fourier transform (FFT)-based measuring
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instrument, with or without preselection, that meets the
relevant parts of this standard” [1]. In this regard, the standard
CISPR 16-1-1 does not provide a particular implementation
of a measuring receiver but a number of requirements that
manufacturers have to fulfill under a “black-box” approach.

Therefore, assessing of the quantities and ranges that allow
certifying the conformity of measuring receivers is mandatory.
Such assessment employs calibration and verification results
for determining if the measuring receiver performance is
within the tolerance margins. However, the variety of imple-
mentations of EMI test receivers and the particularity of their
requirements have led to a common situation in which the
instrument manufacturer can be the only capable entity of
performing a complete calibration of their own measuring
receivers.

On the one hand, this is because the established method for
calibrating the response to pulses of the standard weighing
detectors, e.g., the quasi-peak (QP) detector, uses a base-
band (nanosecond) pulse generator for providing a set of
rectangular pulses with a fixed impulse area and repetition
frequency [2]. Such a signal generator is an expensive piece
of hardware that can hardly be used for other calibration
setups. On the other hand, the vast number of magnitudes,
functions, and ranges subject to calibration in modern EMI
measuring receivers urges for automated calibration processes
programmed for every different manufacturer and model in
order to deliver calibration results in a reasonable time frame.
Thus, the remarkable amount of resources and effort needed
for implementing a specific calibration bench suitable for EMI
measuring receiver undermines its widespread adoption by the
third-party calibration providers.

At European level, National Metrology Institutes (NMlIs)
are concerned by the actual metrological capability (beyond
the calibration services provided by the first parties) to
provide complete calibration and traceability for EMI mea-
suring receivers. In such conditions, it is likely that even
accredited test houses are performing electromagnetic emis-
sions testing without an adequate traceability required by the
ISO/IEC 17025 standard. Actually, experience indicates that
EMI test receivers are often calibrated as spectrum analyzers,
which is insufficient. In fact, the critical functions of an EMI
measuring receiver that are involved in the determination of
compliance must be calibrated, including not only the reading
of the spectrum level but also its frequency selectivity and
response to pulses of the weighting detectors. Moreover, this
situation could happen unnoticed if the procedures involved

0018-9456 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. Block diagram of a real-time EMI analyzer.

in testing and auditing the performance of EMI test receiver
do not include specific CISPR 16-1-1 requirements. Hence,
many EMI measuring receivers are being calibrated only
according to the widespread guidelines used for spectrum
analyzers [3], [4].

The abovementioned situation was acknowledged in a
previous call from the European Metrology Programme
for Innovation and Research (EMPIR), the ongoing Joint
Research Project “Development of RF and Microwave
Metrology Capability,” also known as RFMicrowave
(I15RPTOI1), pointed out that “... current knowledge between
EMC and RF&MW laboratories is very weak, which reduces
awareness in measurements/calibrations and, therefore the
overall quality of both EMC and RF&MW measurements” [5].

Particularly, the calibration of CISPR 16-1-1 pulse
generators can be challenging in terms of the required
accuracy in the determination of its spectral density, which
is 0.5 dB [1], [6]. In a report from EURAMET, the results
from an interlaboratory measurement comparison of a pulse
generator in accordance with CISPR 16-1-1 were presented.
From the six laboratories that participated, METAS, PTB,
and Schwarzbeck successfully used a time-domain approach
with ultrawideband oscilloscopes, while the other participants
preferred to keep undisclosed their calibration method.
However, the spread of the results cannot be explained by
the uncertainties quoted by the participants [7].

In that sense, a strategy posed by the metrology community
for bridging this gap is to introduce a whole new set of
more repeatable, reproducible, and less hardware stringent
calibration and verification methods suitable for EMI measur-
ing receivers. Previously, the authors presented an automated
method for verifying the compliance of full time-domain
EMI (TDEMI) measurement systems. The verification method
has five stages that cover the baseline parameters that allow
an EMI measuring receiver to be compliant with CISPR
16-1-1 requirements, that is, sine-wave voltage accuracy,
absolute and relative response to pulses, frequency selectivity,
and voltage standing wave ratio (VSWR). Some satisfactory
results were presented for the 9 kHz-30 MHz frequency range,
which covers the CISPR bands A and B typically related to
conducted EMI measurements. The setup employed for the
verifications is very compact and uses an arbitrary waveform
generator (AWG) and a vector network analyzer (VNA) as
standard reference equipment [8].

The continuation of that work is presented here as a time-
domain waveform approach for assessing conformity of EMI
measuring receivers. By using synthesized multisine excitation
signals and modulated pulses, the proposed methodology is
aimed to characterize the accuracy, response to pulses, and
selectivity of the test receiver using a more accessible and agile
strategy, and is addressed to match specific requirements of the
FFT-based measuring receivers, including the new generation
of real-time EMI measuring systems and also oscilloscope-
based implementations of the test receivers, since they can
benefit the most from the time-domain measurements.

The structure of this paper is as follows. In Section II,
an explanation of two remarkable types of FFT-based EMI
measurement system is given. Then, Section III summarizes
the key CISPR 16-1-1 requirements that EMI measuring
receivers must comply with. Next, Section IV proceeds with
the description of the proposed approach for conformity
assessment in terms of the standard waveforms and their time-
and frequency-domain behaviors. Finally, Section V presents
some relevant measurement results of the baseline magnitudes
of an oscilloscope-based TDEMI measurement system, and
a comparison with the measurement results obtained with
a swept receiver is used for cross validation. At the end
of this paper, a discussion of scalability of this verification
method for calibrating test receivers is presented along with
the conclusions of this paper.

II. OVERVIEW OF FFT-BASED EMI MEASURING
RECEIVERS ARCHITECTURES

The modern generation of measuring receivers has
embraced FFT-based capabilities not only for speeding up
emissions’ testing but also to provide time-domain and time—
frequency analysis features useful for evaluating and mitigat-
ing the impact of transient and stochastic disturbances [9].
Currently, real-time analyzers and oscilloscope-based imple-
mentations are two differentiated approaches for implementing
FFT-based measuring receivers. In this section, both of them
are briefly explained in the light of CISPR 16-1-1 compliance
feasibility.

A. Real-Time Analyzers

A block diagram of the real-time EMI analyzer’s archi-
tecture is shown in Fig. 1. This type of measuring receiver




FUNDAMENTAL JOURNAL ARTICLE 4

109

AZPURUA et al.: WAVEFORM APPROACH FOR ASSESSING CONFORMITY OF CISPR 16-1-1 MEASURING RECEIVERS 1189

Transducers  EMI conditioning Hardware Software
o [
- e E =

LISN
AMP/FILTER OSC/ADC DSP

Fig. 2. Block diagram of a full TDEMI measurement system.

uses the mixer and the local oscillator to convert the input
signal to a constant intermediate frequency (IF), similarly
as with the heterodyne architecture. At IF, the signal is
sampled fulfilling the Nyquist criterion using analog-to-digital
converters (ADCs) and filtered to avoid aliasing. The time-
and value-discrete IF signals are digitally downconverted to
baseband and then processed for obtaining the signal spectrum.
There are two possibilities for preparing a frequency-domain
display. The first one is using digital filters of certain resolution
bandwidth (RBW) for emulating the functioning of an analog
spectrum analyzer. The second option is to calculate the
spectrum of that portion of the spectrum using the FFT with
the corresponding windowing for achieving the exact RBW
setting. In both cases, it is still necessary to run through the
frequency range that has been set on, which means that for
spans larger than the IF bandwidth, several iterations of the
acquisition are required [10], [11].

B. Full Time-Domain EMI Measurement Systems

Full TDEMI measurement systems are oscilloscope-based
implementations of an EMI measuring receiver. In general
terms, a full TDEMI measurement system is described by the
block diagram shown in Fig. 2 [12], [13]. For the measurement
of radiated EMI, a broadband antenna shall be used, while
for the measurement of conducted EMI corresponds either a
current clamp or a line impedance stabilization network. The
measured signal could be amplified or filtered if this provides
better sensitivity. In the ADC, the full spectrum signal is
digitized in real time and stored in as a time-discrete value-
discrete signal.

The final measurement results are computed via
the processing techniques implemented in a software
layer that provides compliance with the relevant CISPR
16-1-1 requirements.

A screenshot of an actual implementation of the full
TDEMI by the Electromagnetic Compatibility Group (GCEM)
of the Universitat Politécnica de Catalunya (UPC) is shown
in Fig. 3. After deep memory acquisitions, the software of the
full TDEMI measurement system performs signal processing
tasks, including windowing, resolution enhancing, resampling,
spectral estimation (using the short-time FFT and Welch’s
method), and the detector emulation. Those mathematical
transformations are responsible for delivering the measurement
results in accordance with CISPR 16-1-1 requirements [13].

Full TDEMI measurement systems capture the whole spec-
trum of the EMI with every acquisition enabling multidomain
analysis. Besides, the triggering and multichannel capabilities
found in most oscilloscopes provide additional tools for testing

multifunctional mode equipment and for emissions testing
parallelization. On the other hand, much higher sampling
rates and a deeper memory are required than with real-time
analyzers. This imposes bandwidth and dwell-time constraints
based on the current oscilloscope technology.

C. Conformity Assessment Needs

Even though real-time analyzers are the intrinsically
suitable approach for reaching the higher frequencies with
sufficient dynamic range and sensitivity, both architectures
are converging in some aspects. For instance, commercial
real-time analyzers are offering a larger IF bandwidth. That
is the case of the TDEMI X from GAUSS Instruments, the
FSW-B512R from Rohde & Schwarz, or the N9030B-RT1
from Keysight Technologies having 645, 512, and 510 MHz
of IF bandwidth, respectively. Conversely, oscilloscopes with
an effective number of bits [14] suitable for general EMI
measurements below 1 GHz are common nowadays. Moreover,
PC-based oscilloscopes are more popular as the processing
power and the speed of the communication interfaces allow
for faster data transfer and software-based processing.

As both the described architectures for FFT-based measur-
ing receivers play an important role in EMI compliance testing,
they need a specific approach for assessing their conformity
with regard the relevant CISPR 16-1-1 requirements [15], [16].
Research on such aspects has been partially undergone pre-
viously, mainly in charge of the first party developers and
manufacturers [17]—[19]. Furthermore, a standardized method
for performing calibrations and verification of the FFT-based
measuring receivers in terms of the CISPR 16-1-1 require-
ments is not currently available. Sections IV and V will deepen
in such matters after the following enumeration of the baseline
requirements for EMI measuring receivers.

III. STANDARD BASELINE REQUIREMENTS FOR
ELECTROMAGNETIC INTERFERENCE
MEASURING RECEIVERS

The normative Annex K “Calibration requirements for mea-
suring receivers” of the CISPR 16-1-1 provides two alter-
natives with regard to the demonstration of compliance of
measuring receivers. The first possibility is using the manufac-
turer’s calibration method for assessing compliance. As stated
before, in many cases, this is neither feasible for manufacturer-
independent nor for in-house calibration laboratories, because
manufacturer’s calibration method can hardly be reproduced
due to the lack of procedural information and/or hardware
resources, e.g., the CISPR pulse generator. The alternative
is using a calibration or a traceable verification process that
includes at least the following parameters: VSWR, sine-wave
voltage accuracy, response to pulses, and selectivity.

Tables 1 and II summarize the standard baseline
requirements applicable to EMI measurement systems
in CISPR bands A-D. Those items constitute the baseline
(minimum) set of requirements that shall be covered by any
calibration or verification method.

Please note that a typical calibration certificate of an EMI
measuring receiver may include other additional performance
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Fig. 3. Graphical user interface of the full TDEMI measurement setup panel.
TABLE 1

BASELINE CISPR 16-1-1 REQUIREMENTS FOR ELECTROMAGNETIC
INTERFERENCE MEASURING RECEIVERS

Baseline standard

Parameter Subclause N Freq. ranges
requirements
42,52, 20to 1
VSWR 62,72 (0 dB RF attenuation) 9 kHz - 1 GHz
Sine wave 43.54 Better than + 2 dB
voltage A (50 Q resistive source 9kHz- 1 GHz
6.4,7.4 B
accuracy impedance)
Responseto 4 55 66 dBUV)=1.5dB ~ opp pangs A,
pulses 6575 (Flat spectrum within the B.Cand D
(Absolute) B measured bandwidth) ’
Re;s{’s‘ii © 4455, Table Il CISPR Band A,
(Relative) 6.5,7.5 B,Cand D
90 Hz< B, 5<220 Hz
180 Hz < B; <220 Hz CISPR Band A
180 Hz < B < 440 Hz
45,56 4kHz<B;;<10kHz
Selectivity® 6‘ 6’ 7’ 6’ 8 kHz < B;< 10 kHz CISPR Band B
o 10 Hz < B,y < 20 kHz
40 kHz < B; 5 < 140 kHz
100kHz < B, < 140kHz ~ C'STR Bands
Cand D

100 kHz < B, <280 kHz

* CISPR 16-1-1 Annexes B and C describe methods for determining the output characteristics of a pulse
generator used in verifications and calibrations of the absolute and the relative pulse response.

b 3. means the reference bandwidth at the x dB decay level.

tests. However, since partial calibration is allowed by CISPR
16-1-1, the forthcoming description focuses on those that are
mandatory, critical, and/or different from the typical tests
calibrated in spectrum analyzers. Moreover, given that the
superheterodyne type of receivers has been excluded from the
scope of this paper, all the specifications that are not relevant
for the generality of FFT-based EMI measurement systems
have been omitted.

With regard to the requirements highlighted above, some
clarifications shall be made: 1) VSWR requirements are only
applicable to the 0-dB RF attenuation condition, conversely if
RF attenuation is used, the VSWR must be lower than 1.2; 2)
narrowband verifications at discrete suggested frequencies (the
start, stop, and center frequencies) are replaced by broadband
measurements; 3) the pulse repetition frequencies considered
are above 10 Hz, because this is the lowest mandatory
pulse repetition frequency that is common to all CISPR
frequency bands; and 4) for multichannel EMI measurement
system, each channel shall be individually and independently
verified.

IV. WAVEFORM APPROACH FOR ASSESSING CONFORMITY
OF CISPR 16-1-1 MEASURING RECEIVERS

As mentioned in Section I, the proposed methodology is
based on the exploitation of the AWG for the generation of
reference excitation signals employed for assessing the com-
pliance with CISPR16-1-1 baseline requirements. The VSWR
verification is excluded from the scope of the method, since
VNA-based measurements are easier and more suitable for this
purpose. The explanation of this approach is subdivided into
sine-wave and pulse response measures, as follows.

A. Sine-Wave Measures

Conventionally, the method for calibrating the sine-wave
accuracy in EMI measuring receivers consists in applying
a single tone with a well-known level and frequency and
amplitude. The reading of all the standard detectors must be
identical. The voltage of the excitation signal is indirectly
measured with a reference power meter.

Instead, the proposed approach uses an AWG for synthesiz-
ing a multisine-wave signal as the excitation. In that sense,
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TABLE II

REQUIREMENTS FOR THE RELATIVE PULSE RESPONSE OF THE STANDARD
WEIGHTING DETECTORS

P EEETEETTENNNN
Sl 100 2.1£1.5 -4.0£1.0 \\\\\\\ -1.8£1.5
N 10 166515 | 10.0£1.5 \\\\\\\\\ 24342.0
é 20 13.1%1.5 6.51.0 \\\\\\\\\\\\\\\\
5 M NI gt
E \\\\\\\\\\\\\\\\\\\\\\\\

S.:,L 100 (ref) 12.0£1.5 \\\\\\\\
E W 38.1£1.5 10.1£1.0
“ 5000 \\\\\\\\\\\\\\\\\‘ 263+1.5

let us define a standard periodic signal x(z) formed by a
well-known combination of tones with controlled amplitude,
frequencies, and phases as
Ntones
x(0)= D Al sin(@afi)i + i (fi)) e
i=1
where A;, fi, and ¢; are, respectively, the amplitude, fre-
quency, and phase of the ith tone and Nipnes is the number
of tones conforming x (t).

Such signal is designed for providing independent control
for the amplitude and phase of each tone, which allows
adjusting the crest factor in the time domain [20]. Then,
x(t) is numerically sampled at a rate f; > 2fmax, Where
Jfmax is the upper bound of the frequency range to be evaluated.
A sampling rate greater than or equal to the sampling rate of
the measuring receiver is recommended.

A time-discrete signal x[n] is then obtained, where
n = 0,1,2... is the integer variable used as the time step
index. At that point, a time period of x[n] is normalized
and transformed into a discrete-valued signal with the same
resolution of the AWG’s digital-to-analog converter (DAC).
Such time- and value-discrete vector is configured in the AWG
and its DAC’s output is smoothed by the interpolation filter and
then scaled for approximating the voltage waveform as faith-
fully as possible, obtaining x[n]. Fig. 4 shows, as an example,
a period of a normalized multisine-wave excitation signal.

Considering the theoretical value of X[n] is exactly known,
it can be used for calculating the reference spectrum,
X [f1, of the excitation signal. Welch’s method for spectral
estimation is used as explained in [12] and [21]. An appro-
priate windowing function for providing a suitable RBW
must be selected, e.g., the Gaussian or the Kaiser—Bessel
functions [13]. Window overlapping of more than 90% is
recommended for reducing scalloping errors.

0.5

Normalized amplitude units
=)

0.5 1 15 2 25 3 3.5 4 4.5 5
Time (ps)

Fig. 4. Example of a multisine-wave excitation signal for assessing CISPR
band B.
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Fig. 5. Reference spectrum of a multisine-wave excitation signal that follows
the CISPR 32 class B QP emissions’ limit.

Fig. 5 shows the amplitude spectrum calculated from the
theoretical excitation signal used in the previous example.
Please note that the time-domain waveform was designed
for providing tones with frequency-dependent amplitudes that
follow the CISPR 32 limit line defined for class B equipment
when using the QP detector. Beware, CISPR 16-1-1 does
not specify the particular signal level at which the sine-wave
level error calibration must be performed. However, authors
recommend using the emissions’ limit lines as the target for
adjusting the excitation signal level, since this is the condition
in which measurement accuracy is critical for determining
compliance with EMC standards.

Nonetheless, other criteria can be used for designing the
waveform of the excitation signal. For instance, pseudoran-
dom and independent amplitudes, frequency, and phases can
provide a noise-like multisine wave that allows obtaining
statistical information about the variability of the assessed
quantities.

In any case, the multisine-wave excitation signal must be
fed to the measuring receiver for measuring its spectrum.
The sine-wave accuracy is assessed by calculating the error
in the voltage measured with respect to the reference value
(previously calculated) at the exact frequencies for which the
tones were generated.

On the other hand, selectivity requirements are assessed by
iteratively measuring the 1.5-, 6-, and 20-dB decay bandwidths
for each tone generated. Finally, please note that the frequency
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TABLE IIT
STANDARD IMPULSE AREA SPECIFICATION

RF generator
(Sine wave)

Frequency Band Impulse area (uVs)
A 13.5 l
B 0.316
C 0.044 Switch AWG
D 0.044 (Pulse-modulated (Pulse gating)
carrier)

spacing of the multisine waveforms should respect RBW
requirements for avoiding the component’s overlapping.

B. Absolute and Relative Pulse Response

According to CISPR-16-1-1, the absolute and relative pulse
response for the peak, QP, average (AV), and rms detectors
shall be evaluated. The aim of these pulse measures is to emu-
late the broadband-impulsive interferences, which are common
in EMC tests. The requirements of these pulses are described
in CISPR 16-1-1, defining they must be flat in the frequency
band under assessment with a level equivalent to a tone having
an rms voltage of 2 mV, which means 66 dB (xV). These
flat pulses are applied for different repetition rates in order to
obtain a certain ratio between peak, QP, AV, and rms detectors,
weighting the repetitiveness of the measured interferences [1].

In the CISPR 16-1-1, the waveform of the pulses is defined
in open-circuit conditions according to their impulse area, and
those specifications are reproduced in Table III.

Therefore, if we consider the pulses are perfectly rectangu-
lar, the amplitude of the required impulse is given by

Aimp = Upeak X Ty 2)

where Upeak is the peak voltage of the RF-modulated signal
during ON state and 7y is the duration time of RF impulse in
the course of the ON condition.

With the standard approach, it is technically possible to
generate such flat pulse at all the frequency range for CISPR
bands A-D. However, this is no longer feasible for higher
frequencies, because there are no pulse generators capable of
producing such extremely high voltage in fractions of picosec-
onds. That is why CISPR 16-1-1 indicates that “above 1 GHz,
the required impulse area is defined using a pulse-modulated
carrier at the frequency of test...” Therefore, in CISPR 16-1-1
Annex E, an alternative method is mentioned for the impulse
evaluation above 1 GHz.

Nonetheless, in the proposed approach the AWG was only
used for synthetizing the standard pulses for bands A and B
while and for bands C and D the pulse-modulated RF tech-
nique mentioned in CISPR 16-1-1 Annex E was adapted.
Therefore, we propose employing this technique for frequen-
cies below 1 GHz as this procedure is easy to implement
and it is already widely accepted for larger frequencies,
as demonstrated by the accreditation of such procedure held
by recognized NMlIs.

Hence, the test setup for assessing the absolute and rela-
tive pulse response of the measuring receivers is according
to Fig. 6.

l

EMI measuring
receiver

Fig. 6. Simplified block diagram of the test setup for assessing the absolute
and relative pulse response of the measuring receivers.

TABLE IV
REFERENCE PULSE DURATION AND AMPLITUDE SPECIFICATION

Frequency Band T, (ps) Upns (mV)
A 100 95.5
B 22 101.6
C 0.167 186.3
D 0.167 186.3

The RF generator provides a continuous wave signal at
the different frequencies selected for bands C and D. Then,
the AWG produces the gating signal that modulates the carrier
by switching ON and OFF the CW signal, creating a pulse
according to CISPR16-1-1 requirements. Finally, the modu-
lated pulse is fed directly to the EMI measuring receiver. The
amplitude of the CW signal and the gating duration are defined
in Table IV for bands A-D.

The specific carrier frequency and pulse repetition frequency
of the modulating pulse must be iteratively configured to
provide the excitation waveform suitable to evaluate the pulse
response of the EMI measuring receiver in the conditions
specified in Table I. As an example, Fig. 7 shows a 1-GHz
pulse-modulated signal with a 1-kHz repetition frequency
generated for assessing the response to pulses of a measuring
receiver in CISPR bands C and D.

V. RESULTS

The following results are referred to the assessment of
conformity performed on two different versions of full TDEMI
measurement systems. The oscilloscopes involved are the
PicoScope 5444B from Pico Technologies (OSCI) and the
DPOS5104B from Tektronix (OSC2).

The PicoScope 5444B has a 200-MHz bandwidth,
a maximum sampling rate of 1 GSamples/s, 512 MSamples of
memory depth, and its nominal input impedance is 1 MQ.
Therefore, an external 50-Q matching load was connected
in parallel to each oscilloscope’s input channel. This
measurement system is typically used for conducted EMI mea-
surement, and thus it was assessed in CISPR bands A and B.
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Fig. 7. Example of a 1-GHz pulse-modulated signal with a 1-kHz repetition frequency generated for assessing the response to pulses of a measuring receiver
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Fig. 8. Band A sine-wave accuracy assessment with respect to CISPR 15 QP
emissions’ limits for a full TDEMI measurement system.

The DPO5104B has a 1-GHz bandwidth, a maximum sam-
pling rate of 10 GSamples/s, 50 MSamples of memory depth,
and its nominal input impedance can be set to 50 Q. This
measurement system is more suited for radiated EMI mea-
surement, and thus it was assessed in CISPR bands C and D.
In practice, it may require additional external preamplification
for increasing the sensitivity of the measurement system [12].

For generating the multisine-wave excitation signals, a pulse
function arbitrary generator model 81160A from Keysight
Technologies was used. It has a DAC with 14 bit of vertical
resolution at 2.5 GSamples/s and a 330-MHz bandwidth for
pulses extendable to 500 MHz for single tones.

An additional signal generator from Rohde & Schwarz
model SML was employed for providing the sine wave in
the assessment bands C and D. The switch Mini-circuits
ZSWA-4-30DR was used in the pulse response test setup for
modulating the sine waves according to the general procedure
previously explained.

Cable attenuation was corrected in measurements. In all
cases, low loss 50-Q coaxial cables were used and their
attenuation was measured for each frequency band.

Frequency [MHz]

Fig. 9. Band B sine-wave accuracy assessment with respect to CISPR 32 QP
class B emissions’ limits for a full TDEMI measurement system.

A. Multisine-Wave Measurements

Previously, it was mentioned that different criteria could
be used in the definition of the waveform of the test sig-
nal. In this regard, the multisine-wave signal employed for
assessing OSC1 was designed using a couple of standard
limit lines as reference. Conversely, OSC2 was evaluated
using a pseudorandom selection of the amplitude of the
individual tones. It is important to state that, even if nei-
ther criterion is preferred in terms of assessing compliance
with CISPR 16-1-1 baseline requirements, however, they
can deliver different insights, as it will be shown in what
follows.

Figs. 8 and 9 show the measurement results of the sine-
wave accuracy assessment performed for the abovementioned
measuring receiver in CISPR bands A and B, respectively.
In both figures, the blue dashed line represents the target
level and the red and cyan lines provide an indication of
the tolerance defined in Table I. Likewise, the black circles
correspond to the achieved reference level, while the magenta
markers symbolize the measurement result.
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Fig. 11. Band B frequency selectivity assessment with respect to the
equivalent IF filter mask.

On the one hand, band A target level was selected
based on the QP limits for radio disturbances applicable
to electrical lighting equipment according to the CISPR
15 standard [23]. On the other hand, band B target
level was chosen based on the QP emissions limits for
class B (domestic) equipment according to the CISPR
32 standard [24].

In both cases, just a single measurement was required
for assessing the compliance of each CISPR band in terms
of the accuracy of sine-wave measures, which, in this case,
is favorable because worst case errors are lower than £1 dB.

Moreover, the same measurement results were used for
calculating the 1.5-, 6-, and 20-dB decay bandwidth at each
frequency component of the spectrum. Figs. 10 and 11 present
the midband frequency deviation obtained from previous mea-
surements. Mean values are marked with an “x” along with
an error bar symbolizing the range of the variations of each
measure. Again, results demonstrate compliance with CISPR
16-1-1 standard requirements.

Fig. 12 shows the summary of the measurement results from
the sine-wave accuracy, frequency error, and selectivity assess-
ment performed using pseudorandomly generated sine-wave
excitations signals in bands C and D; 200 sine waves with
random amplitude, frequency, and phase were generated at

Frequency error (ppm)
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Fig. 12. Bands C and D sine-wave level error, frequency error, and

selectivity assessment using pseudorandom multisine excitations for a full
TDEMI measurement system.

each band. The amplitudes were uniformly distributed between
80 and 120 dB(uV), the phases were uniformly distributed
in the [0, 27 ] range, and the frequencies where equidistantly
chosen between the upper and the lower frequency of the band
plus a random frequency shift uniformly distributed between
+RBW/2.

In this regard, the three subplots in Fig. 12 show that the per-
formance of the full TDEMI measurement system is compliant
with standard requirements, since all the measured points
are included in the tolerance margins declared in Table I.
Interestingly, this methodology can be interpreted as an
empirical Monte Carlo evaluation of the baseline parameters
variability in measuring receivers.

Consequently, the statistical information obtained from pre-
vious measurements enabled additional exploitation of the
result, comprising the analysis of the approximated distribution
of the parameters under assessment.

Fig. 13 shows the histograms of relative frequency for the
error in the amplitude of the measured tones. This information
can be used in more realistic uncertainty estimations in EMI
measurements.

B. Absolute and Relative Pulse Response

The pulse response assessment is shown in Fig. 14 for
bands A and B (OSC 1) at the reference repetition frequency.
The most relevant aspects to notice are the flatness of the
frequency response and the ratios between peak/QP and QP
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With regard the assessment of the relative pulse response,
the results were satisfactory for both versions of full TDEMI
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Fig. 13.  Approximated empirical probability distribution for the amplitude
error in sine-wave measurements for a measuring receiver in bands C and D.
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Fig. 14. Bands A (above) and B (below) assessment results of the absolute
response to pulses for a full TDEMI measurement system (OSCI).

average, which fulfill standard requirements. It is important to
highlight that this is a full-spectrum and multidetector char-
acterization of the pulse response. For band A, the maximum
errors registered were 0.7, 0.17, and 0.19 dB for the absolute

measurement systems, that is, bands A and B for OSC1 and
bands C and D for OSC2. Table V shows the mean value
of the measurements performed in each frequency band. For
bands C and D, only pulse repetition frequencies above 100 Hz
were validated due to the oscilloscope memory constraints
that did not allow measuring sufficiently large time record.
Additionally, for bands C and D, pulse response measurements
were performed at 30 MHz, 300 MHz, and 1 GHz.

Table V results must be compared with Table II require-
ments in order to determine if the measured relative pulse
response is within the tolerances defined in the CISPR 16-1-1
standard. For example, the specified relative response of the
peak detector with respect to the QP detector at a repetition
frequency of 20 Hz is 13.1 = 1.5 dB and the result from
the assessment was 13.2 dB, which is satisfactory. A similar
analysis is applied to every band, detector and pulse repetition
frequency.

VI. MEASUREMENT UNCERTAINTY

The accuracy of the measurement system is the foun-
dation for a method to become accepted as relevant for
the application it is intended to address. On the one hand,
the waveform approach for assessing conformity of CISPR
16-1-1 measuring receivers would only be conclusive if the
pulse generators provide excitation signals that are precise
and well fitted to their expected mathematical representation
(golden reference). On the other hand, it is also important
to estimate the uncertainty of the measurements made with
a full TDEMI measurement system following the CISPR
16-4-2 approach [24]. Therefore, this section discusses the
appropriateness of the proposed assessment method in terms of
the characterization of the pulse generators, the adequacy of
the oscilloscopes’ specifications (ADC dynamic figures) for
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EMI measurements, and the overall uncertainty analysis of
the assessment performed to the full TDEMI measurement
systems.

A. Characterization of the Pulse Generators

The 81160A pulse function arbitrary noise generator, which
was used for obtaining most of the presented results, has
14 bits of vertical resolution in the DAC, can deliver up to
2.5 GSamples/s, has a time resolution of 300 ps =+ 50 ppm, and
has a 330-MHz bandwidth for pulses extendable to 500 MHz
for single tones. Similarly, the SML signal generators provide
an accuracy in the sine-wave level that is better than 0.5 dB
for frequencies below 2 GHz.

In practice, the spectrum of the abovementioned pulse
generators can be calibrated using the black box approach
focusing on the parameters that are relevant for assessing the
EMI measuring receivers. Even if a comprehensive description
of the calibration methods for pulse generators is beyond the
scope of this paper, it is important to consider the following
aspects.

First, the calibration of a CISPR pulse generator can be
performed by several methods, such as the measurement of
one spectrum line amplitude [25], the Fourier transform of
time-domain pulse waveform [26], and the IF measurement
method. From the metrology point of view, the most accurate
is the Fourier transform from samples of a well-characterized
oscilloscope (broadband sampling oscilloscope with character-
ized attenuators at the input). However, such a characterization
is likely to be beyond the actual capabilities of secondary-
level calibration laboratories or in EMC test laboratories. Still,
CISPR 16-1-1 Annex B states that “The impulse area should
be known within £0.5 dB and the repetition frequency to
within about 1%” [1] can be shown to be achievable even
by using low-grade oscilloscopes.

Conversely, calibrating the spectrum of complex multisine-
wave signals used in the assessment of the level accuracy is a
more challenging task, because it is not possible to measure
with a calibrated thermal or diode power detector. For this
purpose, a calibrated spectrum analyzer could be used to
tune the desired tone with proper RBW. Experience indicates
that the typical uncertainty of this kind of measurement is
below 0.2 dB. Lower uncertainties could be achieved by using
the FFT-method and metrology-level digitizers of appropriate
resolution (16 bit or higher).

Finally, it is important to remark that metrological
traceability is fundamental for the reliability of the proposed
assessment method. The reference waveform generators
must be characterized and calibrated independently before
being used for assessing a measuring receiver. Moreover,
any conformance testing report resulting from applying the
proposed assessment method must include a statement of the
uncertainty of the reference waveforms used for evaluating
the measuring receiver.

B. Oscilloscopes’ Specifications and EMI Measurements

Table VI presents the relevant specifications of OSC1 and
OSC2 when they are configured at the actual operating settings
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TABLE VI

OSCILLOSCOPES SPECIFICATIONS AT THE OPERATING CONDITIONS CON-
FIGURED IN THE FULL TDEMI MEASUREMENT SYSTEM

CISPR frequency band
A B C&D
Resolution (flexible) [bits] 12to 16 8to 14 -
ENOB [bits] 81t087 | 79t08.2 -

O Enhanced resolution [bits] 2 1.5 -

& Sampling frequency [MS/s] 62.5 125 -
Time resolution [ns] 16 8 -
Bandwidth (Limited) [MHz] 60 60 -
Resolution (flexible) [bits] - - 8
ENOB [bits] - - 6

& Enhanced resolution [bits] - - 0.5t0 1.5

8 Sampling frequency [GS/s] - - 1,2.5,5
Time resolution [ns] - - 1,0.4,0.2
Bandwidth (Limited) [MHz] - - 500/1000

of full TDEMI systems. In both cases, the specified accuracy
of the signal level at the output of the generator is significantly
better than the measurement accuracy of the oscilloscopes
and satisfy the baseline requirements of CISPR 16-1-1 shown
in Tables I and II. For those reasons, the suitability of the
proposed assessment method is, in principle, granted for the
application which it is intended.

Considering the criteria above, it is reasonable to assume
that the errors observed in the sine-wave level characterization
are primarily due to the receiver implementation under assess-
ment. Henceforth, one could argue that even if the observed
sine-wave level error is compliant with CISPR 16-1-1,
the accuracy of the assessed full TDEMI measurement systems
is rather low from a metrological perspective, in comparison
to what could be expected entirely from frequency-domain
receivers.

Nonetheless, it is important to remind that in practice, when
it comes to real-life EMI measurements, the most important
feature of a test receiver is its capability for detecting noncom-
pliant electromagnetic emissions and worst case disturbance
events. That is the key reason why FFT-based systems offer
advantages to practitioners, even if this means compromising
the dynamic range, the sensitivity, and the accuracy in com-
parison to measuring receivers based on the superheterodyne
architecture. In fact, this is possible thanks to the not-so-
restrictive baseline requirements of CISPR 16-1-1.

C. Uncertainty on the Assessment of Full TDEMI Receivers

The main contributions to the uncertainty in the measure-
ment performed during the assessment are associated with
the signal acquisition (cable attenuation, mismatch, ADC
resolution, thermal noise, linearity, and so on) and to the signal
processing.

In that sense, the uncertainty contribution due to impedance
mismatch, uy, between the cable from the signal generator
and the oscilloscope channel is given by
uy = %201%(1 + [IlT2) 3)
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TABLE VII

GENERAL UNCERTAINTY BUDGET FOR THE ASSESSMENT OF A FULL
TDEMI MEASURING RECEIVER

- X Prob.
Quantity Estimate Standard uncert. Distrib.
Cablg transfer 0.1dB 0.05 dB Rectangular
function

In?pedance 0.1dB 0.07 dB U-shaped
mismatch

Qscllloscopc 102 dB 0.1dB Rectangular
freq. response

Oscilloscope 0.1dB 0.05 dB Rectangular
DC accuracy

Oscilloscope 0.1dB 0.05 dB Rectangular
linearity error

Qscllloscope 0dB 0.06 dB Normal
timebase

Osc. V_crt. 0dB 0.02 dB Triangular
resolution

Sig. generator 0dB 0.2dB Regtangular
error

Processing 0dB 0.05 dB Normal
error

Repetitivity

(Type A) 0.1dB 0.05 dB Normal
Combined uncertainty (u.) 0.27 dB

Expanded uncertainty (2u,) 0.54 dB

where I'y is the reflection coefficient of the cable and I'; is
the reflection coefficient of the oscilloscope.

Moreover, the uncertainty of the limited oscilloscope verti-
cal resolution, ug, is given by

u _ i UI“L\X
" /6 Unmeas (25NOB)

where Upnayx is the full vertical scale, Upeas is the measured
amplitude, and 1/,/6 is due to the triangular distribution.
Moreover, there is also the uncertainty contribution of the
oscilloscope gain at dc, which is calibrated with a precision
dc source and digital voltmeter.

Likewise, the uncertainty due to the oscilloscope noise can
be calculated using

% 100[%] 4)

Unoise = V4kTBR 5)

were k is the Boltzmann constant, 7 is the temperature
in Kelvin, B is the oscilloscope bandwidth, and R is the
oscilloscope input impedance.

Finally, the uncertainty contribution of the oscilloscope’s
linearity and time base errors is evaluated using precise and
well-known sinusoidal test signals of different amplitudes and
frequencies.

Regarding the uncertainty contribution of the signal process-
ing performed by the full TDEMI software, upsp, it is due
to the mathematical operations of windowing, resampling,
flatness correction, padding, and rounding, among others, that
are performed before providing the EMI measurement results
to the end user. This uncertainty contribution has been bounded
to less than 0.05 dB in 99% of cases. This estimation has
been made by means of testing the algorithms with ideal
mathematical representations of the input signal. Monte Carlo

simulations have been used to exercise the algorithms with
millions of possible combinations of the actual measurement
parameters in order to obtain a realistic quantification.

Table VII shows an example of the measurement uncertainty
estimated for the assessment of the full TDEMI measurement
system based on OSCI for CISPR band B. This general budget
can be filled with the values of other bands or oscilloscope
models.

VII. CONCLUSION

In this paper, a time-domain-based waveform approach was
used for assessing the conformity of measuring receivers
with respect to CISPR 16-1-1 requirements. The frequency
range covered was 9 kHz-1 GHz, comprising CISPR
bands A-D. The proposed test setups are more affordable, ver-
satile, and flexible than conventional implementations based
on manufacturer’s calibration methods. Moreover, it was
demonstrated that the usage of the CISPR baseband pulse
generator can be avoided by taking alternative approaches
such as employing AWG. In fact, results could encourage test
houses and manufacturer-independent industrial calibration
laboratories to implement their own assessment bench for the
internal verification of the receiver’s baseline requirements.
A key advantage of this approach is that waveforms can be
represented as numerical vectors and they could be easily
reproduced or shared by any laboratory having an adequate
AWG. On the other hand, the scalability of our approach is
granted with the usage of AWG of broader capacity.
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Abstract—Recently, concern has been raised with regard to
the adequacy of current verification practices carried out in
electromagnetic compatibility (EMC) testing laboratories.
Bridging the gap in the scope and reliability of the verifications
performed in EMC laboratories requires faster and simpler
verification methods to be performed prior testing. This paper
presents a verification method for Full Time Domain
Electromagnetic Interference measurement systems (Full
TDEMI) that is intended to be quick and automated in order to
become practical under the “just-before-test” approach. The
method comprises a four stage process for assessing: sine-wave
voltage accuracy, response to pulses, selectivity and input
impedance. The verification method has been implemented and
executed on an oscilloscope-based Full TDEMI achieving a
reduction of time and effort involved while ensuring the
compliance with CISPR 16-1-1 applicable requirements. Finally,
this verification method improves the statistical significance
because of the large number of points and conditions checked by
the ement aut tion software.

Keywords—electromagnetic ~ compatibility;  electromagnetic
interference; just-before-test; quality management; standards.

L INTRODUCTION

According to the definition given in the International
Vocabulary of Metrology, verification is “the provision of
objective evidence that a given item fulfills specified
requirements” [1]. Incidentally, verifications shall be routinely
yet rigorously carried out in accredited electromagnetic
compatibility (EMC) testing laboratories. However, this might
not be the general case, as explained below.

In a recent call from the European Metrology Programme
for Innovation and Research (EMPIR), the ongoing Joint
Research Project “RFMicrowave” (15RPTO1) pointed out
“...current knowledge between EMC and RF&MW
laboratories is very weak, which reduces awareness in
measurements/calibrations and, therefore the overall quality of
both EMC and RF&MW measurements”. One of the
objectives of this very same project is to introduce a whole
new set of verification methods suitable for EMC testing, that
allow raising awareness of any problems just before starting
tests [2].

The cornerstone of this “just-before-test” approach is that
verification methods used in EMC testing must be reliable but

978-1-5090-3596-0/17/$31.00 ©2017 |IEEE

also fast and automated for them to become compatible with
the testing activities workload of certification laboratories.
Depending on the particularities of certain EMC test, Vector
Network Analyzer (VNA) and/or time-domain based
verification methods are intended to address this “just-before-
test” approach.

Specifically, within the scope of the standards that define
the radiofrequency emission requirements, verifications must
be systematically performed in order to confirm the measuring
receivers meets the specifications of CISPR 16-1-1 and the
adequacy of the test setup [3]. This is a challenging task for a
testing laboratory because most test receivers are not provided
with any means for performing such verification.

In the vast majority of cases, testing laboratories only
perform intermediate checks such as a manual corroboration
of the amplitude/frequency accuracy of the test receiver or by
means of the embedded self-test option found on most
instruments. Moreover, those partial verifications are
performed on a “from-time-to-time” basis and not “just-
before-test” mainly due to logistical constraints. Therefore,
this current situation is against the best practices for assuring
the quality of emissions testing.

In this regard, using a time-domain approach to the
verification of electromagnetic interference (EMI) measuring
receivers can reduce significantly the efforts required to
perform instrument verification. Furthermore, (Full) Time-
Domain EMI measurement systems [4]-[9] can benefit the
most from time-domain verification methods because of the
straightforward relationship between the expected outcome
and the results of the verification in both time and frequency
domains.

In this paper, a fast and automated verification method for
multi-channel Full Time-Domain EMI (Full TDEMI)
measurement systems is presented, intended to address the
“just-before-test” approach. In that sense, first a summary of
the key CISPR 16-1-1 requirement that must be verified in
Full-TEDMI measurement systems is given (section II), then
the implemented verification setup and algorithms are briefly
described (section IIT) and the results of a verification of a Full
TDEMI measurement system performed just before a
conducted EMI testing will be presented as an example
(section IV).
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II.  STANDARD REQUIREMENTS FOR FULL TDEMI
MEASUREMENT SYSTEMS

According to the standard definition measuring receiver, it
is an “instrument such as a tunable voltmeter, an EMI
receiver, a spectrum analyzer or an FFT-based measuring
instrument, with or without preselection, that meets the
relevant parts of this standard” [3]. In that sense, the proposed
verification method shall provide objective evidence that a
Full TDEMI measurement system fulfills the definition of

measuring receiver concerning the compliance with
requirements specified in the CISPR 16-1-1 standard.
Incidentally, the particularities of Full TDEMI

measurement systems oblige to verify them differently in
comparison with a frequency sweep or stepped scan receivers.
Next, an overview of Full TDEMI measurement systems will
be given in order to list a verifiable set of relevant
requirements in terms of the CISPR 16-1-1 standard.

A. Overview of Full TDEMI measurement systems

In general terms, a Full-TDEMI measurement system is
described by the block diagram shown in Fig. 1 [4], [7]. For
the measurement of radiated EMI, a broadband antenna shall
be used, while for the measurement of conducted EMI
corresponds either a current clamp or a line impedance
stabilization network (LISN). The measured signal could be
amplified or filtered if this provides better sensitivity. In the
analog-to-digital converter (ADC), the full spectrum signal is
digitized and stored in the time-domain. Finally, the amplitude
spectrum is computed via the spectral estimation techniques.
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Fig. 1. The Full-TDEMI measurement system block diagram.

After deep memory acquisition, the software of the Full
TDEMI measurement system performs signal processing tasks
including windowing, resolution enhancing, resampling,
spectral estimation (using the Short-Time Fourier Transform
and the Welch’s method) and the detector emulation. Those
mathematical transformations are responsible for delivering
the measurement results in accordance with CISPR 16-1-1
requirements [4].

B. Applicable CISPR 16-1-1 requirements

CISPR 16-1-1 (Annex K) gives two alternatives with
regard to the demonstration of compliance of measuring
receivers. The first possibility is using the manufacturer’s
calibration process for verifying compliance, but this is not
feasible on a “just-before-test” approach primarily because
reproducibility constrains. The alternative is using a
verification process that includes at least the following
parameters: voltage standing wave ratio (VSWR), sine wave
voltage accuracy, response to pulses and selectivity.

The tables I and II summarize the standard requirements
applicable to Full TDEMI measurement systems, in CISPR
bands A to D. Those items constitute the minimum set of
requirements that shall be covered by the verification method.

TABLE I. APPLICABLE CISPR 16-1-1 REQUIREMENTS FOR FULL TDEMI

MEASUREMENT SYSTEMS
Parameter | Subclause Requirements Freq. ranges
42,52, 20tol
VSWR 6.2,7.2 (0 dB RF attenuation) 9kHz-1 GHz
Sine wave 43.54 Better than + 2 dB
voltage T, (50 Q resistive source 9kHz - 1 GHz
6.4,7.4 :
accuracy impedance)
Response | 4 55 66dBuV £ 1.5 dB CISPR Bands A,
to pulses 65.75 (Flat spectrum within the B.Cand D
(Absolute) T measured bandwidth) ’
Response
44,55 CISPR Band A
to pulses® 2 Table II. ?
(Relative) 6.5,7.5 B,Cand D
90 Hz < B; 5 <220 Hz
180 Hz < B; <220 Hz CISPR Band A
180 Hz < B <440 Hz
45.5.6 4kHz<B,;s<10kHz
Selectivity® 6 6’ 7 6’ 8kHz < B;< 10 kHz CISPR Band B
R 10 Hz < By <20 kHz
40 kHz < B;5< 140 kHz
100 kHz < B,< 140 ki | CISPR Bands
100 kHz < By < 280 kHz an

% CISPR 16-1-1 Annexes B and C describe methods for determining the output characteristics of a pulse
generator used in verifications and calibrations of the absolute and the relative pulse response.

b B. means the reference bandwidth at the x dB decay level.

TABLE II. REQUIREMENTS FOR THE RELATIVE PULSE RESPONSE OF THE
STANDARD WEIGHTING DETECTORS

P T R B AR T
A 60 31415 30410 \\\\W
A 100 2,115 -4,0+1,0 \\\\\\\\\\ -1,8+1,5
B 10 16,6+1,5 10,0+1,5 \\\\\\\\ 243420
B 20 13,1£1,5 6,5+1,0 \\\\\\\\\\\\\\\N
C:D 1000 \\\\\\\\ -80i10 381i15 101il,0

With regards to the requirements highlighted above some
clarifications shall be made: a) VSWR requirements are only
applicable to the 0 dB RF attenuation condition because Full
TDEMI measurement systems have robust oscilloscope-type
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inputs and it is often unnecessary to use additional RF
attenuation for protecting the instruments’ input; b)
Narrowband verifications at discrete suggested frequencies
(the start, stop and centre frequencies) are replaced by
broadband (full-spectrum) measurements; c) the pulse
repetition frequencies used are above 10 Hz because this is the
lowest mandatory pulse repetition frequency common to all
CISPR frequency bands; d) for multi-channel Full TDEMI
measurement system each channel shall be individually and
independently verified.

III. A JUST-BEFORE-TEST VERIFICATION METHOD

As mentioned previously, the verification method
described below is intended to address the requirements
identified in section II following both the “just-before-test”
and the “black-box” approaches. This means it comprises a
procedure (automation algorithm) that verifies the instrument
meets a specific response when a defined signal is applied to
its input using a reduced set-up of instruments.

A. The setup of the verification method

The test setup is formed by a VNA and an Arbitrary
Waveform Generator (AWG). In this particular case, the VNA
R&S ZVRE and the Pulse Function Arbitrary Generator
Keysight 81160A (14-bit resolution) are employed.

On the one hand, the VNA is used for: a) measuring the
VSWR and the impedance at the input of each channel of the
Full TDEMI measurement system; b) measuring and
correcting the cable attenuation. On the other hand, the AWG
is used for synthesizing the reference tones and pulses
required to verify the rest of the parameters. If the specific
VNA/AWG wused in the implementation has as many
ports/outputs as inputs has the Full TDEMI measurement
system, the procedure can be optimized by assigning an
individual port/output for every measurement channel. This is
significant because reduces the duration of the verification
process through the simultaneous evaluation of all the
channels of the Full TDEMI measurement system.

B. Automation of the verification method

The verification is automated by using a 5 stage routine
embedded in the Full TDEMI measurement software
application. Those stages are attenuation measurement, sine
wave measurements (amplitude and frequency accuracy),
pulse response measurements (absolute and relative), VSWR
and impedance measurements and, finally, report generation.
Those stages are executed in sequence, requiring a minimal
level of interaction and surveillance from the technician, who
is notified whenever it is required to change the connection
between instruments if an error has occurred (i.e.
communication errors), and when the verification process is
completed. In the case it is possible to provide an individual
signal source output for every measurement channel, end-user
intervention is further reduced.

Cable attenuation measurements are performed in the first
stage (Fig. 2). In that sense, VNA is configured to measure the
complex Sy using the maximum number of points (1601 in
this case) in the frequency range required by the verification

process. The results are acquired by the software application
for calculating the corresponding attenuation correction
factors of each channel. The process is repeated iteratively (for
i=1,2,3,4), one channel at the time.

Begin Cal
Stage |

Update & save
results

4 channels iterative loop

Configure Acquire
VNA measurement

Fig. 2. Attenuation measurements flowchart (Stage 1).

Calculate
attenuation

A

Measure S21
(complex)

Stage 2 is intended to verify the sine wave amplitude and
frequency accuracy. For that reason, a sample of reference
continuous wave RF tones that have certain, well-known,
characteristics is generated. In this sample, the amplitude and
frequency of the tones are selected using a hybrid random-
systematic approach without reposition and, in consequence,
some restrictions are applied. Half the sample is formed by
tones whose frequency are selected systematically to match
exactly the frequency steps at which the spectral estimation is
performed. The other half of the sample is tones that have a
completely random frequency selected between the lower and
upper measurement frequency of the CISPR band under
verification. The amplitude of the tones is also randomly
chosen within a configurable interval defined by a lower and
upper bound around 66 dBuV. This hybrid sampling approach
is used for collecting significant information about the
measurement accuracy in the whole band under different
sensitivity conditions (vertical scale). This data could be used
to quantify the error contributions of frequency-overlapping
and interpolation. Uniformly distributed pseudorandom
number generators are used for defining the characteristics of
the tones of the sample. The sample size, N, is defined as a
percentage of the total number of measurement points.

Update & save
results

4 channels
iterative loop

Caleulate
errors

Process in FD and
store results
Measure and

acquire in the TD

Configure Generate j-th pair
SG freq./amplitude

Fig. 3. Sine wave measurements flowchart (Stage 2)

Tone sweep
iterative loop
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The process represented in the simplified flowchart of Fig.
3 shows the sine wave measurement stage is repeated
iteratively for each tone within the selected sample and then
for each channel (for i=1,2,3,4), one at the time.

Next, during the third stage, a specific pulsed signal is
synthesized for having a flat frequency response (66 dBuV
+1,5 dB) while respecting the spectral density requirements
that are summarized in Table III.

TABLE III. TEST PULSE CHARACTERISTICS FOR EMI TEST RECEIVERS [3]

Band Frequency Impulse area Jrep (ref.)
A 9 kHz to 150 kHz 13,5 uVs 25 Hz
B 0,15 MHz to 30 MHz 0,316 uVs 100 Hz
C 30 MHz to 300 MHz 0,044 uVs 100 Hz
D 300 MHz to 1 000 MHz 0,044 uVs 100 Hz

The pulse waveform shall be changed for each j-th CISPR
bands under assessment because of the different requirements
of the reference pulses. The pulse repetition frequency is set at
the reference value for recording the absolute calibration.
Then this process is looped for every repetition frequency in
Table II in order to verify the relative response requirements
of the weighing detectors. Once again, this process iterates
until every combination of bands, channel, and pulse
repetition frequency have been measured (Fig. 4).

Update & save
results

4 channels
iterative loop

Calculate
errors

Yes
j=0

Process in FD and
store results

Pulse sweep

Measure and
iterative loop

acquire in the TD

Configure
SG

Generate
waveforms

Fig. 4. Pulse response measurements flowchart (Stage 3).

In the fourth stage (Fig. 5), VNA is used to measure the
complex voltage reflection coefficient at the input of each
channel of the Full TDEMI measurement system. No RF
attenuation is used.

Finally, in its last stage, the calibration algorithm generates
the result plots and a report on an excel spreadsheet, including
summary statistics as the Root Mean Squared Error (RMSE),
the maximum error, the mean value, the standard deviation
(STD) and the tolerances. This automatically generated
summary report provides the user with concise information
required to verify the Full TDEMI performance in terms of the
standard requirements.

Begin Cal
Stage 4

=0

No Update & save Caleulate
results VSWR
A
Yes

4 channels iterative loop
Configure VNA Acquire
measurement

Fig. 5. VSWR measurements flowchart (Stage 4).

Measure S11
(complex)

IV.  VERIFICATION RESULTS

In this section, the results of the verification of a specific
Full TDEMI measurement system will be presented. It is the
case of the Full TDEMI 4200 which relies on the USB
oscilloscope “Picoscope 5444B” from Pico Technology®. The
Full TDEMI 4200 has 4 channels and 200 MHz of nominal
bandwidth. Thus, the verification will be performed in the
CISPR bands A (9 kHz — 150 kHz) and B (150 kHz — 30
MHz).

Concerning the sine wave measurements, Fig. 6 shows the
errors in amplitude (voltage) of the reference tones injected to
the measuring apparatus for N=200. In both bands, and in
every channel, the observed errors are below 1 dB in the worst
case, as shown in Table IV.

2
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HEA P R S I SR
Peogdperd Lunaodyooon

Amplitude error (dB)
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2 . . . I I I I
20 40 60 80 100 120 140

Frequency (kHz)
a) CISPR band A

Amplitude error (dB)

- n )

5 10 15 20 25 3C
Frequency (MHz)
b) CISPR band B

Fig. 6. Sine wave voltage accuracy verification results.
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TABLE IV. SUMMARY FROM SINE WAVE VOLTAGE ACCURACY VERIFICATION

With regards the relative pulse response verification, the
results were satisfactory for all channels. Table VI shows only
the results of the measurements performed on Channel A,
because of space constraints. However, the differences in the
relative pulse response observed among channels is negligible.

TABLE VI. RESULTS FROM THE RELATIVE PULSE RESPONSE VERIFICATION

CH Band RMSE [dB] Max [dB] STD [dB]
A A 0.103 0.242 0.098
B 0.168 0.599 0.138
B A 0.108 0319 0.105
B 0.175 0.588 0.130
c A 0.110 0.345 0.110
B 0.283 0.685 0.167
b A 0.109 0.307 0.108
B 0.349 0.922 0.192

Likewise, for the pulse response absolute measurements,
Fig. 7 shows the results for each CISPR frequency band. The
most relevant aspects to notice are the flatness of the
frequency response and the ratios between peak/quasi-peak
and quasi-peak average, which fulfill standard requirements. It
is important to highlight this is a full-spectrum, multi-channel
and multi-detector characterization of the pulse response. In
both bands, for every channel and, all detectors the observed
errors are below 1 dB in the worst case, as shown in Table V.
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Fig. 7. Response to pulses (absolute) verification results.

TABLE V. SUMMARY FROM THE ABSOLUTE PULSE RESPONSE VERIFICATION

[ o [T
A | 25D | 6.106 0 12.36 451

A 60 3.16 295 NI
A 100 2.13 39 NN

B 10 17.48 mas . NN - 2513
B 20 : 13.18 53 Mnnm

P PK QP/PK AV/QP
CH | Band []:;;] Max error Max error Max error
[dB] [dB] [dB]

A A 25 0.716 0.168 0.189
A B 100 0.802 -0.132 -0.371
B A 25 0.764 0.173 0.195
B B 100 0.7 -0.03 -0.067
C A 25 0.75 0.173 0.196
C B 100 0.779 0.09 0.262
D A 25 0.837 0.182 0.207
D B 100 0.545 0.062 0.193

Finally, the Voltage Standing Wave Ratio (VSWR) is
measured at the input of every channel of the PicoScope
5444B using a 50 Q termination in parallel to the high
impedance provided by the instrument. VSWR measurement
is displayed in Fig. 8. The measured VSWR remains below
the 1.2 threshold even if the maximum allowed VSWR is 2
without an attenuator.
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EREE 1
g
14 8
12 .
e
T SRS ; . .
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Frequency (MHz)

Fig. 8. VSWR verification results.

V. CONCLUSIONS

Throughout the examination of the results of the
verification process, it was concluded this specific Full
TDEMI measurement system performed in compliance with
the CISPR 16-1-1 applicable requirements. The whole
verification process (five stages) takes approximately 1 hour
to be completed, using a standard desktop computer. This
means, approximately 15 min per measurement channel,
which is fast enough to be used under the “just-before-test”
approach, whenever necessary. In fact, this activity could be
executed during the warm-up time recommended for some
measuring instruments, which means the verifications would
not cause further delays in the typically busy schedule of an
EMC testing laboratory.
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Moreover, this verification procedure could be used as the
core of a calibration procedure of Full TDEMI measurement
systems. In order to achieve this, further work shall be done in
terms of the measurement uncertainty analysis and also with
regards a well-defined measurement traceability chain.
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Abstract— This paper presents the evaluation of the
performance of Full Time Domain Electromagnetic Interference
measurement systems in terms of the noise figure, the linearity,
the dynamic range, the voltage standing wave ratio and the
crosstalk. The abovementioned parameters allow a broader
characterization of the oscilloscope-based implementations of
CISPR 16-1-1 measuring receivers, providing relevant
specifications that are beyond the standardized baseline
requirements. Such metrics are assessed using the actual settings
and operating conditions required for compliant time-domain
EMI measurements. For the specific oscilloscope used in the
experiments, the noise figure is measured for all the different
vertical ranges between 5 mV/div and 1 V/div. Likewise, the
linearity and the dynamic range, in terms of the effective number
of bits, was measured for sine wave input signals with an rms
voltage swept between 20 mV and 1 V. This experiment was
repeated for CISPR bands A, B and C/D using 10 kHz, 1 MHz,
and 100 MHz sinusoids, respectively. The results allow a more
comprehensive comparison between Full TDEMI measurement
systems and the more conventional superheterodyne architecture
receivers that are completely specified in the frequency domain.

Keywords— Dynamic range, electromagnetic interference,
measuring receiver, noise figure, time-domain measurements

. INTRODUCTION

The measuring receiver is the fundamental instrument for
conducted and radiated electromagnetic emissions testing.
According to the standard definition given by the CISPR 16-1-
1:2015, it is an “instrument such as a tunable voltmeter, an
electromagnetic interference receiver, a spectrum analyzer or a
Fast Fourier Transform (FFT) based measuring instrument,
with or without preselection, that meets the relevant parts of
this standard” [1]. In this regard, the standard CISPR 16-1-1
does not provide a particular implementation of a measuring
receiver but a number of requirements that manufacturers have
to fulfill under a “black-box” approach.

However, in practice, there are two broad categories for
classifying the measuring receivers. On the one hand, there are
conventional  swept receivers with  super-heterodyne
architecture that, fundamentally, measure the amplitude of the
spectrum in the frequency domain [2]. On the other hand, there
are the FFT-based measuring receivers that take advantage of
time-domain measurements for speeding up emissions testing
and for providing time-frequency analysis features which are

978-1-4673-9698-1/18/$31.0002018 IEEE

useful for evaluating and mitigating the impact of transient and
stochastic disturbances [3]-[5]. Currently, real-time analyzers
[6], [7] and oscilloscope-based implementations are the two
approaches for realizing FFT-based measuring receivers.

In recent years, the idea of using oscilloscopes for EMI
measurements [8], beyond pre-certification purposes, has been
brought back for discussion in academia [9], [10]. What has
been called “Full TDEMI measurement systems” is a software-
defined implementation of a measuring receiver that allows for
EMI testing using oscilloscopes while meeting all baseline
requirements of CISPR 16-1-1 [10], [11]. In that sense,
previous studies by the authors have reported that, provided a
general-purpose oscilloscope with the appropriated technical
specifications, Full TDEMI measurement systems fulfill
CISPR 16-1-1 baseline requirements for CISPR bands A to D.
In particular, two different implementations of the Full TDEMI
measurement system were characterized with regards the sine-
wave voltage accuracy (level error), the frequency selectivity,
the pulse response (absolute and relative) and, the voltage
standing wave ratio (VSWR) at the receiver’s RF input port.
The results of such characterization provided sufficient
evidence to conclude CISPR 16-1-1 requirements were
satisfied [10], [11].

Nonetheless, CISPR 16-1-1 requirements might be
insufficient for providing a complete description of Full
TDEMI measuring systems. In fact, other parameters such as
the noise figure, the displayed average noise level, the dynamic
range, among others, are commonly used to benchmark
spectrum analyzers and measuring receivers. Translating the
dynamic performance metrics of oscilloscopes for delivering
such complementary specifications regarding Full TDEMI
measurement systems is the objective of this paper. The paper
is organized as follows. First, an outline of Full TDEMI
measurement systems is provided along with some summarized
results that support their compliance with CISPR 16-1-1
requirements in CISPR bands A to D (9 kHz — 1 GHz). Then,
section 111 defines the dynamic performance measures included
in the scope of this paper and presents the mathematical
relationship between them. Subsequently, the actual results of
the evaluation of the noise figure, the linearity, the dynamic
range, the VSWR and the crosstalk are given in section IV.
Finally, the paper closes with the conclusions and a couple of
remarks concerning the adequacy of the test setup used in the
experiments.
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1. FuLL TiME DOMAIN EMI MEASUREMENT SYSTEMS

A. Overview of Full TDEMI measurement systems

Full TDEMI measurement systems are oscilloscope-based
implementations of an EMI measuring receiver. In general
terms, a Full TDEMI measurement system is described by the
block diagram shown in Fig. 1 [9], [11]. For the measurement
of radiated EMI, a broadband antenna shall be used, while for
the measurement of conducted EMI corresponds either a
current clamp or a Line Impedance Stabilization Network
(LISN). The measured signal could be amplified or filtered if
this provides better sensitivity. In the analog-to-digital
converter (ADC), the full spectrum signal is digitized in real-
time and stored in as a time-discrete value-discrete signal.

Transducers  EMI conditioning Hardware Software
0 X I TR
rpSEa | gl | e
% LLLLL]
LISN
| | AmP/FiILTER OSC/ADC DSP

Fig. 1. Block diagram of a Full Time-Domain EMI measurement system.

The final measurement results are computed via the
processing techniques implemented in a software layer that
provides compliance with the relevant CISPR 16-1-1
requirements. After deep memory acquisitions, the software of
the Full TDEMI measurement system performs signal
processing tasks including windowing, resolution enhancing,
resampling, spectral estimation (using the Short-Time FFT and
the Welch’s method) and the detector emulation. Those
mathematical transformations are responsible for delivering the
measurement results in accordance with CISPR 16-1-1
requirements [11].

Full TDEMI measurement systems capture the whole
spectrum of the EMI with every acquisition enabling multi-
domain analysis. Besides, the triggering and multichannel
capabilities found in most oscilloscopes provide additional
tools for testing multi-functional mode equipment and for
emissions testing parallelization. On the other hand, much
higher sampling rates and a deeper memory are required than
with real-time analyzers. This imposes bandwidth and dwell
time constraints based on the current oscilloscope technology.

B. Summary of the oscilloscope’s specifications

The capability of a Full TDEMI measurement system to
comply with CISPR 16-1-1 baseline requirements depends not
only on the application of the adequate processing techniques
(software) but also on the adequacy of the oscilloscope in terms
of resolution, an effective number of bits, sampling frequency,
and bandwidth. That being said, Table | gives a summary of
the key specifications of DPO5104B from Tektronix®.

Regarding the specifications shown in Table I, the
oscilloscope has a 1 GHz bandwidth, a maximum sampling rate
of 10 GS/s, 50 MS of memory depth, and its nominal input
impedance can be set to 50 Q. The preselection is not used by
default and overload is prevented by adjusting dynamically the
vertical scale while attempting to maximize the sensitivity.
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TABLE |. OSCILLOSCOPES SPECIFICATIONS AT THE OPERATING CONDITIONS
CONFIGURED IN THE FULL TDEMI MEASUREMENT SYSTEM

Resolution [bits] 8
ENOB [bits] 6
Enhanced resolution [bits] 05t04
Max sampling frequency [GS/s] 10
Sampling freq. for Band A (typical) [MS/s] 50
Sampling freg. for Band B (typical) [MS/s] 500
Sampling freq. for Band C/D (typical) [GS/s] 5
Bandwidth (Bands A/B/C&D) [MHz] 20/500/1000
Input impedance 50Q/1MQ

C. Compliance with CISPR 16-1-1 baseline requirements

As has been extensively explained in [11], Full TDEMI
measurement systems based on the selected oscilloscope have
demonstrated to be compliant with CISPR 16-1-1
requirements. Table 11 shows the summary results from the
corresponding assessment of conformity.

TABLE |l. RESULTS FROM THE ASSEMENT OF CONFORMITY PERFORMED ON
FuLL TDEMI MEASUREMENT SYSTEMS.

Band C/D
Cal. Req.
Level error [dB] *15 +2dB
§ 15dB 59+2 [40, 140]
=
>
£ 6dB 11942 120+20
.é
3 20dB 2102 [100, 280]
z PK [dB] £0.1 +15
23
383
582 QP [dB] 0.1 +15
25
3 3
3
ES AV [dB] 0.1 +15
100 Hz 119 120+15
PK/QP [dB] | 1kHz
5kHz
k4 5 100 Hz 0 0
25
)
32 | PR | 1k 80 -8.0£10
58
Qo
&= 5kHz - -
4
100 Hz
AV/QP [dB] | 1kHz 38.4 38.1+1.5
5 kHz 26.4 26.3+1.5
VSWR
(©0dB at) <14 20to1l
Typical values for every channel of the Full TDEMI system.

“Reference pulse repetition frequency.

With this oscilloscope, it is possible to declare compliance
with sine wave accuracy (amplitude level error), absolute and
relative response to pulses, frequency selectivity, and VSWR
requirements.
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Even if compliance with the CISPR 16-1-1 baseline
requirements has been achieved using the previously specified
oscilloscope, the reported results provide scarce information
regarding the actual dynamic performance of the Full TDEMI
measurement system.

111. DYNAMIC PERFORMANCE MEASURES

Considering oscilloscopes are used by the Full TDEMI
measuring receivers, their dynamic characterization should be
performed at the operating conditions required for compliance
with CISPR 16-1-1. In summary, from the oscilloscope’s
calibration methods it is well known the importance of
quantifying the ADC noise, the gain and the linearity of the
channels, and the input mismatch and crosstalk [12]-[14]. In
the following subsections, such aspects will be investigated.

A. Noise Figure

The noise contribution from circuit elements is usually
defined in terms of noise figure, and it accounts for the amount
of noise that a circuit adds to the signal. In this regard, the
noise figure of a circuit, NF, is defined as the signal-to-noise
ratio (SNR) at the input divided by the SNR at the output
expressed in decibels, that is,

SNR;
NF =10 Iog(SNR”‘"”' >1 I
output Bmpur:Bnmpm

where B is the bandwidth. Equation (1) can be simplified for
the case of a test receiver because the level of the signal is the
same at the input and at the output (displayed measurement
result). Assuming true noise at the input of the receiver when
terminated in a 50 Q, the former equation can be written as,

NF = N, {dB] - 10log(KTB) @

where k is the Boltzmann constant and T is the temperature in
Kelvins.

Typically, NF is specified for a 1 Hz bandwidth and a room
temperature of 21 °C. Therefore, NF is given by

NF| Ny [BM] —10l0g( RBW) +174dBm ~ (3)

where RBW is the resolution bandwidth used for measuring the
displayed noise level noise, Noutput.

B=lHz

For oscilloscopes, the Nouput depends on the vertical noise
at the different volts-per-div sensitivities. Therefore, vertical
noise must be measured for each vertical range setting with
every oscilloscope channel terminated into 50 Q and using the
same sample rate and acquisition mode specified for EMI
measurements [9]. Then, the recorded base-line noise floor
waveform is transformed into the frequency domain according
to the method described in [4], [15]. Finally, Noupu is the
average noise level measured with the rms detector for each
CISPR band.

B. Linearity and Dynamic Range

A perfect linear oscilloscope would be able of registering
the waveforms without distortion. However, the effect of
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quantization noise and other nonlinearities limit the dynamic
performance of the ADC and, in consequence, the actual
specifications of Full TDEMI measurement systems.

The effective number of bits (ENOB) is a measure that
summarizes information about the linearity and the dynamic
range of the ADC. The equation of the ENOB is derived from
the theoretical SNR of an ideal N-bit ADC, by replacing the
SNR by the Signal-to-Noise-and-Distortion (SINAD), that is,

SINAD -1.76 dB
6.02 '

Equation (4) assumes a full-scale input signal, but this is
not recommended in order to avoid distortion due to signal
clipping. If the signal level is reduced, the value of SINAD
decreases and the ENOB decreases. Thus, a correction factor,
that normalizes the ENOB value to a full-scale, Vi scale, Must
be added for calculating it at reduced signal amplitudes, Vinpu,
as shown in (5),

ENOB = ()]

SINAD[dB] ~1.76 dB + 20 bgLvaﬂJ o

input

ENOB =
6.02

On the other hand, SINAD expressed in decibels, is given
by (6),

S _SNR _THD
SINAD = 20 Iog(—j =-10log|10 *© +10 6)
N+D

where SNR and THD are the signal-to-noise ratio and the total
harmonic distortion, respectively. Then, the SNR and the THD
must be measured for the all vertical ranges of the oscilloscope
and for every measurable CISPR band.

The SNR is measured using a well-known sinusoidal input
signal. The level of the reference signal is taken directly form
the final measurements displayed in the frequency domain
using the standard detectors and resolution bandwidths. It is
important to notice that cable attenuation must be corrected in
the signal level measurement. The (output) noise level, for each
vertical scale and corresponding RBW, is obtained from the
previously characterized noise figure (3).

Moreover, SNR could be theoretically estimated using the
following expression,

SNR =6.02(N + N¢) +1.76 dB+ G, + Gyingon+ Gren  (7)

where N is the number of physical bits of the ADC, Ng is the
increase in the number of bits due to the smoothing filter
applied by the oscilloscope in high resolution algorithm, Gp is
the FFT processing gain, Gwindow IS the processing gain from
using a non-rectangular windowing function, Gweicn is the
reduction of the white noise variance when estimating the
spectrum using the Welch’s method.

For instance, Tektronix oscilloscopes can reduce the
waveform noise HiRes by applying a smoothing digital boxcar
filter on the decimated acquisition. The filter 3 dB bandwidth is
approximately 0.44 of the sample rate. In the same vein, Ng is
given by
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1 1 F
== D)== x| ®)
N 2Iogz( ) 2Iogz[ F j

where D is the decimation factor that is calculated as the ratio
between the maximum non-interleaved sampling frequency of
the scope, Fmax, and the actual sampling frequency set for the
output waveform [9].

The FFT processing gain, Gp, is obtained by means of
oversampling the time-domain waveforms. Such reduction in
the noise floor is explained by the spectral spreading of the
quantization noise power as the sampling frequency increases

[8]. Gp is given by (9),
F, ] , ©
2B

G, =10 log(

Likewise, the Gwindow is the reduction of the noise due to the
filtering effect of the bell-shaped windowing function applied
to the time-domain signal. It is measured as the ratio between
the RBW and the Equivalent Noise Bandwidth, ENBW,
expressed in decibels, that is,

Guingon=10 bg( RBW ) :

ENBW (10)

Additionally, time-domain EMI measurements typically
use the Welch’s method for estimating the spectrum of the
measured signals over the set of highly overlapped windows
that segments the whole waveform acquisition. Consequently,
when estimating the noise spectrum, there is a reduction of its
amplitude variance due to the combination of spectrum
calculated for all the overlapped windows according to the
standard weighting detectors, in comparison with the spectrum
that would have been obtained using the regular periodogram,
that is, with neither windowing nor overlapping applied.

In that sense, such reduction is given by

_ Var{Px} , 11)
Giyeien =10 bg[Var P, }J

where Var{Px} is the variance of noise spectrum estimated
using a regular periodogram while the Var{Pw} is the variance
of noise spectrum estimated using the Welch’s periodogram for
a given window function, resolution bandwidth, and
overlapping factor. Both variances can be numerically
calculated using the Monte Carlo approach.

Consequently, the theoretical model for the SNR of Full
TDEMI measurement systems can be used for calculating a
maximum SNR under the assumption the ADC is ideal. The
results are shown in Table I11.

Conversely, total harmonic distortion is defined as the ratio
of the total rms voltage of the harmonics to that of the
fundamental component. In decibels, it is calculated as,

Np,

THD =10log [ZVEJ— 20log(V,) - (12)
i=2

where V is the rms voltage of the fundamental frequency, Vi is

the rms voltage of the i-th harmonic and Ny, is the highest order

of the harmonic that is measured above the instrument noise

floor.
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TABLE Ill. THEORETICAL SIGNAL OT NOISE RATIO FOR FULL TDEMI
MEASUREMENT SYSTEMS FOR CISPR BANDS A TO D

Oscilloscope Specs CISPR Bands

A \ B \ ciD
N [bits] 8
Frax [GS/s] 10
Fs[MSI/s] 50 500 5000
Ne [bits] 38 2.2 0.5
B [Hz] 150x10° 30x10° 1x10°
Gp [dB] 22.2 9.2 4.0
RBW [kHz] 0.2 9 120
ENBW 0.15 6.78 90.42
Guwindow [dB] 1,23
Dwell time (ms) 100 10 10
Window type Kaiser-Bessel ($=16.7)
Overlapping 80%
Gwelcn 12,7 19,6 31,0
SNR [dB] 109 93 89

C. VSWR and Crosstalk

The evaluation of the VSWR is intended to measure the
impedance matching of the oscilloscope to the 50 Q
characteristic impedance required for the entire EMI
measurement system. It is measured directly using a Vector
Network Analyzer, for all the possible vertical range settings of
the oscilloscope and covering the complete bandwidth.

On the other hand, the crosstalk evaluation is intended to
quantify the coupling between the oscilloscopes channels by
means of two-port S-parameters measurements. Crosstalk must
be taken into account when performing multichannel EMI
measurements according to the test setups suggested in [12].

V. RESULTS

This section comprises the measurement results for the
dynamic performance evaluation carried out to a Full TDEMI
measurement system implemented with the oscilloscope.
Whenever applicable, the reference signal generator used was
the 81160A Pulse Function Arbitrary Generator from Keysight
technologies.

A. Noise Figure

Fig. 2 shows the measured noise figure referenced to a
resolution bandwidth of 1 Hz for the Full TDEMI measurement
system under evaluation. There is a clear linear increase in the
noise figure as the vertical range of the oscilloscope is set for
measuring signals with a larger peak-to-peak voltage. This
means a loss in sensitivity of the measurement system that
should be considered when measuring simultaneously
broadband impulsive noise and narrowband interferences.
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Fig. 2. Noise figure referenced to a RBW of 1 Hz for a Full TDEMI
measurement system based on OSC 2 configured for having 1 GHz of
bandwidth and a sampling rate of 5 GS/s.

Fig. 2 can also be used for determining if, for a given signal
amplitude, there will be enough margin with respect a certain
emission limit. For example, for a noise figure of 30 dB and a
resolution bandwidth 120 kHz, the displayed average noise
level would be -94 dBm or 14 dBuV, approximate. Likewise, it
is important to notice that for the maximum sensitivity and
with the average detector, the results suggest the Full TDEMI
measurement system have a displayed average noise level
(RBW=1 Hz) of approximately -155 dBm, which is in line with
many commercial test receivers.

B. Linearity and Dynamic Range

Fig. 3 shows the correspondence of the voltage level
measurements performed with Full TDEMI system and the
input voltage applied to the reference signal generator. The
measurement was repeated at three different frequencies using
the specific settings required for CISPR bands A to D. Results
show that for sine wave having amplitudes swept over the
oscilloscope vertical ranges, the level error is linear and
remains below +0.15 dB which is significantly less than the
CISPR 16-1-1 requirement of +2 dB.
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Z 151 O BandB@ 1MHz ® 1
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O 9f K 1
g5k @ . . . L . . L3
85 20 95 100 105 110 15 120

Input voltage level [dB(p.V)]
Fig. 3. Linear amplitude voltage swept and error level measurements.

Fig. 4 shows the measured SNR. The measured SNR ratio is
closer to the theoretical value provided in Table 1V as the full
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scale voltage level increases. As expected, the SNR is higher
the lower the frequency of the CISPR band under assessment
is. This is because the usage of a narrower RBW and also due to
the noise reduction achieved by the combination of signal
oversampling and high resolution waveform smoothing.
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Fig. 4. Signal to noise ratio of a Full TDEMI measurement system.

Regarding the ENOB, Fig. 5 shows a linear tendency in the
increase of the ENOB as the full scale voltage level growths.
Moreover, ENOB is less sensitive to the vertical range setting
when performing measurements in CISPR bands A and B in
comparison with the measurements in bands C and D. This is
explained by the combination of a lower SNR and higher THD
that characterizes the oscilloscope dynamic performance at
frequencies in the range of bands C/D versus the higher SNR
and lower THD observed in bands A/B.
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Fig. 5. An effective number of bits of a Full TDEMI measurement system.

C. VSWR and Crosstalk

Fig. 6 presents the measurement results for the maximum
VSWR (red axis on the left hand side) taken from all
oscilloscope channels and among all the different vertical
ranges. Likewise, Fig. 6 shows the mean and the min-max
range of the oscilloscope input impedance. The evidence
supports that the oscilloscope fulfills the requirements of
CISPR 16-1-1 in terms of the maximum VSWR without an
attenuator.
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Fig. 6. VSWR evaluation of a Full Time-Domain EMI measurement system.

Furthermore, crosstalk was found to be higher between
pairs of adjacent channels. In the worst case, approximately 60
dB of isolation was exhibited between pairs of adjacent
channels, while for rest of pairs more than 75 dB of isolation is
guaranteed. For frequencies below 600 MHz, all the pairs of
channels experience similar crosstalk, however, above
600 MHz crosstalk is significantly larger among pairs of
adjacent channels (Sz1, Ss2, Ss3) than with the rest of pairs.
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Fig. 7. Crosstalk evaluation of a Full Time-Domain EMI measurement system.

V. CONCLUSION

The dynamic performance of a Full TDEMI measurement
system based on the general-purpose oscilloscope Tektronix
DPO 5104B has been presented. The influence of the
configured vertical scale, sampling rate and acquisition modes
were observed in the noise figure, the signal-to-noise ratio and
in the effective number of bits. Using oscilloscopes for EMI
measurements involves making compromises between the
dynamic range and the sensitivity that are relevant, therefore,
they must be characterized. However, currently such evaluation
is beyond the scope of CISPR 16-1-1 baseline requirements.
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CONCLUSIONS AND FURTHER WORK

8.1. CONCLUSIONS

Full TDEMI technology for radiofrequency emission measurements is a reliable and complementary
alternative for the traditional EMI measurements. It enables the use of general-purpose real-time sampling
oscilloscopes for electromagnetic interference measurements, thus it is entirely based on time-domain
instrumentation. It replaces the super-heterodyne architecture of conventional swept frequency receiver

with the signal processing required to perform spectral estimation.

Regarding the series of processing steps undergone by the measured time-domain signal, it is important
to highlight those who are essential for delivering results that are directly comparable to an actual swept
frequency receiver. In that sense, the following elements of the processing chain were primordial for the

fulfillment of the first objective of this objective.

* Optimizing the acquisition. This means determining the best possible oscilloscope configuration in
terms of the sampling rate, record length, number of acquisitions, acquisition mode and vertical range.
For instance, using a combination of oversampling and resolution enhancing smoothing allow for
an effective reduction of the noise in the waveforms, thus achieving a better dynamic range in the
spectral measurements. Likewise, it is necessary to manage the oscilloscope memory in order to record
events of sufficient duration with respect the interference repetition frequency. This is fundamental for

properly emulating the response of the standard weighting detectors.

¢ Short-Time Fourier Transform (STFT) for non-parametric spectral estimation and detector emulation.
Typically, EMI measurement (dwell) time is larger than the minimum interval required to calculate the
spectrum for a given resolution bandwidth. Thus, the STFT is used to calculate the frequency content
of local sections of the interference as it changes over time. Those shorter sections have the same time
length and are selected using a windowing function that slides along the recorded time-domain signal.
Therefore, the STFT becomes a parallel implementation of a filter bank whose frequency response
is dependent on the selected windowing function. With such information, it is possible to deliver,
simultaneously, a spectral estimation for all the standard weighting detectors and, also, any other kind

of statistical detector.
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* Selecting a suitable windowing function and overlapping factor. On the one hand, the equivalent
frequency selectivity of STFT filter bank, and thus the resolution bandwidth, depends on the length
(duration) of the local sections of the signal which is in turn determined from the frequency response
of the windowing function. Therefore, the frequency response of the windowing function must be
compliant with the selectivity requirements set for the different frequency bands in accordance with the
CISPR 16-1-1 standard. On the other hand, windowing causes processing losses, scalloping errors and
spectral leakage. In consequence, processing losses must be compensated, scalloping errors must be
reduced through an optimum overlapping and sidelobe levels must be considered in order to guarantee
sufficient dynamic margin. After multiple tests, the Kaiser-Bessel windowing function with a parameter
B =16.7 and a minimum of 80 % of overlapping have proven to be a suitable selection for Full TDEMI

measurements.

With respect their performance, the Full TDEMI measurement system have been evaluated following two
complementary approaches, one for verifying conformity with the applicable standard requirements and

another one for characterizing their dynamic performance. The main conclusions of both assessments are:

e CISPR 16-1-1 baseline requirements were assessed using a time-domain based waveform approach.
In accordance with the bandwidth of the Full TDEMI measurement systems under evaluation, the
frequency range covered was 9 kHz — 1 GHz, comprising CISPR bands A-D. Results showed that Full
TDEMI measurement systems based in the oscilloscopes models Tektronix DPO5104B (for CISPR bands
A, B and C/D) and PicoScope 5444B (for CISPR bands A and B) satisfactorily meet the requirements
of sine wave level error, frequency selectivity, absolute and relative frequency response and voltage
standing wave ratio. Moreover, the proposed test setup, based on arbitrary pulse generators, was found
to be more affordable, versatile, and flexible than other calibration methods used for EMI measuring
receivers. In fact, it was demonstrated that the usage of the CISPR baseband pulse generator can
be avoided. A collateral advantage of this approach is that waveforms can be represented as exact
numerical vectors and they could be easily reproduced by, or shared between, any laboratory having

an adequate arbitrary pulse generator.

* The dynamic performance evaluation of Full TDEMI measurement systems is aimed to determine the
influence of the configured vertical scale, sampling rate and acquisition modes in the noise figure, the
signal-to-noise ratio and in the effective number of bits. In other words, it characterized the trade-off
between the dynamic range and the sensitivity that is intrinsic to the usage of oscilloscopes for EMI
measurements. In this regard, the measured signal to noise ratio in the Full TDEMI measurement
system implemented with the oscilloscope Tektronix DPO5104B was found to be between 70 dB
and 100 dB, while the effective number of bits ranged from 6 to 10. In general, a better dynamic
performance was exhibited when the amplitude of the input signal was larger with respect the
instrument noise. This suggests that Full TDEMI measurement system can benefit significantly from
pre-amplification. As expected, better dynamic performance was also evidenced as the amplitude
of the input signal approached the maximum input voltage. Comparatively, in the best scenario,
Full TDEMI measurement systems can provide a similar displayed average noise level than many
commercial spectrum analyzers, however, in general, the sensitivity of Full TDEMI measurement
systems is lower than the specified by superheterodyne architecture receivers. This is to be expected
because of the larger bandwidth.

Beyond the actual advantages and drawbacks raised by the specified performance of Full TDEMI

measurement systems, a set of alternative test methods were proposed for improving emissions testing
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through the exploitation of the multichannel and the triggering capabilities of oscilloscopes. Hereof, it can
be concluded that,

* Multichannel capabilities of oscilloscopes enable single stage evaluation of the conducted EMI of all the
mains lines of the equipment under test. For this purpose, individual RF outputs are required for each
line of the LISN or, alternatively, a multiline voltage probe. Consequently, there is a reduction in the
number of iterations required to complete the conducted emissions test. Furthermore, the common
mode and the differential mode voltage noise can be directly calculated from the time-domain
measurements, which is very useful for defining EMI mitigation strategies in the case of non-compliant
products. Additionally, transient disturbances related to a single event can be measured simultaneously
in all the EUT’s mains lines. A successful measurement campaign in which an automated storage
and retrieval system, namely a large fixed installation, was evaluated on site regarding its conducted
and radiated radiofrequency emissions provides a clear example of the benefits from the usage of the
multichannel Full TDEMI approach [23].

* The concurrent conducted and radiated EMI measurements allow correlating, in both time and
frequency domains, the measured voltages/currents and the electric/magnetic fields. An example of
such application was the proposed on-board measurement system for the evaluation of the indirect
effects of lightning strikes in Unmanned Aerial Vehicles. In this particular case, EMI monitoring can be

triggered by the transient disturbances coupled into cables and antennas inside the fuselage [22].

* The parallelization of multi-antenna radiated emissions testing is useful in test setups that requires
measuring low-frequency magnetic fields below 30 MHz and also the electric field above 30 MHz.
For instance, the EMC standards for railway applications (IEC 62236 and EN 50121-3-1) requires the
rolling stock to be evaluated in static conditions and in dynamic mode, circulating at low speed and
accelerating and/or braking at the measurement point. In such scenario, up to three antennas could
be used to measure simultaneously the radiated emissions, that is, a magnetic field loop antenna (9 kHz
- 30 MHz), a biconical antenna (30 MHz — 200 MHz) and a log-periodic antenna (200 MHz — 1 GHz).
Being able of measuring with multiple channels simultaneously reduces the number of test iterations.
This is particularly relevant in this kind of in-situ measurements that are typically very expensive
and time-consuming. At the same time, the test reliability improves as the equivalent measurement
time increases up to 2500 times in comparison with the frequency sweep measurement approach. A
conference proceeding reporting the experience on the usage of Full TDEMI measurement systems in

the in-situ assessment of the emissions of a rolling stock can be found in [24].

As has been shown, the proposed alternative test methods have improved significantly the EMC testing
process in a variety of industries by reducing the amount of time and the efforts required for performing a
complete system evaluation due to the following reasons.

* Time-domain EMI measurements deliver faster results because the interference’s spectrum is
simultaneously estimated for all the standard weighting detectors required to determine compliance
with respect to the maximum emissions limits defined in the corresponding generic or product
standard.

° The number of measurement iterations is reduced because of the multichannel capabilities of
oscilloscopes and also because of an agile identification of the worst case emissions in EUT having

several different operating modes.
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e Full TDEMI measurement system is a cost-effective, versatile and robust alternative to real-time
spectrum analyzers for EMI measurements in the range of few gigahertz. This means Full
TDEMI measurement systems offer an affordable solution for in-situ emissions testing, for in-house

laboratories of SME’s and also for university EMC laboratories.

The above-mentioned conclusions primarily relate the contributions of Full TDEMI measurement
systems regarding its technical implementation and its application for standard EMI measurements.
Moreover, as has been defined in the objectives, the Thesis comprised the following of contributions focused

on theoretical aspects of the signal and statistical processing of EMI measurements.

On the topic of the statistical modeling of the worst-case disturbance emissions levels (extreme
values), an analytic model for the probability distribution function of peak detector measurements was
proposed. Assuming the peak detector measurements of random interferences have a normal distribution,
the mathematical expressions for its expected value and for its variance were obtained. Computational
validations were performed using the Monte Carlo method and experimental validations were carried out by
measuring predefined stochastic and cyclostationary signals generated using arbitrary waveform generators.
However, it was later found that if the measured signal does not satisfy the model assumptions, the model
overestimated the expected maximum value.

A continuation of the aforementioned work, employed a robust approach for calculating, numerically,
such expected maximum. It involved using non-parametric kernel-fitting and bootstrapping for delivering
the estimates of the expected maximum and the variance. The practical interpretations of this contributions
are several. First, it can be used to predict a likely “long-term” max-hold value based on the statistical
information contained in a single short-duration acquisition. This is important for overcoming the memory
limited duration of a single “gapless” time-domain EMI measurement. Secondly, the expected maximum
value is robust against outliers (very rare events) while max-hold value measurement is very sensible to them.
This is because calculating the expected maximum detector requires using time-frequency information for
calculating the most likely value for the peak emissions at each frequency step. Thirdly, the variance of
the expected value of the peak emissions has lower variance than the actual peak value, consequently, the
uncertainty of the expected maximum detector is lower in comparison to the uncertainty of the peak detector.

Beyond its theoretical interest, the author believes the expected maximum detector has two drawbacks
in practice. The first one is that it is not yet correlated to EMI observable problems and, thus, emissions
requirements are not defined in its terms. The second one is that the expected maximum peak value is not
intuitive by itself. It can, in theory, take values that are above or below the measured peak value depending

on the distribution function of the measured interference.

Likewise, other contributions are related to the transient and continuous wave noise decomposition. In
the first place, custom algorithms for implementing the empirical mode decomposition for electromagnetic
interferences with additional capabilities for detecting and separating, transient-like, impulse noise, were
developed. In comparison with other signal decomposition approaches, the presented techniques have
several advantages: it introduces neither distortion nor delay on the IME it requires no prior information
on the spectral content of the measured EM], it does not require a domain transformation, it provides IMFs
that usually have a clear physical meaning, it is not constrained by time-frequency resolution limits, and it
allows a straightforward implementation through software. Therefore, the decomposition of EMI in the time

domain provides several new practical applications to be explored in Full TDEMI measurement systems,
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especially for those based on general-purpose oscilloscopes. For example, the heuristic capability for
isolating impulsive interference from continuous wave signals through time-gating is useful for the outdoors
evaluation of the APD detector even in the presence of the broadcasting signals of the corresponding the

communication system.

In the same vein, EMI decomposition in the time domain is potentially applicable for the cancellation
of unwanted background ambient noise in emissions measurements performed in situ, as required in
industrial environments or when assessing interferences of railway systems. This application was conducted
with successful results in proof-of-concept experiment was a single antenna test setup was used to apply
selective denoising on the emissions measurements. Such ambient noise cancellation method relies on the
classification of the decomposed intrinsic mode functions based on a preliminary characterization of the
ambient noise. Therefore, this ambient noise cancellation method assumes the ambient noise is stationary
and it is limited in terms of its capability of recognizing sporadic signals. Nonetheless, the short time
acquisitions used during radiated EMI measurements are less likely to suffer from variations in the signature

spectrum of the ambient noise.

However, EMI decomposition in the time domain has some drawbacks, and its performance is
improvable. In particular, the EMD algorithm, it is not possible to know beforehand how many IMF
will be identified. Therefore, the required time to process the signal is not bounded, and this could be
impractical for emissions testing measurements purposes. A possibility to reduce the processing time is to
establish a fixed number of intrinsic modes obtainable on the basis of the analysis of a preliminary measure.

As has been exposed throughout the different objectives of this Thesis, full time-domain EMI
measurements are not only feasible for compliant emissions testing but also an extremely valuable resource
when they are properly taken advantage for visualizing, analyzing and troubleshooting EMI phenomena. The
compendium of contributions grouped in this thesis advanced the prior state-of-the-art on time-domain EMI
measurements, that was focused in the hardware implementation of real-time analyzers of high bandwidth,
and have helped to expand the knowledge on time-domain measurement technology and its usage for setting
alternative emissions testing methods. Yet, the research on time-domain based EMI measurements and
applications is not finalized. In the near future, further work is expected to take place in terms of research,

technology development, and standardization activities as consequence of this study.

8.2. FURTHER WORK

Research on full time domain EMI measurements will continue in the future. According to the author’s
criterion and the cumulative experiences of these last years of investigation in the field, some remarkable
potential research topics can be listed, as follow:

* Full TDEMI measurement systems shall be further developed to embrace EMI measurements at
frequencies below 9 kHz. In fact, EMI problems from disturbances in the 2 kHz — 150 kHz have
been reported in modern sampling-based smart energy meters [69]. In that sense, time-domain EMI
measurements can be used to study the waveforms of the problematic conducted disturbances in
order to characterize them and also to define suitable test bench and procedures to ensure metering
devices such as the static energy meter. In that sense, efforts are also needed in terms of specifying

the instrumentation, the detectors and the emissions limits below 9 kHz because, nowadays, standards



136 CONCLUSIONS AND FURTHER WORK

provide little to none information in this regard. Likewise, the automation of low-frequency harmonics
emissions, flickers, and discontinuous disturbances (clicks test) measurements can be embraced under

the same approach as the Full TDEMI measurement system.

* Evaluating the performance and the feasibility of Full TDEMI measurement systems for emissions
measurements above 1 GHz. Real-time sampling oscilloscopes with a bandwidth larger than 1 GHz are
commercially available, however, other challenges may arise. For instance, the increase in the volume
of data due to even higher sampling rates or the bottleneck in processing caused by the limited velocity
of the PC interfaces — oscilloscope interface is a couple of aspects to take into account in practice.
Similarly, the noise figure, the sensitivity and dynamic range of such high bandwidth oscilloscopes
must also be considered in order to determine if the achievable performance is enough for EMI
measurements. From the economical point-of-view, it becomes unclear whether implementing Full

TDEMI systems beyond a few gigahertz remains as cost-effective as it is below or equal to 1 GHz.

* Developing the metrology for full time-domain EMI measurements. This means, bridging the gap
between oscilloscope calibrations and measuring receiver specifications. Metrology level reference
standards can be used to reduce the uncertainty of the performance verifications carried out in
this work. Defining a set of particular requirements and indicators for benchmarking Full TDEMI
measurement systems implemented using different models of oscilloscopes is still a pending subject.
Moreover, developing time-domain based calibration methods that are specific for statistical detectors,
such as the APD, will require research efforts.

* Continue the research on ambient noise cancellation for EMI measurements in open area test sites.
Dual-antenna approaches have been previously reported at proof-of-concept or at simulation level,
but they were not reproduced with or compared to what is possible to achieve with Full TDEMI
measurement systems. More complex test setups, involving three, or more, antennas placed in the
at near, far (normative) and outer (outside the EUT’s radius of detectable emissions) distances could

provide additional information for signal classification during selective denoising.

Full TDEMI measurement technology can become an enabler of multiple interesting applications in the
field of the EMC, that properly could not be considered research. For instance, some of them are mentioned

below:

* Concurrent voltage and current measurements for dynamic characterization of the mains impedance
intended to correct the conducted emissions measurements performed in-situ with respect a 50 Q
measurement system. This idea has been previously proposed in order to improve the correlation
of on-site conducted EMI measurements in comparison to the ones performed at a standard testing
laboratory [70] and it could be further developed using the Full TDEMI platform due to its synchronous

multichannel features.

 Time-efficient, broadband, high-resolution, three-dimensional evaluation of the radiated emissions of
EUTs in anechoic chambers. Combining the fast and full spectrum measurement results delivered by
the Full TDEMI measurement systems with a small step sizes for the turntable angular position and
the mast height it is possible to collect enough data to reproduce the radiation pattern of an EUT at
any frequency of interest. The potential application of such analysis would be finding the worst case
emissions of an EUT with an improved level of confidence in comparison with the common approach
that consists of measuring with the antenna axis perpendicular to the “four faces” of an EUT and at four
heights each.
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* Implementing an EMI toolbox for a live selection and design of appropriate filters and components for
suppressing common and differential mode noise. This idea, while certainly not new in itself [71-73],

can be very handy and fitted as a tool for Full TDEMI measurement systems.

Another important task that will require further work for Full TDEMI measurements to be widely used in
the EMC community is the standardization. It is of general knowledge that standardization activities have a
lot of inertia to overcome, and the committees for EMC are no different from the rest. However, some of the
alternative testing methods enabled by multichannel Full TDEMI measurements can be of great aid for many
industries, especially for those who require testing large-complex systems. Perhaps the clearer example of
such situation is the railway sector. Luckily, CISPR 16-1-1 allows any kind of implementation of measuring
receivers as long they comply with the standard baseline requirements. Therefore, it is not necessary to
further specify the instrumentation in order to provide guidance that specifies how to use oscilloscopes
for evaluating radiofrequency emissions. Such guidance can be delivered through informative (at first) or
normative annexes to the standards dealing with the emissions requirements for specific products that are

incompatible with conventional practices.

In consequence, in the near future there is plenty of work remaining in the field of time domain EMI
measurements. Either as a topic of research by itself or as a measurement technology that enables another

kind of applications, Full TDEMI measurement systems will be further developed in forthcoming years.
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