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Abstrat:With the development of eletroni de-vies, the high tehnology industry hasan inreasing need to deal with theproblems of EMC. It is well known that�nalised produts an fail the EMCrequirements therefore bringing thembak to the designing proess. Thesefailures are very ostly. Thus it is veryimportant to be able to design a prod-ut that will pass the EMC regulationsat the �rst design.In order to address this problem, wehave reated a program that alulatesthe far-�elds that radiate from a soureusing the measured near-�elds of thissoure. We have validated this programand then ompared the results to somemeasurements.The omparison between the alulatedfar-�elds and the measured ones hasproven to be imperfet. Therefore somehypothesis have been made to improvethe mathing between the alulationsand the measurements.Keywords:EMC, near to far �eld, �eld intensitydistribution
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Chapter 1
Introdution
1.1 IntrodutionEletrial produts are used in every aspet of our lives, ommuniations, entertainment,life support and luxury equipments for example. They often, unexpetedly, produe radio-frequeny (RF) energy. Eah of these digital devies has the potential to interfere with itsneighbour and to possibly a�et its funtions. But even inside one of those devies, thedi�erent modules that ompose it are prone to be a�eted by the module next to it.Most of those interferenes are unfortunately disovered late in the design of a produt. Whenthe di�erent modules of the devie are put together, even if eah of those modules is within theriteria for radio-frequeny emissions, they an a�et eah other in ways that were ompletelyunforeseen. This will fore the designer of the produt either to try and understand the auseof the malfuntion or to try and orret it with opper grounding or walls. Eah of thesesolutions being very ostly in time, resoures and money.This is why ontrol of these interferenes is primordial. The �eld known as Eletro-MagnetiCompatibility (EMC) is dediated to understand the auses of these interferenes and toreate the adequate solutions. But most importantly it is used before the problem appears, inthe development phase of the produt to ensure that no interferene will a�et the quality ofthe produt. Good understanding of the EMC and orret appliation of its design methodswould ensure onsiderable gain of time and money as the �rst design will be the orret one.1



1.2. HistoryFigure 1.1 gives an idea of how many measures are available to us at all the stages of thedesign and how muh these measures ost in all the di�erent stages of prodution.
  Design
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Test
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Research
phase

Production
phase

Application
phase

Time

Available
measures

Costs per
measure Figure 1.1: Measures and their osts in funtion of time and design phase [11℄EMC problems ould appear in a wide range of frequenies outside of the band of inter-est. Therefore the prevention of EMI (Eletromagneti Interferene) has beome ritial insituations where EM (Eletromagneti) ompatibility is imperative.1.2 HistoryIn the early twentieth entury, when eletroni devies started to appear, engineers had onlyto ensure that their devies would funtion in the presene of natural noise and sometimeslightning. Indeed, the �rst radio reeivers ould interfere with eah other but then simplyhanging frequenies or moving the reeptor would be enough to eradiate the problem.However, in the years that followed, we witnessed the appearane of radio, radars, televisionand telephones whih would transmit more and more information in more and more omplexways and the proliferation of non natural noise soures as power lines, motors or relays. The�rst on�its began to appear. In 1933 the CISPR (International Speial Committee on Radio2



1. IntrodutionInterferene) was reated and produed a doument on Eletro-Magneti Interferene (EMI).In world War II, it beame evident that vehiles using radio or radars ould be easily deteted.Plus their instruments ould be disrupted by other emissions. Therefore the US militarybeame interested in reduing emissions and shielding their devies against other emissions.Governments beame involved with the appearane of the �rst omputers that introduedomplex eletroni devies in the houses.
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Chapter 2
Problem desription and goals
2.1 Problem desriptionThe projet proposal ame from our supervisors Gert Frølund Pedersen and Ondrej Franekfrom the University of Aalborg (Denmark). It is foused on the Eletro-Magneti Compati-bility design and the methods that an be used to help the �rst design of an eletroni devieto pass the EMC standards that are set for it.Nowadays, with the multipliation of eletroni devies in our everyday life, we are more andmore surrounded by eletromagneti �elds. These �elds have an e�et on the eletroni deviesthat we use. This is why we need to be able to minimize the emissions of eletromagneti �eldsbut also protet the eletroni devies from the in�uene of these shields. This part beomesvery ompliated when an eletroni devie is omposed of di�erent eletroni modules thatare supposed to interat with eah other. Indeed, more often than not, the modules reateunintended emissions that will perturb the whole devie. This is why it is neessary to applyEMC rules even inside an eletroni devie. However, the emissions being unintended, it isvery ompliated to foresee what ompliations will arrive. Therefore, ompleted produtswill sometimes not pass these EMC harateristis. Thus returning the produt to earlierstages of development. We have seen that this problem an be very ostly. This is whymanufaturers try to pass the harateristis on the �rst time. But the hallenge is to �ndrules that will apply to di�erent modules and that would ensure that when di�erent modulesare put together hey will not interfere with eah other in unforeseen ways.5



2.2. Projet goalsIn order to de�ne some rules, we �rst need to understand the interation between the di�erentmodules. Therefore, it is imperative to be able to alulate the eletromagneti �elds reatedby an eletroni module.2.2 Projet goalsOur goal was to ode a program, using the simulation software Matlab, that would help toalulate the far-�elds from the near-�elds that are measured and therefore have a betterunderstanding of those far-�elds.We will attah ourselves to understand the di�erent EMC problematis, the EMC environmentand the di�erent methods that already exist in order to be able to investigate orretly ourown results. We will reate a ode using Matlab that will help us analysing and validatingsome measurements done at Bang & Olufsen.

6



Chapter 3
EMC Overview
3.1 Terminology3.1.1 Suseptibility and immunitySuseptibility is de�ned as �the inability of a devie, equipment or system to perform withoutdegradation in the presene of an eletromagneti disturbane�. This and the immunity ofa devie are omplementary, beause the latter is the ability to perform in suh onditions.When we want to talk about the immunity of a ertain equipment, it is only possible toinsure it under onrete onditions and signals. There will always be some eletromagnetienvironment in whih that system or devie will be suseptible to su�er harmful interferenes.Therefore, a desired level of immunity an be ahieved under ertain requirements whih mustbe detailed.When talking about Eletromagneti Compatibility, immunity and suseptibility are usuallyde�ned as �the ability of a devie, equipment or system to funtion satisfatorily in its eletro-magneti environment without introduing intolerable eletromagneti disturbanes to anythingin that environment� [11℄. Hene two aspets an be di�erentiated in this de�nition:1. The fat that the devie should funtion satisfatorily. It means that it an sharean environment with other eletromagneti devies without su�ering any unaeptabledisturbane. 7



3.1. Terminology2. On the other hand, the devie must not introdue intolerable eletromagneti distur-banes. That means that it should not reate eletromagneti interferenes to any otherequipments present in the environment.3.1.2 EmissionsThe signals emitted ould be wanted or unwanted, reating therefore intentional and unin-tentional oupling paths. A wanted signal an be, for example, the one whih is sent from aomputer along a wire (intended oupling) to an automaton in order to perform some onreteation. Somehow, inside the omputer, some rosstalk between the modules an our. Thisfat plus the wiring ats like a transmitting antenna, disturbing the eletromagneti environ-ment and hene, reating an unintended path and an unwanted signal for other equipments.There are two types of emissions that will be extensively disussed later in this report. Firstomes the radiated emissions. These radiated emissions are the ones we will be fousing onas they are the emissions we are trying to quantify. However, the other type, ondutedemissions, will also be studied in this report.3.1.3 Di�erential and ommon modes of urrentsThe urrents that run through the wires of an eletroni devie an be divided into two modes:the di�erential mode of urrents and the ommon one. These urrents are the main fatorsthat reate the emissions that onern us in the EMC �eld.The di�erential mode of urrents sees the two equal urrents in the wires run in opposite dire-tions whereas the ommon mode desribes two equal urrents running in the same diretion.Any urrent an be desribed by a ombination of those two modes.3.1.4 Current probe and LISNThey are devies used to measure the di�erential and ommon modes of urrent inside adevie. Indeed as these urrents an be unexpeted it is neessary to be able to measure themas models annot predit them.
8



3. EMC Overview3.2 Standardisation3.2.1 OverviewThe goal of EMC is to help designing produts that will not interfere with eah other thusreating an environment where eah eletroni devie is able to omplete its task withoutbeing disturbed by the emissions of other eletroni devies. Most produts are of oursedesigned to withstand ommon emissions. This property is alled their immunity. However,standards and regulations have been reated to redue those emissions. There is no realinternational regulation existing on the matter. Eah ountry has the responsibility of en-foring their own regulations. Two important groups of regulations exist and are the moreommonly followed. In the United States the Federal Communiations Commission (FCC) [3℄has set some standards. Europe follows the standards of the International EletrotehnialCommission (IEC) [4℄, standards that are put together in the CISPR 22 (Frenh aronym forInternational Speial Committee on Radio Interferene) [1℄. Countries have the possibility ofheking any kind of produt in order to verify that the regulations are followed. They havethe power of realling a whole produt if it does not follow the standards. However ompaniesusually use their own regulations that are even more stringent than the national ones. Theost of realling a whole produt and of the bad publiity being too high. The automotiveindustry is espeially drasti on regulating radiated and onduted emissions. The militaryalso have their own standards that are even higher and over a muh larger band. Finally,medial devies are treated with speial are.3.2.2 StandardsFirst of all it is important to start by de�ning what devies fall under the jurisdition of theFCC and the CISPR. It has been agreed that any devie emitting radio frequenies whetherit is intentional or not has to follow the following standards. Basially this means that anykind of eletroni devie is subjeted to these regulations seeing that any kind of urrentrunning through a ondutor is suseptible to reate some sort of emissions. However afew exeptions an be noted suh as teleommuniations terminal equipment or aeronautialproduts. Also medial devies in the US are under the supervision of the FDA (Food andDrugs Administration) instead of the FCC for all other eletroni devies. 9



3.2. Standardisation

Figure 3.1: Radiated emissions for lass A devies [2℄

Figure 3.2: Radiated emissions for lass B devies [2℄10



3. EMC Overview

Figure 3.3: Conduted emissions for lass A devies [2℄

Figure 3.4: Conduted emissions for lass B devies [2℄ 11



3.2. StandardisationCISPR and FCC have a lot in ommon. First of all they separate all eletroni devies into twoategories. Class A for produts used in business, ommerial and industrial environments.Class B is for the rest, meaning eletroni devies for personal use. As normal, lass B produtshave more stringent standards to follow as they are used in more on�ned environment andthe users do not have the knowledge to �x the problems that ome with eletromagnetiinterferenes. Regulated frequenies range from 9 kHz to 400 GHz.In CISPR standards, measurements for radiated emissions must be made at 30m for lass Aand 10m for lass B. In FCC regulation it is 10m and 3m for respetively lass A and lassB. By using the inverse distane method [14℄, we an still ompare the two standards at theCISPR distanes.We an see in 3.1 and 3.2 that radiated emissions are mostly overed the same way by bothstandards. However, di�erenes beome muh more visible when looking at the ondutedemissions regulations as shown in 3.3 and 3.4. We notie that they do not have the samefrequeny range. While both standards start from the 30 MHz maximum, FCC regulatesdown to 450 kHz while CISPR goes all the way down to 150 kHz. CISPR rises the limitof emissions below 500 kHz. This extension was put in plae in order to take into aountthe new swithed mode power supplies that are growing in importane as they are lighterand more e�ient than the usual linear power supplies. Another di�erene is that CISPRhas di�erent standards for when the reeiver uses a quasi peak detetor (QP) or an averagedetetor (AV).3.2.3 MeasurementsIn order to ensure that the tests are aurate, the FCC and CISPR have measurementsstandards. The tests have to be performed in normal onditions of use. Meaning that allonnetions are made as in real life onditions of usage. But the on�guration of the systemmust be made to deliver maximum radiation to ensure that even in the worst ase senario,the emissions will not go over the standard limit.Tests for radiated emissions are usually performed in an anehoi hamber to simulate theopen �eld spae required by the standards. The tests are performed with a broadband antennaso as to sweep the whole frequeny range without having to hange the length of the antennafor eah frequeny. Finally the reeiver must have a minimum of a 100 kHz range so as to12



3. EMC Overviewpik up unintentional emissions. The onduted emissions tests require an LISN.3.2.4 IEC (International Eletrotehnial Commission )The International Eletrotehnial Commission (IEC) is the leading global organization thatprepares and publishes international standards for all eletrial, eletroni and related teh-nologies. These serve as a basis for national standardization and as referenes when draftinginternational tenders and ontrats [4℄.The IEC works on standards and norms related mainly with the eletromagneti environments,testing, measurement tehniques and ompatibilities in all the di�erent range of frequenies.These standards ould be eventually adopted as European Norms for example.As seen on their website [4℄, the Commission's objetives are:
• meet the requirements of the global market e�iently
• ensure primay and maximum world-wide use of its standards and onformity assessmentsystems
• assess and improve the quality of produts and servies overed by its standards
• establish the onditions for the interoperability of omplex systems
• inrease the e�ieny of industrial proesses
• ontribute to the improvement of human health and safety
• ontribute to the protetion of the environment.3.2.5 EMC in the lawWe have seen what international standards have been reated. These standards are translatedinto requirements by the laws of the ountries. In the US the FCC standards are the law.However the testing of the devies are to follow the ANSI C63.4-1992. The European EMCdiretive, 89/336/EEC, translates the CISPR in the European law.

13



3.2. StandardisationAlso, the World Trade Organization (WTO) spei�es that all ountries should follow ertainstandards. Therefore, all WTO members are obliged to follow the international EMC stan-dards. These standards are mainly developped by the IEC based on the work by the CISPR.The new series of standards are as follow:
• IEC 61000-1-Introdution, terms, and onditions.
• IEC 61000-2-Classi�ation of eletromagneti environments.
• IEC 61000-3-Limits and disturbane levels.
• IEC 61000-4-Testing and measurement tehniques.
• IEC 61000-5-Installation and mitigation guidelines.
• IEC 61000-6-Generi standards.Medial devies have their own speial lauses. Clause 36 of IEC 60601-1 is the Europeanstandard and is also used in the United States. However, in the US medial devies are underthe supervision of the FDA (Food and Drugs Administration) and not the FCC.A very thorough investigation of international standards an be found in [5℄ and [6℄.3.2.6 Other informationEuropean Standardisation Organisations:
• European Committee for Eletro tehnial Standardization (CENELEC) www.enele.org
• European Teleommuniations Standards Institute (ETSI) www.etsi.org
• European Committee for Standardization (CEN) www.en.euDetailed information on the standards and harmonization in Europe an be read in [7℄ and[? ℄.The CE marking shown in Figure 3.5 serves as an attestation that the devie follows theEuropean standards.14



3. EMC Overview
Figure 3.5: CE marking3.3 Eletromagneti environmentsThe design of an eletromagneti devie should be done thinking whih immunity levels hasto be ahieved by suh devie. In order to do this it is really important to take into aountthe environment in whih this design is going to work and what kind of disturbanes it isgoing to deal with. Suh an environment has a great importane on the hoie of the orretimmunity levels that an insure a proper performane. This is a really di�ult task as theeletromagneti environment and the phenomenons whih take plae in it are, in general,time-dependant and need a statistial approah to be studied.Aording to [12℄ there are three basi kinds of environmental phenomena whih inlude alltype of disturbanes:

• Low-frequeny phenomena (onduted and radiated).
• High-frequeny phenomena (onduted and radiated).
• Eletrostati disharge (ESD).Due to the amount of di�erent disturbanes that ould be present in a ertain environment,it is almost impossible to desribe it perfetly. In the list shown below, obtained from theIEC (International Eletrotehnial Commission) and shown in [12℄ , it is possible to see somephenomena that ould reate eletromagneti disturbanes:Conduted low-frequeny phenomena
• harmonis, interharmonis
• signalling voltages 15



3.3. Eletromagneti environments
• voltage �utuations
• voltage dips and interruptions
• voltage unbalane
• power-frequeny variations
• indued low-frequeny voltages
• DC in AC networks
• broadband signals
• ommon mode voltagesRadiated low-frequeny phenomena
• magneti �elds
• eletri �eldsConduted high-frequeny phenomena
• indued CW voltages or urrent
• broad band signals (PLC, power drive systems, et)
• unidiretional transients
• osillatory transientsRadiated high-frequeny phenomena
• magneti �elds
• eletri �elds
• eletromagneti �elds� ontinuous waves16



3. EMC Overview� transients� modulations (FM, AM, FSK, CDMA, CMA, TDMA, et)Eletrostati disharge phenomena (ESD)The problem is that the eletromagneti environment is highly variable. New devies, newtehnologies and new tendenies make it neessary to be onstantly analysing and to adapteverything to the new status. Moreover, a distintion between the loation of the eletromag-neti disturbanes has been made in [12℄, so we an di�erentiate between:1 Residential-rural loation2 Residential-urban loation3 Commerial loation (may inlude densely populated publi areas)4 Light industrial loation5 Heavy industrial loation6 Tra� area7 Teleommuniation entre8 HospitalBut nowadays these loations tend to overlap their harateristis into eah other and heneare less spei�. Maybe more sub-lasses will be inluded in the future. It is beause ofthis overlaping that a working group (WG 13) from the IEC tehnial ommittee TC 77 isstudying a new lassi�ation, speially above the 1 GHz range.When haraterizing an eletromagneti environment, it is neessary to deal with probabilistivariables, both in ourrene of the phenomena or with respet to its parameters. Sometimes itis impossible to take into aount every statistial and probabilisti value, so some assumptionsan be made in order to ahieve a heuristi approah.3.4 EMC designWe have seen that the law has reated standards. These standards enfore some limits on theradiated and onduted emissions. However there are no laws for the amount of emissions17



3.4. EMC designan eletroni devie has to be able to withstand. Unfortunately there are so many soures ofexternal disturbane: radars, radio, TV, WiFi. All eletroni devies need a ertain apaityto resist to all those interferenes. This apaity is alled immunity. In this part we willdisuss some of the existing immunity methods.3.4.1 ShieldingThe easiest method onsists in shielding the ables. This way we are preventing any induedurrents in the wires. This is done by surrounding the onduting wire by a ylindrialonduting shield. For the shield to be perfet there should be no breaks or disontinuities init. Even though the atual shields are never perfet, espeially at the ends of the wire, theindued urrents are small enough to be ignored. It is also possible to use braided shields.Instead of ompletely surrounding the onduting wire with a ondutive element, having athin wire make irles around the ondutive wire is often enough and even more �exible. Theimmunity oming from braided shields is, of ourse, less e�ient than the immunity omingfrom full shields. But the braided shields are easier and ost less than the full shields.3.4.2 Power supply �lter

Figure 3.6: Layout of a basi power supply �lter [2℄18



3. EMC OverviewWe will see in 4.2.2 a ouple of very simple methods to redue the onduted emissions. Wean at diretly on the ground wire or try to hoose the appropriate type of power supply.Still the most e�ient method is the power supply �lter. We have seen that most ondutedemissions ome from urrent oupling bak from the power ord. Thus it stands to reasonthat ating on the power supply is the easiest way to deal with these emissions. Power supply�lters are a little bit di�erent from the usual eletri �lter. Indeed, traditional eletri �ltersare not enough to redue onduted emissions as they will often not be able to �lter theommon modes of urrent. On the other hand, power supply �lters are designed to redueboth di�erential and ommon modes of urrent.The basi layout of a power supply �lter is shown in 3.6. The goal of this �lter is to reduethe di�erential and ommon modes of urrent from their original values Id and Ic to the newvalues I ′d and I ′c. The new values are set to follow the regulations.
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Chapter 4
Theory
4.1 Radiated Emissions4.1.1 OverviewRadiated emissions are the unintentional emission of eletromagneti energy that omes outof an eletroni devie. As we have seen earlier, any eletroni devie generates an eletromag-neti �eld. This �eld will always propagate away from the devie thus reating the radiatedemissions. Usually we assoiate radiated emissions with unintentional radiators. However, in-tentional radiators reate emissions outside of their intended frequeny band. These emissionsare also unwanted and qualify as radiated emissions also.We have seen that there are EMC standards reated to regulate the radiated emissions from aneletroni devie. Beause these emissions may interfere with the normal behaviour of othereletroni devies at proximity. However, in order to reate those standards and understandthem, we need to understand the radiated emissions. In this hapter we will investigate theirorigin, the di�erent ways to measure, or at least predit them and �nally the methods thatan be used to eliminate, or at least minimize them.
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4.1. Radiated Emissions4.1.2 Fields reated by the urrentsThe reation of the eletromagneti �eld that is the origin of the radiated emissions is theonsequene of the urrents that are arried by the ondutors in an eletroni devie. In thispart we will explain the theory that lies behind those urrents.A general urrent that runs on parallel ondutors an be deomposed into two types: adi�erential mode of urrents and a ommon mode.
• The di�erential mode of urrents applies when the urrents are equal in amplitude butrun in opposite diretions on the parallel ondutors.
• The ommon mode of urrents ours when the amplitude and the diretion are thesame. This type of urrent is not taken are of in iruit theory. This is why they arethe largest problems in EMC issues [13℄.

Figure 4.1: Di�erential and ommon modes of urrentAs shown in Figure 4.1 the di�erential and ommon modes of urrents an easily be found:
Id =

I1 − I2

2
and Ic =

I1 − I2

2
(4.1)Why is it important to make this distintion? Beause of the eletri �elds reated by theurrents. In the ase of di�erential mode of urrents, the eletri �elds E1 and E2 reated22



4. Theoryby the urrents I1 and I2 are in opposite diretions. Therefore if we get too lose to theondutors there will be a small residue of those �elds but they anel eah other at a distane.On the other hand, the �elds reated by ommon mode of urrents are in the same diretion.Therefore instead of aneling eah other they sum up to beome a bigger �eld.In general, it is very ompliated and very long to ompute the exat radiating �elds of aneletroni devie. This is why we use simple models to approximate them. These simplemodels are, of ourse, based on simple geometries.Assuming a Hertzian dipole urrent distribution and the separation between the two wireson whih the urrents run to be small ompared to the wavelength. In [13℄ it has beendemonstrated that the radiation from a di�erential mode of urrents depends on three fators.This is if we assume a �xed value for the distane of measurement r. Based on the followingformula:
| ~Emax(r)| = 1.317 ∗ 10−14 f

2Ls|Id|

r
(4.2)The fators are:

• Current magnitude: |Id|
• Frequeny of the urrent: f
• Size or area of the wires (meaning their length multiplied by the distane between them):

LsAs far as a ommon mode of urrents goes, in the ase where the same assumptions are made,we have the following formula:
| ~Emax(r)| = 1.257 ∗ 106

fL|Ic|

r
(4.3)The fators induing radiated emissions are the same. However the distane between thewires is not as in�uential, even if the length of the wires is still important.
23



4.1. Radiated Emissions4.1.3 Current ProbeWe now have a way of approximating the radiating �elds from a devie at a ertain distane rbased on the urrents present in the system. However we still need to be able to di�erentiatethe ommon mode from the di�erential one. Espeially sine ommon modes are mostlydependant on the geometry of the devie and are usually not intended at all and are thereforevery hard to predit. An EMC engineer will need to be able to measure those urrents inorder to predit the �nal radiated �elds. In the following setion we will desribe the urrentprobe whih is a devie that measures urrents.

Figure 4.2: Diagram of a urrent probeA urrent probe is a irle of ferrite with some thin wire making loops around it. The numberof loops being important for the alulations. The ferrite must have a high permeabilityrelatively to the frequeny band that the probe will be measuring. The irle of ferriteonstituting the probe is plaed around the urrent we wish to measure. This urrent willreate a diretly proportional magneti �eld in the ferrite (Ampere's law). This magneti �eldwill reate an eletri �eld inside the wire. The voltage resulting from this eletri �eld isdiretly dependant on the magneti �eld, thus the urrent we are measuring, and the numberof turns made by the wire.Current probes are a very e�etive way of measuring the maximum radiated �eld from awire without having to use alibrated tools and omplex proedures. But it is still just anapproximation.24



4. Theory4.2 Conduted Emissions4.2.1 OverviewConduted emissions ome from the eletromagneti �eld reated inside the eletroni deviewhen it is oupled to the AC power ord. These emissions an �nd their way to the entirepower distribution system and use this larger network to radiate more e�iently. This is whythey are problemati.As for radiated emissions, regulations exist. Typially, the range of frequenies where theonduted emissions are regulated is lower than that of the radiated emissions. Indeed, thelonger wavelengths of onduted emissions need a muh larger antenna than the ones usuallypresent in the devies we are used to. As in the previous hapter, we will here investigate theorigins of onduted emissions, a way to measure them and �nally some methods to redueonduted emissions will be presented.4.2.2 Fields reated by the urrentsThey are the same as the �elds reated for radiated emissions. They also ome from either thedi�erential or the urrent modes of urrent. As in the previous hapter, the ommon modeis the trikiest beause it is usually unintended and therefore di�ult to predit. However,we know that the urrent returning on the ground wire (usually the green or brown wire) isalmost always present and therefore an be ontrolled.The ground wire exists as a safety. It provides an alternative path for the urrent in the eventof a ground fault. It gives the possibility to blow the iruit breaker or the fuse. But it is notintended to arry any urrent in normal use. However, at higher frequenies the ground wiredoes arry a urrent that an ause the devie to fail the regulatory standards.Two simple methods exist to help suppressing this onduted urrent in the ground wire.The �rst one onsists in reating an indutane just after the ground wire has entered thedevie ase. For this method, we make the ground wire irle around a ferrite ore that has ahigh permeability. The indutane reated by this method helps reduing the urrent in theground wire. The seond method onsists in replaing the ground wire with a more omplextwo wire devie that has the same use. We use a transformer right at the power input of the25



4.2. Conduted Emissionsprodut that isolates it from the other two wires (neutral and phase) to redue the risk of ahazard.4.2.3 Power suppliesEven though the urrents inside the eletroni devie do reate onduted emissions, thebiggest problem is the power supply. Indeed, most eletroni devies rely on DC soures forpower. The problem is that the onversion AC to DC reates a lot of high frequeny noise.These frequenies may not interfere diretly with the normal use of the produt but they mayreate some onduted emissions on the power ord.There are two types of power supplies that are usually used. The �rst one is the linear powersupply. This power supply is the leanest as far as onduted emissions are onerned forit does not reate too many high frequeny emissions. However this type of power supplyis beoming obsolete beause of its size and lak of e�ieny in regard of the newest formsof power supplies. The seond type is the swithed mode power supply. It is more e�ient(60 to 90 % whereas the linear one goes from 20 to 40 %) and muh lighter than the linearpower supplies. The swithed mode power supply uses a MOSFET to transform the ACpower to DC. Unfortunately, the MOSFET reates a lot of undesired onduted emissionsas its frequeny of operation is exatly in the range of emissions we want to redue due toregulations.4.2.4 LISNThe Line Impedane Stabilization Network (or LISN) is a method used to measure the on-duted emissions of an eletroni devie. The reason we use the LISN instead of the urrentprobe is beause the regulations speify that the measurements must be independent fromthe environment they are made in. Unfortunately, the urrents exiting the eletroni devieunder investigation are subjeted to the load on the power input. This load is not �xed andan hange from an environment to another (di�erent rooms or di�erent buildings do notneessarily have the same load). Thus the urrent probe annot be used in these ases as itdoes not take this load into aount. The LISN on the other hand stabilizes the impedaneseen by the eletroni devie. Also the LISN has the advantage of bloking any ondutedurrents oming from the power network into the eletroni devie.26



4. TheoryThe LISN is plugged between the eletroni devie we are investigating and its power input.Below is a diagram showing the layout of a spei� LISN.

Figure 4.3: LISN [2℄4.3 Numerial methods for EMCIn order to measure and analyse the e�ets of the EMI (Eletromagneti Interferenes) in theEMC studies, it is needed to ompute the near �elds produed by di�erent devies and thefar �elds assoiated to them. Through several deades omputer equipment have su�ered agreat evolution, however it was also needed to develop, use and improve new and di�erentnumerial methods for this purpose.Typial EMC problems that these methods must fae are: omputation of shielding e�e-tiveness, oupling into lines or ables, analysis of printed iruit boards (PCB's), resonanee�ets, radiation from antennas and the investigation of low-frequeny magneti �elds [9℄.These problems ould involve great ranges of frequenies, sizes, shapes and unknowns.There is no �global� method whih ould be used in every situation. It will depend on thesituation and the spei� irumstanes, although in the latter years FDTD has revealed itselfas the most popular way to deal with these problems. This is beause FDTD is appliable toopen-spae problems using the perfetly mathed layer (PML) tehnique. Another well knowntehnique is the method of moments (MoM) whih is able to over a very wide frequeny range.27



4.3. Numerial methods for EMCHowever, it is only reommended to use it when the strutures are small in omparison totheir wavelength. This is due to the exponential inrease of omputational time [9℄. Thereare also some useful methods like the transmission-line matrix (TLM) and the �nite-elementmethod (FEM).4.3.1 Basis of numerial methodsAll the numerial methods have the same priniple: trying to approximate the solution to theMaxwell's equations satisfying the initial and boundary onditions respetively. To do that,numerial methods approximate the solution funtion into a sum of known funtions, alledexpansion or basis funtions like it is shown in [9℄. One example of this ould be the Fourierseries expansion.
f(x) ≃

∑

n

αn · fn(x) (4.4)Basially, the solution is made by a approah onsisting in a sum of known funtions withunknown oe�ients whih mus be estimated. The di�erenes between the numerial methodsare mainly [10℄:
• Whih eletromagneti property is being approximated: �elds, potentials, urrents . . .
• Whih expansion funtions are being used: in the �eld spae, de�ned on boundaries . . .
• How are omputed the oe�ients: di�erent algorithms.Numerial methods are also lassi�ed in time domain or frequeny domain tehniques, as wellas 1D, 2D, 2.5D or 3D methods in funtion of the spae variables.4.3.2 Method of moments (MoM)It has been demonstrated that methods using integral equations are really useful and powerfulfor omputing eletromagneti �elds. The MoM is based on solving problems in the form ofeletri �eld integral equation (EFIE) or a magneti �eld integral equation (MFIE):28



4. Theory EFIE L−1
e J = E (4.5)MFIE L−1
m J = H (4.6)where J is the urrent density, E and H are the �eld funtions and L is the inverse operatorinvolving Green's funtions whih depend on the boundaries and material distribution of thespei� problem. Usually this method is applied in the frequeny domain but few time-domainappliations exist.Depending on the basis and weighting funtions hosen and the disretization proedures,there are several di�erent versions of MoM. However, it is frequently used with the surfae-urrent formulation whih means that the surfae must be disretized properly. It is desiredthat in the future MoM will be able to deal with more omplex and larger strutures [9℄. Also,mixed tehniques have been used to redue the omputation time, like MoM with physialoptis (PO) and geometri theory of di�ration (GTD/UTD). This mixing of tehniques helpsdealing with larger and more omplex strutures.4.3.3 Finite element methodThis is another popular method used in eletromagnetis whih onsists in solving partialderivative equations (PDE). Normally the unknown funtions to alulate are either a �eld ora potential. The expansion funtions are always subsetional beause the �eld domain must bedisretized instead of the boundary domain (like in MoM), hene it provides great �exibilityto solve the problem. These subdomains are the so-alled �nite elements. This algorithm isbased on looking for the optimum solution whih minimizes the eletromagneti energy of asystem. Usually most implementations are done in the time harmoni or frequeny domain.In ontrast with the method of moments, exterior or open problems do not suit really wellwith FEM. The solution must be trunated sine it is impossible to over the whole free spaewith subdomains. Although some advanes, suh as the Perfetly Mathed Layer (PML) havebeen made.
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4.3. Numerial methods for EMC4.3.4 Finite di�erene time domain methodThis method is based in the Maxwell's di�erential equations, the whole domain under study isdisretized and it is applied in the time domain. The roots of this tehnique for these purposesare dated in the 1966 Yee paper [18℄ where the Yee ell has its origin. The Yee algorithmsolves both, eletrial and magneti �eld. As an be seen in Fig. 4.4, the �elds are enteredin time and spae and both are alulated from Maxwell's url equations.

Figure 4.4: The Yee ell.Some reasons why this method is so popular nowadays are exposed in [9℄:
• Complete understanding of the numerial properties like stability, auray, dispersionand gridding e�ets.
• Developed absorbing boundary onditions.
• Adaptation to radiation and sattering problems with the total �eld/sattered �eldformalism, plane-wave soures and near-to-far-�eld transformations.30



4. Theory
• Adaptation to mirowave engineering problems with appropriate waveguide soures,lumped elements and extration of network parameters.
• Coupling with thermal solvers, iruit simulators and semiondutor devie solvers.
• Modelling of dispersive material.
• E�ient treatment of oblique, very thin, or very small features.
• Generalization of the Yee grid to non-orthogonal unstrutured grids and adaptation toperiodi or axial symmetri bodies.

Figure 4.5: FDTD popularity [9℄.Suh advantages have made the FDTD a method whih has been used in almost every problem.But there are some situations where FDTD still seem to have some di�ulties. When thetreatment of the problem inludes unbounded spaes, frequeny dependene or when the timeis too small. FDTD is not the best option.4.3.5 Transmission line matrix methodThis tehnique has been widely used to ompute the 3-D eletromagneti �elds numerially.It is based on the analogy of eletromagneti wave and the propagation of impulses in trans-31



4.4. Near to far �eld transformationmission line networks [9℄, where these transmission lines are shunt-onneted and the nodesare ating as sattering points for voltages impulses, involving inident and re�eted waves.This method has a onsiderable omputational e�ort and it is formulated in the time domainmainly. It is able to represent eletri and magneti �elds through voltages and urrents. Thebasi struture for this is the symmetrial ondensed node (SCN), shown in Fig. 4.6.

Figure 4.6: 3-D ondensed TLM node proposed by P. B. Johns in 1986Thus, TLM is based on the inident and sattered impulses in these nodes in eah timestep. In one time step, aording to Fig. 4.6, 12 voltages pulses, one for eah port (2 pertransmission line) ahieves the SCN and in the next time step, they are re�eted and beameinident pulse in the neighbouring nodes. The repetition of these steps provides the desiredinformation about the system.4.4 Near to far �eld transformationWe know how the use of the FDTD method will help us alulating the eletromagneti �eldsin the near �eld region. We ould also use this method to alulate the far �eld region. Butwe have seen that the omputation time of the FDTD method is very long. Thus, the larger32



4. Theorythe spae we want to alulate the longer it will take. This is why we prefer using a near tofar �eld transformation.In this hapter we will show how using the free spae Green's funtion in two dimensions weare able to alulate the far �eld response of an antenna. For this alulation, we need to knowthe eletromagneti near �elds omputed by FDTD and the tangential to a surfae ompletelysurrounding the original soure of the radiation [16℄. This surfae is usually retangular to�t the original FDTD Cartesian grid. Then we will use the Surfae Equivalent Theorem[8℄ to expand this two dimensional demonstration into three dimensions in order to �nd theomplete far �eld response [17℄. Finally we will present some equations to alulate the �eldin any point of spae from the surfae urrents.4.4.1 Green's theorem

Figure 4.7: Integration ontours used for Green's Theorem in two dimensional radiationLet us onsider, in 4.7, that the retangle A and the irle C are entered on the origin ofthe oordinate system and that C has an in�nite radius. They are onneted by an in�nitelylong and thin path to reate a losed surfae around the Arbitrary Struture S. The diretion33



4.4. Near to far �eld transformationgiven on the �gure is to reate a positive unit normal dS. The �elds involved are Ez, Hx and
Hy.With those hypothesis made, we an now apply the Green's theorem to the salar funtions
Ez(r̄) and G(r̄|r̄′):

∫

S
[Ez(r̄

′)(∇2)′G(r̄|r̄′)−G(r̄|r̄′)(∇2)′Ez(r̄
′)]dS′ (4.7)

=
∮

C
[Ez(r̄

′)∂G(r̄|r̄′)
∂r′

−G(r̄|r̄′)∂Ez(r̄′)
∂r′

]dC

−
∮

A
[Ez(r̄

′)∂G(r̄|r̄′)
∂n′ −G(r̄|r̄′)∂Ez(r̄′)

∂n′ ]dAIn this equation, r̄ represents an observation point anywhere in spae and r̄′ is a soure point.In the integral around C, both salar funtions deay as 1√
r′
(r → ∞), so the ontribution ofthis integral is null. The same alulations annot be applied to the integral around A.Now let us onsider the �rst term of the equation. Green's theorem gives us:

(∇2)′G(r̄|r̄′) = δ(r̄ − r̄′)− k2G(r̄|r̄′) (4.8)And the Helmholtz equation gives us:
(∇2)Ez(r̄

′) = −k2Ez(r̄
′) (4.9)If we substitute those two results in the �rst term of 4.8:

∫

S
[Ez(r̄

′) ∗ [δ(r̄ − r̄′)− k2G(r̄|r̄′)]−G(r̄|r̄′) ∗ [−k2Ez(r̄
′)]]dS′ (4.10)

=
∫

S
Ez(r̄

′)δ(r̄ − r̄′)dS′

= Ez(r̄)Therefore 4.8 beomes:
Ez(r̄) =

∮

A

[G(r̄|r̄′)
∂Ez(r̄

′)
∂n′ − Ez(r̄

′)
∂G(r̄|r̄′)

∂n′ ]dA (4.11)34



4. Theory4.4.2 Surfae Equivalene Theorem (SET)When dealing with EMC, near �elds e�ets must be taken into aount between the di�erentmodules plaed in the same devie. But there is also the possibility of this devie interferinganother equipments in the surrounding senario. These ases our when we move awayseveral wavelengths from the soure and it is neessary to ompute the so-alled far �elds.Sine FDTD method deals with tiny sizes, it would be an extremely large problem to modelit in that way. The solution and most ommon way to deal with this problem, is to use thesurfae equivalent method to alulate far �elds from near �elds obtained through and FDTDimplementation.This priniple establishes that only knowing the tangential magneti and eletri urrents inthe ontour of our interest, we an obtain the far �elds through an integration. In our asewe an enlose our soure inside an imaginary surfae and assume that the �elds Ē1 and H̄1are generated due to the surfae urrents M̄1 and J̄1 respetively like it is showed in Figure4.8.

Figure 4.8: Start problem for the surfae equivalent methodIf we ontinue developing the problem, we an now assume that we remove M̄1 and J̄1 andthen we have new �elds Ē and H̄ inside the surfae S whih enlosed our soure. However,the �elds we wish to alulate are Ē1 and H̄1, outside S.Hene, as it is shown in Figure 4.9, to satisfy eletromagneti boundary onditions regardingthe tangential omponent of the �elds it must ours: 35



4.4. Near to far �eld transformation

Figure 4.9: Intermediate problem.
M̄s = −n̂× (Ē1 − Ē) (4.12)
J̄s = n̂× (H̄1 − H̄) (4.13)where n̂ is the normal vetor to surfae S. Sine these urrents produes the �elds Ē1 and H̄1outside the surfae S and the information inside S has no importane in order to omputethe far �elds, we are able to assume that Ē and H̄ are 0 inside S. This useful assumptionsimpli�es our problem like it is showed in Figure 4.10. From equations 4.12 and 4.13:

M̄ = −n̂× (Ē1 − Ē) = −n̂× Ē1 (4.14)
J̄s = n̂× (H̄1 − H̄) = n̂× H̄1 (4.15)In our ase of interest, in 3 dimensions, the soure will be enlosed by a ube. On eah of itssix sides there will exist these urrents. Aording to [15℄, it is possible to de�ne the followingvetor potentials whih will be used to alulate the far-�elds:

Ā =
µ0

4π

∫ ∫

S

J̄s
e−jkR

R
ds′ ∼=

µ0e
−jkR

4πr
N̄ (4.16)

Ā =
ε0

4π

∫ ∫

S

M̄s
e−jkR

R
ds′ ∼=

ε0e
−jkR

4πr
L̄ (4.17)36



4. Theory

Figure 4.10: Final equivalent problem.where:
N̄ =

∫ ∫

S

J̄se
−jkr′ cosϕds′ (4.18)

L̄ =

∫ ∫

S

M̄se
−jkr′ cosϕds′ (4.19)

r̄ = rr̂ ≡ position of observation point (x,y,z)
r̄′ = r′r̂ ≡ position of soure point on S (x′,y′,z′)
R̄ = RR̂ ≡ r̄ − r̄′

ϕ ≡ angle between r̄ and r̄′and where R is given by the low of osines in the far �eld:
R =

√

r2 + (r′)2 − 2rr′ cosϕ ∼=

{

r − r′ cosϕ for phase variations
r for amplitude variations (4.20)Finally, the general expressions given by the vetor potentials are:

Ē = −jw[Ā+
1

k2
▽ (▽ · Ā)]−

1

ε0
▽×F̄ (4.21)

H̄ = −jw[F̄ +
1

k2
▽ (▽ · F̄ )]−

1

µ0
▽×Ā (4.22)37



4.4. Near to far �eld transformationIf we neglet the fators depending on r in the form 1
r2

and the radial omponents of the �eldswe an write:
¯Er
∼= 0 (4.23)

Ēθ
∼= −jw(Āθ + η0F̄φ) = −

jke−jkr

4πr
(L̄φ + η0N̄θ) (4.24)

Ēφ
∼= −jw(Āφ + η0F̄θ) =

jke−jkr

4πr
(L̄θ + η0N̄φ) (4.25)

¯Hr
∼= 0 (4.26)

H̄θ
∼=

jw

η0
(Āφ − η0F̄θ) =

jke−jkr

4πr
(N̄φ −

L̄θ

η0
) (4.27)

H̄φ
∼=

−jw

η0
(Āθ + η0F̄φ) = −

jke−jkr

4πr
(N̄θ +

L̄φ

η0
) (4.28)where η0 =

√

µ0

ε0Putting N̄ and L̄ in form of Cartesian oordinates:
N̄ =

∫ ∫

S

(x̂J̄x + ŷJ̄y + ẑJ̄z)e
jkr′ cosϕds′ (4.29)

L̄ =

∫ ∫

S

(x̂M̄x + ŷM̄y + ẑM̄z)e
jkr′ cosϕds′ (4.30)And now, transforming into spherial oordinates substituting in 4.24, 4.25, 4.27 and 4.28,we obtain:

N̄θ =

∫ ∫

S

(J̄x cos θ cosφ+ J̄y cos θ sinφ− J̄z sin θ)e
jkr′ cosϕds′ (4.31)
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4. Theory
N̄φ =

∫ ∫

S

(−J̄x sinφ+ J̄y cosφ)e
jkr′ cosϕds′ (4.32)

L̄θ =

∫ ∫

S

(M̄x cos θ cosφ+ M̄y cos θ sinφ− M̄z sin θ)e
jkr′ cosϕds′ (4.33)

L̄φ =

∫ ∫

S

(−M̄x sinφ+ M̄y cosφ)e
jkr′ cosϕds′ (4.34)The surfae of integration S will be a box entred symmetrially in the oordinate origin andwith side dimensions x0,y0,z0.4.4.3 Calulate �eldThe previous setions explained how we ould obtain the far �elds. In this setion we willpresent equations to alulate the �elds in any point of spae. This proedure ?? is done intwo steps. First we alulate the vetor potentials A and F using the surfae urrents J and

M . Then the eletri, E and magneti, H �elds an be determined.The vetor potentials A and FLets onsider the magneti �ux density B = µH. In a soure free region ∇B = 0. Therefore,we an de�ne the magneti �ux density as B = ∇ × A where A is an arbitrary vetor. Byombining this we have:
HA = 1

µ
∇×A (4.35)Maxwell's url equation ∇× EA = −jωµHA and ?? gives:

∇× EA = −jω∇×A (4.36)also written:
∇× [EA + jωA] = 0 (4.37)39



4.4. Near to far �eld transformationThen we an ombine 4.37 with the vetor identity formula ∇× (−∇φE) = 0, where φE is anarbitrary eletri salar. We have:
EA = −∇φE − jωA (4.38)Then we take ∇×∇×A = ∇(∇A)−∇2A and by using ??:

µ∇×HA = ∇(∇A)−∇2A (4.39)Maxwell's equation ∇×HA = J + jωǫEA ombined with equation 4.39 leads to:
µJ + jωµǫEA = ∇(∇A)−∇2A (4.40)Finally, substituting 4.38 into 4.40 gives us:

∇2A+ β2A = −µJ (4.41)Where β2 = ω2µǫ. In addition:
EA = −jωA− j 1

ωµǫ
∇(∇A) (4.42)By using the eletri �ux density de�ned as: DF = −∇×F , we obtain the following equationsfor the seond vetor potential F :

EF = −1
ǫ
∇× F (4.43)

∇2F + β2F = −ǫM (4.44)Where β2 = ω2µǫ.
HF = −jωF − j

ωµǫ
∇(∇F ) (4.45)40



4. TheoryThe eletri and magneti �elds E and HIt is now very easy for us to �nd the eletri and magneti �elds at any point in spae. Indeed,the total �elds are just the sum of the �elds reated by the vetor potentials. Therefore:
E = EA + EF = 1

jωǫ
∇×HA − 1

ǫ
∇× F (4.46)And

H = HA +HF = 1
µ
∇×A− 1

jωµ
∇× EF (4.47)
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Chapter 5
Solution
5.1 Creation of the odeThe problem on whih this report is foused is the radiated emissions. These kind of emissionsould ause unexpeted interferenes in some devies suseptible to be in�uened by them.Suh devies are present in the environment in whih the produt under study is loated.When studying the apability of an eletromagneti devie to ause some disturbane, wemust measure the intensity of the disturbane to the nearby environment. A module of aPCB, for example, ould reate some problems or di�ulties to other modules around it.Suh environments are tending to be smaller and smaller every day. Due to that fat, near�elds have beome an important part of the study of EMC. However, while fousing on thesenear �elds and loser parts to quantify the eletromagneti interferene, the far �elds whihderive from these small near �elds have to be taken into aount too.It is possible to design an integrated system where all the modules are perfetly working with-out disturbing the rest of them and, therefore, satisfying the standards. But at the same timeit ould be possible that this system, due to the far �elds derived from this performane, whihare propagated aross the environment, is reating harmful interferenes to other suseptiblesystems, preventing them from working properly.In order to be able to add this problem to the study of an EMC design, a ode to make anear to far �eld transformation has been made following the theory exposed in 4.4.43



5.1. Creation of the ode5.1.1 Validation of the odeA Matlab sript was written to be able to ompute the far �elds from the near �elds obtained.To be sure that the ode developed is orret and appliable to every ase, a dipole was thestarting point to validate it. Beause the radiation pattern of this antenna is well known, itis a perfet way ensure the e�ieny of the omputation.The near �elds whih were the starting point, have been alulated using a Matlab ode devel-oped at Aalborg University known as AAU3. The omputation makes an FDTD simulationand obtains the �elds from it by using an Fourier transform. Figure 5.1 shows the senariowhih was simulated, inluding the FDTD boundaries.

Figure 5.1: Dipole and FDTD boundaries simulated to obtain the near �eldsFigure 5.2 illustrates the idea of the loal importane of near �eld and why they are importantto the losest devies.As it is explained in 4.4.2, it is neessary to selet a surfae enlosing the dipole in order tobe able to apply the Surfae Equivalene Theorem. Due to the fat that the ell size used inthis simulation was 5 milimiters it seems enough to use a 5 ell separation between the dipoleand the surfae. This fat is shown in Figure 5.3.44



5. Solution
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Figure 5.2: Near �eld Ex omponent omputed by an FDTD simulation using the AAU3 ode

Figure 5.3: Surfae enlosing the dipole to be used in the SET 45



5.1. Creation of the odeTaking the near-�elds obtained from the AAU3 ode simulation it is possible to apply the SETalulations explained in 4.4.2 to eventually be able to alulate the far-�elds. From thosefar-�elds we obtain the radiation pattern to, �nally, assure that the ode is working properly.Figures 5.4 and 5.5 show the results of this proess. We an see that the radiation patternfrom our alulations oinides with of the ideal dipole. Therefore, the sript is orret andan be applied to any ase under test.

Figure 5.4: 3D radiation pattern of the far �eld obtained

Figure 5.5: Radiation pattern in planes XY and YZ
46



5. Solution5.2 Study of a real aseOne of the problems of EMC design is that sometimes the previsions do not oinide with thereal results. The aim of this setion is to try to study a real ase and to �nd whih type ofproblems are neessary to deal with.The devie whih has been studied is a small antenna (e.g. a ell phone antenna). Themeasures were obtained in an anehoi hamber by Bang & Olufsen employees. The antennawas plaed over a module whih was rotating in order to apture the measures of the near�elds. The data was obtained sanning 3 planes around the antenna, as is shown in Figure5.6.
z

y

x

Antenna side

Long side

Back side

Figure 5.6: Sheme of planes where the measurements were takenIn order to alulate and study the rest of the near �elds, it is possible to obtain some informa-tion from the initial data. The sanning took plae over the plane surfaes indiated in Figure5.6, therefore they inlude 2 �eld omponents per plane. The module rotated for every santo plae every surfae over the XY plane. This was just a method to make the measurementproess easier. Indeed, when applying the SET this problem is geometrially solved faithfullyfollowing the Figure 5.6, where the planes whih were not sanned are supposed to have value47



5.3. Field intensity distrubution0 for their near �elds.When trying to quantify the in�uene of the near �elds it is obviously important to know inwhih frequenies the �eld strength takes plae. In this ase the range of study was from 30Mhz to 1 Ghz. The result of this searh is shown in Figure 5.7 for the antenna side, 5.8 forthe long side and 5.9 for the bak side.Both �eld omponents, x and y, are interdependent in eah plane, so the peaks appear at thesame frequenies. For the bak and long side, peaks appeared in frequenies: 70, 150, 400, 630MHz and in the margin between 800 and 1 GHz, these last ones being the most important.However, in the antenna side, peaks are observed around 100�200, 300, 400, 460, 550, 630 and800�1 GHz. The reason why this plane is more suseptible to the �eld is beause it is the onewhere the antenna is oriented to.The data provided by Bang & Olufsen about the far �eld were measured in an anehoihamber. The bandwidth was 120 kHz and the measure time of 1000 ms. The data ispresented in Table 5.1. It is signi�ant to see that the peaks whih were observed in the near�eld hardly math the ones obtained from the measurement made from the far �eld. Onlyin a few ases there seems to be some obvious relation between both strength distributions(150, 799,98 and 933,33 MHz) and a small relation in others (225 MHz). Apparently the �eldpolarization is not important on this issue.An important fat to onsider is that the high far �eld peaks do not math the ones in thenear �eld. Only at frequeny 799.98 is it possible to �nd this oinidene but it is absolutelynon existent at 666.66, where the highest far �eld value appears. This is an important and areally revealing fat beause it shows that when designing a system under the EMC standards,the far �eld environment is ompletely di�erent from the �eld situated loser to the soure.5.3 Field intensity distrubutionThe measures of the peaks were made in an anehoi hamber, plaing a reeiver at a onstantdistane of 3 meters away from the module whih was emitting and plaed 90 m high. Thehigh peaks for the transmitter in eah frequeny measured are shown in Table 5.1. Applyinga simple trigonometri relation (see 5.1) we obtain the theta angles for eah ase just doing
θ = 90− α.48



5. Solution

Figure 5.7: Frequeny pikes for antenna side plane

Figure 5.8: Frequeny pikes for long side plane 49



5.3. Field intensity distrubution

Figure 5.9: Frequeny pikes for bak side planeFrequeny (Mhz) QuasiPeak (dbµV) Heigh (m) Azimuth (deg) Polarization38.670000 25.7 90.0 167.0 V150.000000 30.9 187.0 37.0 H174.990000 44.4 133.0 17.0 H187.500000 37.9 149.0 15.0 H200.010000 41.6 123.0 22.0 H225.000000 40.0 207.0 165.0 V300.000000 42.0 90.0 7.0 H349.980000 41.9 172.0 112.0 V666.660000 56.7 110.0 187.0 H799.980000 52.8 90.0 7.0 H924.990000 45.2 90.0 352.0 V933.330000 46.1 90.0 330.0 V984.630000 43.4 90.0 341.0 V1000.000000 42.5 90.0 37.0 VTable 5.1: Measurements of an eletromagneti interferenes in an anehoi hamber50



5. Solution
α = arctan

hrx − htx

300
(5.1)The table with both angles is shown in 5.2.Frequeny (Mhz) Azimuth [φ℄(deg) Θ (deg)38.670000 167.0 71.13150.000000 37.0 81.76174.990000 17.0 78.66187.500000 15.0 83.68200.010000 22.0 67.05225.000000 165.0 90300.000000 47.0 74.14349.980000 112.0 86.177666.660000 187.0 90799.980000 7.0 90924.990000 352.0 90933.330000 330.0 90984.630000 341.0 901000.000000 37.0 90Table 5.2: Angles for eah frequenyThe sanning of this data was inomplete and it is only a way to have an approximate ideaof the results. It ould be heked that only a few peaks are loated around the same zone inthe �eld intensity graphis obtained from the ode and from the real measures.The ode provides a �eld intensity pattern where the highest �eld values are onentrated in arange around a non onstant band. Some frequenies almost satisfy this ondition as shown in5.10,5.11 where the measured peaks are marked as a blak ellipse over the theoretial results.Mathing is not perfet due to the fat that the theoretial approah is the perfet ase andit di�ers from the real ase. So values are not perfetly loated at the maximum level areasbut nearby.As frequeny inreases, the �eld intensity distribution beomes distorted and results mismathin a more important way (see 5.12 and 5.13 or the radiation patterns in 5.14 and 5.15). This51



5.3. Field intensity distrubution

Figure 5.10: Field intensity distribution for 38.67 Mhz

Figure 5.11: Field intensity distribution for 200.01 Mhz
52



5. Solution

Figure 5.12: Field intensity distribution for 666.66 Mhz

Figure 5.13: Field intensity distribution for 666.66 Mhz
53



5.3. Field intensity distrubutionis due to the fat that losses inrease with the frequeny of operation. Also, it ould be thatthe frequeny deviates from the optimum value or value range of operation.

Figure 5.14: 3D radiation pattern for the 38.67 Mhz frequeny

Figure 5.15: 3D radiation pattern for the 800 Mhz frequenyInomplete surfaes to apply the SET?Maybe the �rst hypothesis about these mismathes ould be that the 3 surfaes given arenot enough in order to use properly the Surfae Equivalene Theorem. With the purpose ofheking this theory, some simulations have been done. Firstly with the dipole and afterwardswith the real data.Results for the dipole are shown in Figures 5.16 and 5.17. Not only some sides are not essentialbut it is even possible to apply the theorem with only one of the faes of the surfae enlosing54



5. Solution

Figure 5.16: Simulatoin without XY and ZX sides. Only XZ sides has been used.

Figure 5.17: Simulation using only a ZY side.the devie (the dipole in this ase) under test. As shown, results are exatly the same for theradiation pattern.It should be exatly the same for the module where the real data has been obtained from.But sine the devie is not so well known, 3 simulations were made (5.18, 5.19, 5.20), one pereah fae, just to orroborate that the absene of faes it is not bringing false data.It is easily heked that the absene of the rest of the sides is not the reason for the imperfetresults. The ode has shown to work perfetly when it has been validated with the dipole andthe pattern obtained from the real data appears to have a plausible shape for an antenna.Therefore several reasons ould be ausing these results :1. The sanning of the far �eld was inomplete, so maybe there are higher peaks in another55



5.3. Field intensity distrubutionpoints in the spae and these are not atually the real ones.2. The far �elds measured were the eletri ones. The near �elds provided were the mag-neti ones. It is well known that when measuring near �elds, it is highly reommendedto obtain both �elds, alibrating the measure devies for eah one due to the omplexrelation between them and the speial behaviour in this zone.3. A more exhaustive and detailed sanning of the near �elds ould help. Meaning sanningmore points, both �elds and planes plaed loser or further to or from the antenna. . .
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Figure 5.18: Simulation using only the antenna side.
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Figure 5.19: Simulation using only the bak side.
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Chapter 6
Conlusion
The aim of this projet has been the analysis of the e�et of the eletromagneti interferenesaused by the near �elds. It has been foused on studying one of the most important souresof interferene in EMC, the radiated emissions.Firstly an overview of EMC has been done in order to give the reader a brief idea of the topidisussed, inluding a presentation of the main numerial methods used in this �eld of study.Then the problem is raised and a theoretial study of a possible solution is presented, theNear-to-far-�eld transformation, a onrete ase of the Surfae Equivalene Theorem.One the solution was lear, several sripts were written in Matlab in order to implement thistheory in a pratial way. This ode has been validated orretly using a well known example,the dipole. After this, the ode has been used with real data.It has been demonstrated that it is not stritly neessary to use a omplete surfae to applyproperly the SET. The ode has proven to be a good tool to study the near-to-far-�eldtransformation under real onditions, while at the same time has highlighted the need forrigorous measurement ampaigns to obtain a useful predition. Also it ame out that adetailed study of the e�et on di�erent frequenies is neessary when dealing with these kindof problems. Indeed, it is not the same frequenies that are a�eted by the near �elds andby the far �elds. All these onepts together will help to develop a orret design in the �rstattempt, saving in this way time, money and resoures while satisfying the standards.As future work it is proposed to extend the transformation ode written in order to apply it59



to any point of spae, not only in the far �eld zone. Also some orretions ould be made inorder to provide more auray and beome a really reliable tool for professional use.
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