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Abstract

The measurement techniques employed to obtain the shyedffiectiveness (SE) of enclo-
sures using the current version of IEEE 299.1 only apply to=ures of side dimension
greater than 0.1m, and are also lacking in a full analysiheffield distributions within
the enclosure. The work presented here uses the IEEE 2%tlsthindard as a base and
investigates different methods of obtaining the SE, as aglboking at making the mea-
surement more applicable to physically small and eledtyitarge enclosures, and hoping
to inform future versions of shielding effectiveness stdd for small enclosures.

The first part of this thesis investigates the use of a comlergeéor as a source in an
enclosure under test (EUT), which provides a statistiaafijorm electric field inside the
EUT when combined with a small mechanical stirrer. The EUddusere is an equivalent
size to a 19 inch rack unit used in many equipment rigs; tleeahvestigations using it
are of relevance to the real world.

It becomes apparent that it is important to be sure thatssital field uniformity is
achieved within the EUT as well as in the test chamber. Thentlea at the University of
York is compared with the chamber used in Ancona, Italy. Mezle, it is found that the
presence of a direct path or unstirred component distohuti an enclosure or chamber
can change the measured SE.

A study of aperture dominated EUTSs reveals that it is posdibbbtain an indication
of the SE of an enclosure using the-factor. This test method has the advantage that it
can be applied to enclosures that have a low SE or have manyggs as is the case in
some real enclosures. Continuing the development intmteshysically small enclosures
that are outside the scope of IEEE 299:1997, it is shown tpataically small enclosure
can be represented by an electrically equivalent largdosue. This is also of use when
considering IEEE 299.1.
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Chapter 1

Introduction

1.1 Research Aims

Electromagnetic Compatibility (EMC) is one of the most impat aspects of electronic
design. In essence, EMC encompasses the electromagnétgi@mand immunity prop-
erties of any specific electronic devices. As all electramumponents have the potential
to emit radio-frequency and also low frequency electronetigmadiation when in opera-
tion, some mechanism or aspect of design is required to makettsat the emission from
one component, or even from the electronic device as a whoks not interfere unduly
with the operation of other components or other device. This be done by reducing
the amount of radiated energy from the device (reducing €oms), reducing the ability
to be influenced by incoming radiation (increasing immupity by a combination of the
two. A measure of the Shielding Effectiveness (SE) of anggielectronic equipment
enclosure can be used to help quantify the immunity and éonisharacteristics of the

equipment in question.

Although separate immunity and emission experiments caoabeed out, what is
of interest here is the ability of an equipment enclosureettuce emissions and boost
immunity. The basics of testing and measurement, even wlaege chambers [1] and
the electromagnetic physics behind an SE measurement dreinvderstood [2][3][4].
What is looked at in this thesis involves the statistics @&f @tectromagnetic fields both
inside and outside any given enclosure. The underlyingoreés this work is to further
the understanding of the mechanisms in operation involvddan SE measurement in a
reverberation chamber, as well as to develop ways of mewsthie SE that differ from
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and help inform the standard measurement procedure adiinthe IEEE (Institute of
Electrical and Electronics Engineers) 299.1 [5], used feasuring the SE of physically
small enclosures .

1.2 Research Scope

The measurement of physically small and electrically l&geipment enclosures has been
under research internationally for some years now, withynaepects covered. The IEEE
Standard 299.1 [5] concerns the measurement and clagsificdtelectrically large en-
closures with a side dimension between 0.1m and 2m andagtii;nested reverberation
chamber set-up [6][7]. The theory of this measurement icay in the background
section. The scope of this thesis is to expand and inform emththodology and un-
derstanding involved in the IEEE 299.1 standard. Furtigetime knowledge behind the
current measurement procedure results in some new waysaholg the SE of equip-
ment enclosures, and an in depth study of the underlyingsstatinvolved in taking a
measurement in a reverberation chamber is carried out.ingarpethods of measuring
the SE are tried with the intent of making the measuremertkguiand easier to obtain,
while bearing in mind the lessons learned from analysingthigstics present in the nested
chamber arrangement. Later on the electrical scalabilignolosures is investigated and
compared to how the theoretiag@l-factor in an enclosure can be used to help inform and
measure the shielding effectiveness.

1.3 Outline of the Thesis

After this introduction, the background theory of the plegsand statistics behind rever-
beration chambers is examined in Chapter 2, including@2hdactor and set-up of the
nested chamber method. An introduction to shielding affeness and field statistics is
also covered.

Chapter 3 involves the discussion of stirring methods inlseralosures using the
York EMC Services (YES) provided Comb Generator Emitter E}&s an emitting source
inside the enclosure under test (EUT). A small mechanigaésis designed and the two
measurement ideas combined into a single instrument. Tdefusequency modulation
for frequency stirring is also investigated.
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Chapter 4 describes the work done on an enclosure desigrasl used as a round
robin EUT in order to test the methods and chambers of diffarestitutions around the
world. Results from the University of York (UoY) and the Uargity of Ancona (UoA) in
Italy are presented, and a comparison between DC stirrsigda direct current motor to
mechanically stir) and post-processing stirring is exadin

Chapter 5 involves investigations into direct paths in esgtes and how the presence
of such direct paths, which are identifiable by the preserice Rician distribution of
electric field, changes the measured shielding effects®ne

Chapter 6 looks at estimating the shielding effectivendsanoaperture dominated
enclosure by measuring the difference in power transméatedss the chamber when an
EUT loaded with radio absorbing material (RAM) is preserd @8 apertures changed.

Chapter 7 concerns using the-factor to obtain an estimation of the SE in the case of
an aperture dominated EUT.

Chapter 8 details the concept of equal electrical size toategnclosure of different
physical size. Theoretical considerations of the effe¢chef)—factor as the physical size
of the enclosure becomes smaller are investigated. Thapteses of this method is
to test previously untestable physically small enclostines have an impractically high
minimum frequency restriction.

Chapter 9 summarises, discusses and draws conclusiongheoprevious chapters
and brings the whole research together, and also suggestsrfwork.

The Chapters are followed by an Appendix, Chapter 10, whephaduces some of the
MatLab code used to process the results.

The thesis as a whole involves using a number of methods ahditpies in order to
investigate the measurement of shielding in electricallgé metallic enclosures. Devel-
opment of an instrument for use in enclosures highlighedesssues with the existing
draft IEEE 299.1 standard, used for testing the shieldingnafosures. The main issue
identified that is concentrated on is the lack of rigour irtitegsthe statistical distribution
of the field present in both the testing chamber and the em&#oshen using a nested
reverberation chamber setup, and the effect that this candrathe measured value of the
SE. It is hoped that the work presented in this thesis will edthe knowedge base that
will be used in the creation of new standards for enclosiginig, or help with updates to
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the existing IEEE 299.1.



Chapter 2

The Theory of Enclosures, Fields and
associated Statistics

2.1 Introduction

This Chapter provides an overview of previous research enfigld of electromagnetic
compatibility (EMC) with regards to shielded enclosured #re statistics of the internal
electric fields. First, shielded enclosures are examinegld amphasis on the reverbera-
tion chamber. This involves an overview of modes and modgrsdi then a look at the
(Q—factor of a reverberation chamber and how shielding workss Thapter explains the
theory and lays out the underlying physics needed to inftrenatork carried out later in
the thesis. Throughout this thesis the external screenaa will be referred to as the
‘chamber’ and the internal enclosure will be referred toles‘enclosure’ or ‘enclosure
under test (EUT)’. The EUTs used are metallic, electricidlge, and representative of
real world enclosures, for example a 19 inch rack unit.

2.2 A Brief History of EMC

Electromagnetic interference (EMI) first became appareningd the telecommunication
boomin the 1920s, once the transmission of radio wavegdtirtbecome more widespread.
In 1934, in Paris, the first meeting of CISPR (Comité Intéoreal Spécial des Pertur-
bations Radiolectriques) was held [8], incorporating memalof the IEC (International
Electro-technical Commission); eventually producing woentation that began to ad-
dress the EMI problems that were starting to occur. In 19B6s¢ documents were
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accepted as part of the European Directive on EMC, a verdiavhah is still in use
throughout the European Union (EU). Technological advamntéhe field of semiconduc-
tors meant that improving EMC rapidly increased in impoctrfrom concerns over radio
system protection, to the need to include emission and initgnaspects in the design of
electronic systems. This lead to the extensive developoféaest methods designed to en-
courage reliable and repeatable EMC testing throughowldetronic world [9][10] [11]
[12]. An important part of these test methods, describeddnydards such as the Institute
of Electrical and Electronics Engineers Standard 299 (IE€%®) [5], is the ongoing devel-
opment of equipment enclosures, and a continuing increageilevel of understanding
behind the measurements being taken.

2.3 Shielding

The mechanism by which a material shields against EM ramhas described by the
Schelkunoff model [13]. Developed in 1938 from the concdatroelectromagnetic wave
having an impedance, a schematic representation of thelmodehich an electromag-
netic wave in free space impinges on a infinite flat sheet @idimig medium, is shown in
figure 2.1

The fraction of the incident wave; that becomes the reflected wakig is dependent
on the reflection coefficient of the surface of Medium 2. Theaming portion carries on
into the material, being attenuated by the faetor, wheres is the skin depth of Medium 2
andd is the thickness of Medium 2, until it reaches the other sigfgon exit from Medium
2, (the right hand side of Medium 2 in figure 2.1), another o#it&/transmission occurs;
in this case the reflected wave returns back through the rab#erd the portion that is
transmitted helps make up,. Multiple reflections occur inside the material, addingap t
the totalE, andE;, although due to the attenuation inside Medium 2 subseqgeiettions
and transmissions are much reduced. If the width of Mediuslarger thar then the
subsequent reflections can be ignored, as their contribtgithe totalF, andF; is small.

The well known property, the skin depth, is related to the material properties of the
shielding materialz the conductivity ang: the permeability, and is defined in equation
2.1. The skin depth is dependent on frequeficgs the frequency increases the skin depth
decreases, and so the thickness of a material requirecetciieély shield is reduced.
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Figure 2.1: Diagrammatical representation of Shelkunbfélsling Model
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The measure of shielding effectiveness (SE) is used toitheduow well any given ma-

terial attenuates an electromagnetic wave. The acceptdtbthef measuring this effect
is to simply measure the electric field strength on eithez sitthe material in question.

Consider the case shown in figure 2.1. The field strength oititingnated (left hand)
side of Medium 2 will be higher than that on the shadowed sSidd}, > E,); and a simple
and accepted way of expressing this is to take a ratio betiese two quantities. The
SE can be given in the form of the electric field strengtithe magnetic field strength
or the power density. Usually, the SE is expressed in decibels, obtaining tHevahg
forms [5]:

L
SEdB =20 10g 10 (—) (22)
Ly

H;
SEdB =20 10g 10 (—) (23)
Hi
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Si Pou
SE.5 = 101og 1 (E) = 101log 10 < B t) (2.4)

where the denominators;, H;,S; are the unshielded reference measurements, equiv-
alent to the incident wavé; in figure 2.1, and the numeratér;, H;,S; are the shielded
measurements, equivalent to the transmitted wayve figure 2.1. The quantity’,,; is
the power measured outside an EUT dngis the power measured inside an EUT. The
process of obtaining the two quantities used to obtain thesSkdely used in both mate-
rial shielding and enclosure shielding (see section 2.g¢ements and tests [5], [7], [14],
[15].

2.3.1 Wave Impedance, the Near Field and the Far Field

Referring to the previous section, the overall SE of anyiears dependent on the magni-
tude of the transmitted wave, which in itself is a functiorttué reflection and attenuation
coefficients of the material in question. As stated, thenati&ion of the material is defined
by e%,and depends on the skin depth and the thickness. In thelthrégime, the reflec-
tion coefficient is dependent purely on the material propgras a ratio of the impedance
in the material and the wave impedance [13].

The impedance of an electromagnetic wa¥¢ \as developed in [13] and is given in
equation 2.5, and arises from the plane wave solution to M#)sxequations:

E.
7 == 2.5
i (2.5)
where E; and H; are the magnitudes of the electric and magnetic field comgsne
These are orthogonal to each other and normal to the direatipropagation of the wave.
The amplitudes of the two waves (electrical and magnetecjelated to each other through
the intrinsic impedance of free space, which has a value #3% 1207 (2. Therefore it

follows that in free spacef: = 1207

This relationship is only true in the region known as the faldfregion, where the EM
wave is fully established . The definition of the far field alsnown as the Fraunhofer
region) is normally taken a%z This distance, also known as the Rayleigh Range, arises
from the dominance of th% at values ofR (the distance from the antenna) where glae
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and higher terms in the solutions to Maxwell’s equations lsamegarded as vanishingly
small [16]. The various parts of a radiation pattern are shioviigure 2.2, wheré is the
size of the antenna in question. The boundary between nédiaafield regions is also
given independently of the antenna sizeza417]; this arises when the inductive term
from a magnetic source and the radiative term from an etestrurce are balanced, and
the antenna is considered to be small compared to the measoiréistance. There is a
transition region before full establishment of the far fisiiation, shown in figure 2.3.

reactive
near field
near field

racliative
far field

Figure 2.2: Field regions close to radiation sources

Inside the far field definition lies the near field, where th&aice from the source (in
this case a dipole antenna) is not large enough to discoquftterm for magnetic fields
and the% term for electric. For a loop antenna then the electric fialsidi% dependency
and the magnetic fieldﬁg. It is worth noting that the near field is split up into the ribae
near field (nearest the antenna) and the radiating near Gel@résnel) region (between
the reactive and transition regions)[16], with the bougdaatween them being stated as

0.621/2> whenD > ).

In the case of an electric dipole, therefore, the wave impeelas proportional t¢; and
normally larger thai377¢). In the case of a magnetic loop, the impedance is propottiona
to R, usually less thag77(2. This is expressed in figure 2.3, based on similar diagrams
found in [18] and [17] derived from equations in [16].

This necessitates that all measurements are done in theltirdo that the}E depen-
dence can be preserved. This is particularly relevant femtbrking volume considera-
tions when using a reverberation chamber. In the near fleddSE of the material needs to
be considered separately for magnetic shielding and @estrelding, i.e. it depends on
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Figure 2.3: Change in Impedance as a function of distanece &dipole source.

whether the source is magnetic (low wave impedance) orred€bigh wave impedance).

In this work, the frequencies used are high enough to ensurield criteria are easily
met. At 1GHz (the wavelength is 300mm) for example the fadfdiktance approxima-
tion of % is 48mm when the antenna is assumed to be small, and 2.4mgaidi®mm
monopole antenna and tt%%z approximation. However, due to the nature of the fields
inside a reverberant volume, this far field approximationas applicable to enclosures
and chambers.

The concept of an ‘electrically large’ object is viewed ag ¢imat is more thaq% (for
antennas) [19]. In enclosure terms this is expanded to mearitamoded enclosure [20],
i.e. there are sufficient modes for the statistical appraadye valid. It is worth noting at
this point that the above discussion of near and far fieldsuas applies for antennas in
free space, and that the behaviour in an enclosure is ditfeaad it is considered sufficient
to be at a reasonable distance from the walls, normallycstete [21][22].

2.4 Anechoic and Semi-Anechoic Chambers

An anechoic (literally meaning echo-free) chamber is arlcsed volume in which any
internal reflections of internal electromagnetic wavesnai@mised by the application of
radio absorbing material (RAM) to the inside of the walls. e&hoic chambers are usu-
ally built as a screened room, meaning that the internarenment is separated from the
external electromagnetic environment, providing a regdgattest and measurement en-
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vironment. Anechoic chambers can be used for measuringy@heagnetic emissions of
electronic equipment; they also allow immunity testing bgans of plane wave illumi-
nation of the EUT. This is achieved by transmitting poweoitiite chamber, with either
a wall-mounted or free standing antenna; the RAM on the @ssaf the walls helping to
minimise any reflections. An example of an anechoic chaméeibe seen on the right of
figure 2.4. In an anechoic chamber, the RAM can be either ifictme of ferrite tiles for
use up to around 1GHz, or triangular section carbon loadanh filor frequencies higher
than that; the absorption properties being dependent ooathgtruction of the absorber,
the density of the carbon foam and the size of the absorptnag It is this absorber that
limits the useful size of the anechoic chamber, becauseytzarids have to be increased
in size as the required frequency is reduced. This is duedddtt that the pyramidal
absorber is at its most efficient when the ‘cone’ of the pyda'mi% [23]. A full anechoic
chamber has RAM applied to all the internal walls, whereasnai-@nechoic chamber has
a reflective floor with no applied RAM, analogous to an OATS é0@p\rea Test Site), A
semi or fully anechoic chamber has the added advantage oV@A&S of the ability to
use high field strengths for immunity testing without the lpuimterference problems that
would arise from such a measurement on the OATS.

Due to the nature of the anechoic chamber, and the posgitiilitigh directivity of the
EUT, the EUT is rotated60° around a vertical axis relative to the external measurement
antenna in order to fully illuminate all sides. This rotatitas to be performed during both
emission and immunity measurements. For a full charaet#ois of an enclosure then it
would be beneficial to also perform3&0° scan around a horizontal axis, however this is
somewhat impractical and so is not usually done. The anedmaimber used in Chapter
7 is a fully anechoic shielded room of dimensions 4.70n3.00m x 2.37m. The way
round the need for moving the EUT in an intermediately siZeahtber, i.e. a chamber
that only has space for a single antenna and/or no spacetimranscanning, is to use a
reverberation rather than an anechoic chamber.

2.5 Reverberation Chambers

A reverberation chamber is a particular variety of screaned that has highly reflective
internal walls. The chamber has a high quality factor, teri@e-factor, and is intended
to create a statistically uniform, isotropic and randomtyapised internal electric field.
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Figure 2.4: Schematic diagram of screened rooms, with trexlberation chamber on the
left and the anechoic chamber on the right

This is achieved by multiple reflections within the chamlembined with stirring, hence
the term reverberation. The construction of the chambeblesahe hight)—factor and
multiple reflections, as the internal walls are covered ghhi conductive (and therefore
electromagnetically reflective) material, such as zinwvaaiked steel. It is possible to
mode stir (continuously varying the boundary conditionspode tune (discretely vary the
boundary conditions) in order to achieve statisticallyrage uniform fields, as minimal
variation of boundary conditions within the chamber resuit large field variations at
fixed points inside the chamber. This allows the EUT to beguaanywhere within the
working volume of the chamber. The reverberation chambed usthis work is installed
in the Physical Layer research group at the UoY, and is a @eskihned sealed zinc
galvanised metal box of dimensions 4.70m3.00m x 2.37m. It can be seen in figure
2.5. There is a door in one of the sides that is fully shieldeid;chamber can be used as
a reverberation chamber down to around 300MHz. The EUTs lusexlare substantially
smaller than this chamber, with long side dimensions rap@om 0.1m to 0.5m. A
schematic of a reverberation chamber can be seen in the eguoe 2.4. The following
sections examine the workings of a reverberation chamberore detail. Although not
prevalent in EMC testing standards, reverberation chasnbave been shown to be an
excellent way of obtaining maximum emitted power and of pdimg a high field level
with relatively small initial expense [24][25][26].
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Figure 2.5: The reverberation chamber as used in the magivork in this thesis. This
is set up as per the nested chamber method - see section2d5igae 2.6

2.5.1 Nested Chamber Method of Measuring Shielding Effecteness
of Enclosures

The method for measuring the SE of enclosures outlined irn8E@0-4-12 and in both
IEEE 299 and 299.1 is the nested chamber method [4], [5], [ZR]s involves situating
the enclosure inside the chamber and using both as revatbaimes. For material
shielding, a single large aperture between the two chandagr®e covered with the ma-
terial under test. The received power within the chambensaasured with and without
the material present, thus the SE of the material can be mezhshis method can be
adapted to measure the SE of enclosures by measuring theecpewer inside and out-
side the EUT. The equations shown previously (section 2j8a&ons 2.4 and 2.20) are
used for this, meaning both a reference measurement anéldesthmeasurement needs
to be taken. A nested chamber measurement setup for measHirof enclosures as
outlined in [5] and [27] is shown in figure 2.6. In a nested chamwith two empty rever-
berant volumes (although a chamber with empty EUT insidélizygwed as empty, this
is not the case if the EUT is loaded [28]) the SE of the enclesidependent on the size
and number of apertures in the enclosure [29].



25 31

Data collection
Refererence computer

groundplane

monopole on
Transmit
Antenna ~

14

Network
Analyser

(]
=]
(m]

Port2 Portl

0
7
o] isksls
bEES

500
Load

receive
monopole

————

Mechanical Stirrer

Figure 2.6: Schematic of nested reverberation chamber fosexhclosure SE measure-
ments

As can be seen from figure 2.6, Port 1 on the Vector Network ys®alis used to re-
ceive data from both inside and outside the EUT, Port 2 is tisdthnsmit. These are
then used in equations 2.4 and 2.20. Port 2 is used to transimithe chamber and the
transmit antenna is oriented so as to reduce the probabilaydirect path. The measure-
ment is controlled by software on the data collection coraputhis has the capacity to
move the stirrer to a single position and then trigger thevost analyser, which performs
a measurement whilst the the stirrer is stationary at thsstipn. The S-parameter data
for this stirrer position is saved to disk, then the proceg®ats for a user defined number
of positions. Post-processing of data is done in MatLab. &eramples of the code used
can be seen in the Appendix, Chapter 10.

2.5.2 Modes and Mode Stirring

If the walls of the cavity in question are highly reflectivs,ia the case in a reverberation
chamber, then in a steady state environment (such as a chuaiitiba stationary paddle), a
number of electromagnetic standing waves will be set uparctvity [30]. These standing
waves are known as modes, and are dependent on the size aiclbeuge and also the
frequency of the EM wave. For an electrically large reveabércavity with dimensions

a x b x ¢, resonant modes are established at distinct frequefigiggin MHz) , described
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by the following well known Helmholtz equation for a pardilgped structure, where,
is the speed of light in a vacuum [31]:

o = S (Y 5 (1) (2 @

From equation 2.6 the frequencies of the lowest resonanemwdHertz, where one

of the three orthogonal mode numbens n, andp, is zero, can be deduced: the lowest
resonant frequency being controlled by the volume of théyavherefore it is obviously
beneficial for maximum measurement potential to have a® largavity as possible, in
order to lower the frequency of the first resonant mode. Intrtadss, the size of the

reverberation chamber is limited by the space availablelamdost of construction.

Reverberation chambers are rarely used near the first netsoioae, as with only a few
modes present, the statistical uniformity of the electetdfis very low [22][32], and the
point of the reverberation chamber (namely to provide assteally uniform electromag-
netic environment) is missed. To allow the chamber to perfas intended, there is a limit
on the lowest usable frequency (LUF). A rough approximatassuming that > b > ¢,
for the LUF is three times the lowest resonant frequefigy [31][33]. However, it is
regarded as a general rule, that the lower frequency limistatistical uniformity is the
frequency below which 60 modes exist inside the reverbexarity [14].

The number of possible resonant modg€g below a particular frequency in an
enclosure of volumé&’ is given by the analytical expression known as Weyl's lavevai
in equation 2.7. This can be obtained numerically from equa.6 [31].

B 8tV f3

N, :

" 2.7)

A more exact form of Weyl's law for rectangular cavities gigithe number of modes
N,, below a frequency, for an enclosure of volum¥& and side dimensionsgb, andc is
given in [34] and shown in equation 2.8:

_ 8tV [P (at+bto)f

3

Ny,
300 Co

(2.8)

Two things are needed to obtain the statistically uniforieas involved with rever-
beration chambers: sufficient modes and effective stirrifige modes are stirred, either
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mechanically via a motorised stirrer [31], or electronlig@ly scanning the measuring fre-
guency [35]. Although not used in this work, antenna stgrand load stirring are also
options [36],[37],[38], as is stirring by moving the wall§the reverberant volume [39],

and hybrid systems as in [40]. The effect that any stirring isgo change the boundary
conditions in order to set up different mode patterns intheecavity. If at least 60 modes
are excited below the test frequency [14], [18], [41], anthé (in the case of mechanical
stirring) paddle is large enough [42] and moves enough ttugethe eigenvalues, then
effective stirring will occur.

A useful measure i®),,,, the mode density (per Hertz), obtained by differentiatyg

with respect tof, and shown in equation 2.9.

8V (atbd+o)

3

Dp, (2.9)

Co Co

Mode density increases with the square of the frequency,amibe seen that higher
values of f are beneficial in obtaining high mode density, and therebmig able to
imply higher field uniformity. This is one of the reasons wieye&rberation chambers are
effective at high frequencies.

The actual number of modes in a reverberant cavity depentitseamode density and
the bandwidth covered by each mode [32]. The overmoded tongdwhich is desirable
for good field statistics, is not purely dependent on the remobmodes but is also linked
to the number of modes within a -3dB bandwidth of a dominanden@2]. The Rayleigh
distribution of the magnitude of individual field componeftee section 2.6) is also de-
pendent on the ratio of the mode bandwidth to the mode debsityg significantly larger
than 1 [22].

2.5.3 Mechanical Mode Stirring

Mechanical mode stirring involves moving a large metaldgle within the volume of
the reverberation chamber. Two types can be used, mechamicke stirring where the
paddle is turned continuously, and mode tuning where thieestis stopped while the
frequency response of the chamber or system is measuredi3hamber used here is
always mode tuned. Mode tuning is a more satisfactory asdtveank analyser can be set
to take slow and accurate measurements with a small IFBWewenthis is a more time



25 34

intensive system than the mode stirring method. The modadumethod also differs
in that the)—factor and field levels cannot change while the data is besagd,ras the
electromagnetic environment is in a steady state. The wagddhis limitation when
mode stirring is to take the measurements very quickly. &@hemo set usage though,
some individuals advocate continuous stirring while aghealvocate stepped [36]. Due
to the statistical nature of the reverberation chamberpag &s the stirring is effective
and predictable then the measurement should be satisfadtoe paddle has to occupy a
significant volume of the chamber, practically limited byl sieeding a volume in which to
place test equipment [42]. The paddle used in the Univeoi¥prk chamber can be seen
in figure 2.7. If the paddle is too small, the boundary cownditand therefore the mode
pattern will not be modified to a large enough extent to allodependent samples. The
paddle is moved in steps using a user controlled steppenrrantbthe frequency response
taken at each step; these results are then averaged ovérsérfel rotation to give an
average received power. It is this average received povatrishused in the equations
used to calculate SE. In the University of York chamber, tie@ger motor is situated on
the ceiling of the chamber. The motor control system is desigand integrated into the
measurement system so that the paddle is perfectly stagiauineen the frequency response
is taken to ensure maximum accuracy.

Figure 2.7: The stirrer paddle used in the reverberatiomdiea

The paddle stirrer method changes the electrical shapesafttamber, and therefore
changes the conditions for creating standing waves. Tlasgés the mode pattern within
the chamber. The effect of the mechanical mode stirring ishnge the positions of
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the maxima and minima associated with the electric fielddms$he chamber. Over one
rotation of the paddle, if enough stirrer positions are ysee 2.5.5) then the field inside
the chamber can be viewed as statistically uniform. Any Eb@t is placed within the
working volume of the chamber will be uniformly illuminatédthis case. The working
volume of the chamber is generally said to be the volume n‘rtmeg [22][24][43] from
the walls. Within the working volume, above 400MHz, the si@m deviation of the
mean field power over one rotation (or other means of avegagihany particular point
should be within within 3dB of any other point for an effeeighamber, this is part of the
reverberation chamber guidelines in IEC 61000-4-21 [4pddition to that, MIL 285 [9]
states that the difference in levels should be 20dB betwee=maximum and the minimum
over one stirrer rotation ([9] advocates mechanical siyyi All the measurements are
done well above 400MHz in this work; average statisticatifieliformity tends to improve
as the frequency increases [35].

2.5.4 Electronic Mode Stirring

Electronic mode stirring utilises the fact that differeréquencies excite different mode
patterns; this can be seen by examining equation 2.6. Thadrey spacing is analogous
to the paddle stirrer step size, with the similar provisd #r@ough points are needed to
enable the statistics to function correctly. This works thutne fact that the mode patterns
are highly frequency dependent [35][44][45]. There are saweful criteria set out for
electronic mode stirring in [35], they are summarised here.

The measured spectrum should be as flat as possible acease#surement band-
width

The signal should be ergodic or loosely time stationary tive averaging period

The centre frequency and measurement bandwidth shouldrsbie over a wide
parameter to make the test flexible

The average output power of the source should be variabteder to take into
account varying cavity sizes argfactors

Electronic stirring (sometimes called frequency stirjirgimplemented in this work
after the data is obtained, as the measurement instrumeet isp to give the correct
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frequency spacing between data points. This satisfies tendatem stated in [35]; the
third and fourth are less of a problem as there is only onedizxternal reverberation
chamber being used in this work. The easiest way to implerfrequiency stirring is
to average a frequency response over a suitable bandwidltf). (Bhere is a minimum
bandwidth criterion shown in equation 2.10 [7] under whiggliency stirring will not be
effective.

003

BW >>
81V, f?

(2.10)

Equation 2.10 arises from the fact that there must be a ssgnifinumber of modes
within the bandwidth for the stirring to be effective; thisks with the minimum number
of modes and the LUF detailed earlier in section 2.5.2. Tiseadess well defined criterion
for the maximum bandwidth, it is more that the user has to befagbnot to go too far,
as if the bandwidth is too large, thlig—factor of the enclosure may change significantly
within the bandwidth [7].

2.5.5 Mechanical Stirring vs. Electronic Stirring, and chasing the
step size

The main disadvantage of mechanical stirring as a methbaigshe time taken to obtain a
result can be large, especially in a twin stirred environtnes one stirrer in the chamber,
another in the enclosure. This stems from the fact that thave to be enough data points
in one rotation to be able to get enough for meaningful stesis Standard error theory
states that as more data poinfg, (increases) are used to calculate the mean, the less
error there is on the mean, and the closer the mean becomkattoftthe ideal mean,
where all the population is sampled, i.e. standard ejr<ro\+}—}T Ideally there should be
as many statistically independent points as possible. #sstally independent point is
one that is not linked in any way to the points on either sidé.olin this case, it means
that the movement of the stirrer paddle has got to be largeagmto ensure that there
is a significant change in the boundary conditions. If the emoent is too small, then a
phenomenon known as tracking is observed on a phase-quad@ot of the received
data, as in figure 2.8.

It can clearly be seen in figure 2.8 how the points are linkethis example, where
the stirrer step is too small for the wavelength of the radinmtised; the points are not
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statistically independent, and tracking is seen. This igecticonsequence of too many
stirrer positions, which can of course be reduced. Usingrtéihod of calculating statisti-
cal independence given in equation 2.11, then taking evetty sieasurement point from
figure 2.8 results in a statistically independent set, bgan mind the limitations of this
method mentioned in the last paragraph of this sub-section.

Measurement points taken with
non-independent samples
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Figure 2.8: Evidence of tracking on points that are notstiaally independent. The test
frequency is 8GHz.

A point to note here is that using the same number of stirrsitipos at a lower fre-
guency results in no observable tracking. This can be sekgure 2.9. This is because
the movement at the outer edge of the paddle is larger reltdithe wavelength of the test
frequency at lower frequencies, meaning greater pertrbat the fields for each paddle
movement and a higher level of statistical independence.

If insufficient stirrer positions are used, there are nougygpoints to make meaningful
statistical distributions; therefore it can be seen thas important that the number of
stirrer positions is chosen carefully. Another issue witimerous stirrer steps is time. If,
for example, the vector network analyser (VNA) used to agbthe results takes a minute
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Figure 2.9: No tracking evident using the same stirrer stapas in figure 2.8 but using a
3GHz test frequency
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to take data at each stirrer position from the chamber, ihah the positions on the UoY
stirrer are used, the measurement will take at least 6400tesn There also has to be
time allowed for the stirrer to move and also for it to stop mgv The stirrer program
used was written including a wait time in order to take acc¢amifrthe ‘rebound’ effect
from the large inertial mass of the paddle stretching thethat drives it after the stepper
motor is stopped. This leads to an enormous amount of timeee® obtain one result:
over 100 hours for this example. The only ways to reduce the taken are to use fewer
stirrer positions, or reduce the accuracy of the VNA by réagithe sweep time. The time
problem is exacerbated when a multiple stirrer setup is,s®dithis limits the number of
steps that can be used if the experiment is to be done quickly.

The advantages of mechanical stirring are that the staiate well understood and the
measurements are repeatable. The disadvantages of foygatening are in the fact that
the stirring bandwidth is limited. The use of a frequencyduated single frequency that
give spaced frequency peaks can reduce this effect. Thisaagwof frequency stirring
is covered in Chapters 3 and 4. Frequency stirring has thandalge of being a much
faster method, however the underlying statistics are nateflsunderstood as those of the
MS method; this makes it more difficult to troubleshoot antwus effects in the results.
Frequency stirring is also limited by the minimum frequeimcyerion. It appears to be
more critical to establish enough modes when results aentaking frequency stirring,
with possibly more than 60 modes being needed below theregtdncyf to create a
reliable statistical environment. This hypothesis is tieéh in Chapter 4.

The number of stirrer positions required is examined stedilly in [46], which states
that the number of independent stirrer positions is usu@bained using an autocorrela-
tion method for the steps size of the stirrer. The EMC stathttaat involves reverberation
chambers (IEC61000-4-21) [4] uses this method of calaudathdependent stirrer steps.
IEC61000-4-21 states that the samples are independerd ffrt order autocorrelation
function (ACF), seen in equation 2.11 [4][46], is less than ~ 0.37.

covar(z,y)

- \/var(x) \/var(y)

In equation 2.11y is calculated using a single measured datarseind a data set

(2.11)

r

y, which is the same data set:adut shifted by one point. The autocorrelation operation
results in a measure of independence due to the fact thatdhsured data setis compared
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with itself, so that the relationship between one point aseseighbour can be examined.
covar andvar are the covariance and variance operators. The data satnmaliptaken
over one360° stirrer rotation.

It is suggested in [46] that this approach is only realistic Sample sizes less than
100. In the informative part of [4] the cutoff point betwede tresult of this method being
realistic and being unrealistic is identified as when the Ipeinof samples is equal to 450.
In [46], a second order ACF is used to reduce the measuremeattainty by increasing
the knowledge of sample independence.

2.5.6 The(Q)—factor

The@— or quality factor of a reverberation chamber can be used asasune of chamber
performance, as the walls are made of real metallic masghak allow some EM penetra-
tion. For flat sheets of real wall material, the-factor can be related to the skin depth and
the surface resistance [47][35][48], seen in equation.2A& reverberation chambers,
this is a useful measure of the physical performance capabflthe chamber, as a low
@ —factor resulting from low reflectivity or highly absorbentils will indicate that the
reverberant nature of the chamber is reduced.

The@—factor of an empty rectangular reverberation chamber v equation 2.12

(2.12)

whereV is the volume of the chambef$,, is the surface area andis the skin depth
given in equation 2.1. Thé&—factor in this equation is dependent on the size and the
construction material of the chamber. For a more accurgresentation of th&)—factor,
useful in the case where the chamber is either loaded withii3Brher to some extent
or has an antenna or aperture present, some aspects othéne¢haalls need to be taken
into account. Itis shown by Hill et al [49] that for a given é&sure there is a composite
@—factor that takes into account the various loss mechanisesept in a real chamber.
As the@—factor is a measure of the ensemble average (over all stostions) energy
stored in the chamber [24][49][50], then the compoéitefactor can be viewed as essen-
tially accounting for the various losses within the chamBi&e composit€)—factor () is
shown in equation 2.13.



25 41

Q=07 +0Qy' + Q' + Q! (2.13)

Due to the reciprocal nature of equation 2.13, the smallasisovalues of), @2, (3
and @, will dominate; i.e. the largest loss mechanism resultinghim lowest)—factor
will dominate. Itis worth noting that thesg—factors are ensemble average over all stirrer
positions. Details of the statistical nature of the factor are given in [51].

The various loss mechanisms shown in equation 2.13 are lasvéol (), represents
the wall losses, shown in equation 2.12, and can be used asltheneasure af) —factor
when all the other reciprocé)—factor components in equation 2.13 are small enough to
be ignored, for example in a completely sealed, empty encto§); represents the losses
resulting from any absorption within the chamber, for exEngmy lossy material or RF
absorber within the chamber. The absor@erfactor component is described in equation
2.14 [49]:

27V
A<, >

Q2 (2.14)

where ) is the free space wavelength, o, > is the absorption cross section, and
againV is the volume. It is mentioned [49] that obtainigy is challenging due to the
complicated frequency dependenceof, >.

In many ways the most interesting componéps,describes the aperture losses, sim-
ply the energy that is lost through having a hole in the resebt cavity. This is more
applicable to EUTs than full-size reverberation chamb&sghe aperture losses in an ef-
fective test chamber should be very small, even though thidlree apertures for purposes
such as ventilation); depends on the volumié of the chamber, the wavelengiiof the
testing frequency and the transmission cross sectiofy, > of the aperture, shown in
equation 2.15

B 47V
A< >

Q3 (2.15)

For electrically large apertures; o, > is independent of frequency; meaniqg is
proportional to the frequency when electrically large &pes are present.
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If the aperture under examination is of arbitrary shape arassumed to be in a flat
infinitely large conducting panel of zero thickness thenrape theory [52] provides a
way of obtaining< ¢; >. Using the geometric optics approximation and restricthrey
integral over the incident elevation anglesmt® (as the aperture is only exposed to the
field on one side), a value for o, > can be obtained. This relationship turns out simply
as equation 2.16 withl, as the area of the aperture irf.mThis approximation is only
valid provided the aperture is electrically large and nesenant.

Ag
< 0y >= 7 (216)

The treatment of electrically small apertures is similalgyivable, however the cross
section for a resonant aperture is not a simple relatior{48ip

The value of), is related to the losses due to the energy absorbed by theireesent
antenna(s), shown in equation 2.17. For the receive antéfinas used, for the transmit

antenna8r is used.

167V
Mg \2

Q4 (2.17)

The antenna mismatch factor, can be calculated from the reflection coefficient, ob-
tained using the reflection parametétisl or S22 for a two port network. Th&'11 param-
eter is a measure of how much power is reflected back towaedsutput of port 1 of the
VNA: a well matched antenna such as a ridged horn will havenanhismatch and a low
reflection coefficient.

In the majority of experiments carried out in this work, thdEconsists of an empty
brass box. This means that the composgptefactor can be reduced tQzyr, shown
in equation 2.18. This is th@—factor for an empty enclosure: the contributions from
the losses across the EUT and the reciprocal contributioms the wall losses are small
compared to the apertuég,» and antenn@) 4y losses.

Qpur = Q3 + Q1" = Qap + Qan (2.18)
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2.6 Field statistics

Using the method of mechanical stirring, the raw data obkthiinom the receive antenna
at each stirrer position is then averaged over all the mostused. As mentioned in
section 2.5.2, there needs to be sufficient stirrer postiorallow the statistical treatment
of the data to be valid. In a mode stirred chamber, it has beews that the statistical

probability density function (PDF) of the magnitude of theatric field averaged over all

positions follows the Rayleigh distribution [7][31][53%4], arising from the application

of the root sum of the squares method to the normally didibin phase and phase
guadrature components of the field [21][55] [56][57] . Theysbs of the PDFs obtained
are shown in figure 2.10 and the mathematical forms are shovable 2.1.

Hill demonstrates in [31] and [58] that in a reverberant emvinent the rectangular
field components of a sinusoidal wavefoi, =, ,E, and H,,H,,H. will have normally
distributed in phase and phase quadrature componentshi@heaneasured by a network
analyser as real and imaginary components). The wavef@atansent is true if the sam-
ples are taken over a statistically significant number oépehdent stirrer positions and
makes the assumption that each point is uniformly illumedatvith all phases and all
polarisations. The rectangular components follow the fofrequation 2.19, where the
means of the distributions of the real and imaginary padgsaro, and their variances are

equal.

E, =L, +jbE,;,E,=FE, +jE,; E.=FE, +jL; (2.19)

2.6.1 Reverberation Chamber Field Distributions

The magnitude of the rectangular field components in a vieted environment is as-
sumed to be Rayleigh distributed and is obtained using thiestom of the squares method
on the zero-mean normal distributions of the phase and phesdrature components. As
the reverberation chamber is not a perfect system, thefeeis a slight deviation from the
true Rayleigh distributions predicted. The deviations ifesh themselves as the appear-
ance of a Rician distribution (seen in table 2.1) in the chamnao enclosure. This occurs
due to the normally distributed phase and phase quadratanpanents having non-zero
means, suggesting that the stirring is inefficient, andiat there is a direct path present
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Table 2.1: Distribution Forms

Distribution Form Notes
Normal p(z) = %\1/%6 203
o,. variance
Rayleigh p(z) = #ezsg S,: Scale Parameter
_ S,: Scale parameter
Double Rayleigh () = £ K, (S—)
P

Ky Zeroth order Bessel Functign

Sp. Scale parameter

. —@24o?)
Rician p(x) = LQe< 25p° )Ko (%) K,: Zeroth order Bessel Functign
j23

v: Peak offset from Reference

in the reverberation chamber. A direct path is a way thatalléation can couple directly
to the receive antenna from the source, and can be consider@ua unstirred component
[59]. The size of the offset of the resultant Rician disttibn and the relationship to
the stirring effectiveness can be described using the Rikiafactor [60]. This effect is
discussed in much more detail in Chapter 5.

When a reverberant enclosure is placed within a reverbebarhber, then the result-
ing distribution inside the enclosure is said to follow tleeidle Rayleigh distribution form,
seen in table 2.1[56][61], as any aperture connecting tosare and the chamber acts
as a transmit antenna into the enclosure, setting up angghef Rayleigh statistics inside
the enclosure. These two Rayleigh distributions combirferto the double Rayleigh. As
with the Rayleigh distribution, this double Rayleigh canused as a check for ensuring
that the enclosure and chamber are being effectively dtiifhis is covered in more detalil
in Chapter 5, where the development of the distributionsgmein an EUT is investigated

further.

The distribution inside the inner enclosure in a nestedrbmration chamber is not
always Double Rayleigh, however, but is dependent on tleeddiany apertures that may
be present in the enclosure. If the apertures are eledyrieagje and/or there are enough
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of them, then the radiation will couple fully into the inneratosure resulting in the two
chambers behaving as one. This shows itself as a Rayleitftbditon in the inner cham-

ber where a double Rayleigh would be expected under a situatihere the reverberant
environments are sufficiently electromagnetically sefgakarhis field coupling results in
differing shielding levels: high field coupling is equivatdo low SE and low field cou-

pling is equal to a higher SE. The transition between Raklaigd double Rayleigh in the
inner enclosure seems to be a gradual one. It is also notdalerstood how multiple

apertures affect the outcome of the inner distribution;iobsty the shielding is reduced
if the size of the apertures is large enough but the way thallisons behave still merits

investigation.

2.7 The Kolmogorov-Smirnov test

As the electric field distributions can be used to evaluagestfectiveness of the stirring,
it makes sense to compare the obtained results against éaonwsing a distribution
test. The test used is the Kolmogorov-Smirnov (KS) goodoéfistest [62]. This allows
the user to compare a simulated distribution with any givata det. It has the advantage
over other goodness of fit tests as it can be tailored to articpkar distribution. The KS
test works by comparing the cumulative probability dengityction (CDF), of the data
against the simulated CDF. A graphical representation of the KS test works can be
seenin figure 2.11.

Here, Fy(x) is the simulated CDF, and the stepped functiofx) is the CDF under
test. The KS test looks at how far the CDF under test deviates the simulated CDF.
This deviation isi,, and is specified when the test is set up, normally as 5%.

The differences between the curves are used as the measwwe ofell the distribu-
tions fit. A value ford, is specified such that if the difference between the simdI&@F
and the CDF under test is larger th@n, the CDF fails the test and can be said not to be
a fit to the simulated CDF. The KS test is used on$hedata received on Port 2 of the
VNA, as that should be Rayleigh distributed in a single esgte. One of the advantages
of the KS test is that it can be used to test any CDF, includiagétgh, Double Rayleigh
and Rician.

The main problem with the KS test is that it is unreliable isemawhere the data has
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Figure 2.11: Graphical representation of the KS test.
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been used to obtain the simulated CDF. The simulated CDRéicdse of a Rayleigh dis-
tribution) is calculated from the Rayleigh parameter, mhgobtained from experimental
data. Therefore the situation can arise where the KS tessimg the data against a CDF
derived from the data; this can give unpredictable resAlsa precaution against this, the
KS test is applied multiple times on the occasions when itiised.

2.8 Shielded enclosures

A shielded enclosure, cavity, chamber or screened roome&ahdny physical size, and is

designed to attenuate electromagnetic radiation to itesti& internal volume or contents
against external electromagnetic effects. This also haefiect of containing any elec-

tromagnetic environment, for example, emissions from eotst or to establish a well-

defined field needed for testing. Various apertures, verdsbaikhead connections are
needed; these need to be designed so as to preserve thatttieand therefore the level

of shielding. The level of attenuation is referred to as thielding effectiveness, or SE.

Note that the SE of a flat sheet of material will not be equah&SE of an enclosure made
from the same material [18]. The reasoning behind the usesafgened room is to create a
measurement environment that is entirely separate fromgehg external conditions, and

that can be modeled and understood, but most importantipesatable between differing

sites. The two forms of screened rooms used in this reseaectegerberation chambers
and anechoic chambers.

2.8.1 Measurements in Reverberant Environments

As previously shown, (see section 2.3 and equation 2.4) EhefSn enclosure can be
expressed as a simple ratio of powers. A more accurate neeasuhe SE than that
expressed in equation 2.4 can be used when the shieldingBans being examined.
The so called corrected SE can be obtained by usingthereflection parameters from
the measuring antenna, both inside and outside the EUT.r&lagonship is shown in
equation 2.20 [7], and allows the reflections from cablesneators and antennas to be
accounted for in the calculation of the SE, and as such is axarerate.

(2.20)

S12x12 > (1 — S11 > |2
SEdB:2010g10 (<‘ R| ( ‘< |))

< |S12)2> (1 —| < Sllg > |?)
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The simple SE calculation assumes that, in both the chanmukthe enclosure, the
reflection coefficients and input impedances of the two messent antennas are the
same. The act of taking the ratio of the received powers \&iticel any systematic errors
out if they are indeed the same. This only works if the samerar#t is used in both the
chamber and the enclosure. Note that in a correctly cabdrafNA any cable reflections
will be accounted for. In a measurement such as the onesrpestbin this thesis, for
the different reverberant environments, i.e. a small enol and a large chamber, the
reflection coefficients for antennas are not necessaril\séimee. The antennas are also
sometimes not the same, e.g. an external horn antenna antéarmal monopole antenna,
hence the use of the corrected SE. A well matched horn anisnrsed as the transmit
antenna in the outer chamber in the majority of the work here.

In equation 2.20, the setup (shown in figure 2.6) is such timatéceive antenna is
assigned to Port 1 of the Vector Network Analyser (VNA), withl ; being the reflection
coefficient from the reference monopole asitll the reflection coefficient from the EUT
monopole. S12 is the transmission into Port 1 from Port 2 via the EUT monepahd
S12p is the transmission into Port 1 from Port 2 via the referenoaapole. This is shown
infigure 2.12. Wherever possible, this corrected SE equadiosed in this work as it gives
more accurate results. This corrected measure of SE capnadddl with measurements
that use a separate source, as the reflection coefficientsdatd readily available when
using a spectrum analyser.

Equation 2.20 is more accurate than the simple SE powercaloulation because it
takes into account the reflection from the antenna, and fdreréakes into account the
antenna mismatch. This is important because the monoptdearaas that are used inside
small enclosures can be more reflective than expected dbe entlosure influencing the
input impedance [7].

The way that equation 2.20 is obtained is covered in det@iflirand summarised here.
Figure 2.12 is included for clarity. The starting point isestablish that the measurement
of an unmatched monopole antenndS21,,|> > will be less than the measurement of a
well matched horn antenna |S21,|* > because energy is lost in the mismatch between
the monopole antenna and the cable that feeds the antenisanébessitates a correction
factor on the measured monopole signal in order to mimic &nvatched antenna. The
correction factor is shown in 2.21 and is obtained usingrbe $pace reflection coefficient
of the monopole antenng,, 1,,, measured as |S1,,1,,|> > in a reverberation chamber.
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Figure 2.12: Nomenclature of ports for reference when cw@isig corrected parameters
for the calculation of SE. Power is transmitted into the chanon port 2, the unshielded
measurement on port 1, and the shielded horn onlpahd monopole on,,

< 151,,2]> >
o <1512

= o BLLP (2.21)

Using this correction factor to make the monopole measun¢egpiivalent to the well
matched horn measurement results in two comparable eqedtioSE, 2.22 and 2.23:

< \SthP >
SEhorn = —————5— 2.22
" < |S12]2 > (2.22)
C
E = 2.2
S monopole < |Sl2|2 N ( 3)

Equation 2.22 is equivalent to 2.2, and equation 2.23 careée © be the corrected
SE when using one monopole, in this case the monopole in ttlexme.

Applying the mismatch correction to the antenna at Port 1 els(which in the mea-
surements used here, is sometimes a monopole on a grourg) panlts in the equation
shown in 2.24, which can be seen to be equivalent to equatitéh 2

(2.24)

<|81,,22 > (1 —| < S11 > ?) )

SEyp =201
a5 810 << 1S122 > (1 — | < Slmlm > |?)

The naming convention used in equation 2.20 is used thraitghts thesis, however
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it is easier to see the how the application of the correctiorke/with the different nomen-
clature used in this section.

In an enclosure, it is useful to examine the functionalitgefall mounted monopole,
as these are used to measure the field inside the EUTs usedhlod this work. Measur-
ing the received power on a monopole attached to an insideoivah EUT (i.e. outside
the working volume) is shown to be equivalent to a monopoléeworking volume of
the EUT in [7].

It is shown in [31] that the average powerP, > received by an antenna is indepen-
dent of position and orientation within an electricallygarenclosure, and can be written
as equation 2.25,

1 E2 \?
<P.>=_-0" (2.25)
2o 4rm
in which E? is the mean square electric field,is the free space impedance ahd
remains the wavelength. In [7] it is shown that the averageived power measured using
a wall mounted monopole is equivalent to that shown in 2.2Bis Ts also true for an

electrically short monopole.



Chapter 3

Separate Source Measurements -
Uniformity, Shielding Effectiveness and
Frequency Modulation

3.1 Chapter Introduction

This chapter looks at the development of an instrument thaldde used to create statis-
tically uniform electric fields within an electrically laegout physically small conducting
enclosure. The rationale behind this aspect of researchorasve at the situation where
this instrument would be sold to an end user as a completeimsnt with the ability to
create uniform electric fields within enclosures. Curngntork EMC Services produce
and market a range of instruments for test site calibratnmhcgrtification, one of which is
the Comb Generator Emitter (CGE-02), a generator that igaes to produce a ‘comb’
of discrete frequencies with switchable frequency spacoigither 250MHz or 256MHz
from 250MHz to 26GHz [63]. There is scope for this instrumenbe used alongside
YES'’s existing lineup to allow customers to carry out caliled testing of field unifor-
mity within small equipment enclosures. In this Chapteg, @GE is mechanically stirred
inside an enclosure of brass construction which is 120mmxit2 x 40mm, and has 4
SMA (Sub-Miniature revision A) monopoles mounted on thesiinal walls that can be
used to monitor the field inside the enclosure. It is worthngpthat here, the enclosure is
empty of any intentionally absorbing contents, the onlyteats being the CGE, the stirrer
and the measurement antenna(s). In addition to the instrudeselopment, this chapter
lays down some groundwork for the rest of the work to be basedlten considering the
measurement of shielding in enclosures.
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3.2 CGE-02 and Experiment Setup

The CGE-02 can be used in two modes with different spacingdxst frequency peaks,
either 250MHz (mode 1) or 256MHz (mode 2). This is simply stlble by using a switch
on the bottom of the CGE-02 [63], and allows the CGE to *fill p@rts of the spectrum at
higher frequencies if both modes are measured. This raawdtkwer power requirement
when compared to generating a continuous spectrum. The fmweer requirement stems
from the fact that a relatively small number of evenly spdceguencies have to be excited
to the level required, rather than the many frequencieseteta a continuous spectrum.
The comb output of the CGE-02 can be seen in figure 3.1 [63]. B&-02 can be
powered either by its own internal batteries or from a sépd source, and this version,
available as CGEO2KIT02, comes with an integral monocorerara and battery pack;
the battery pack can be removed and the CGE-02 run on a sepdatystem. The CGE
and the battery pack (BP-01) can be seen in figure 3.2. The cooecantenna allows
the CGE to be used for radiated measurements, and emits auqotob26GHz. This is
the transmit antenna used for this experiment; other vesadthe CGE come with SMA
connectors that allow a user specified antenna to be addedykothe height restrictions
present while measuring small enclosures mean that thgraltemonocone used here is
the best option.

The small stirrer used here is a simple twisted brass spaddle (seen in Figure 3.4)
and a DC motor, both installed inside the enclosure. Theivelg large length of the
DC motor is due to an internal planetary gearbox that subatbmreduces the rotational
speed, allowing more accurate positioning of the stirreldb@awhen using the motor in
‘stepped’ mode; stepped mode simply being that the DC matéurned off while the
result is taken, then given a 5V pulse to move the stirrer @tep’. Continuous operation
of the DC motor resulted in one rotation taking 78 second=etiore for 60 steps in one
rotation a 1.3 second pulse moved the stirrer 6 degrees. tTo@e steps it is necessary
to reduce the pulse time, or decrease the voltage to slow thermown. The brass stirrer
paddle was 150mm in diameter, so a 6 degree step resulteddieh stirrer movement of
3.9mm at the extremity of the paddle.

It has been mentioned in the previous Chapter that frequstiicing is quicker and
experimentally easier than mechanical stirring (note &haise source has been used for
frequency stirring in [64]), however in this first instancechanical stirring is used. This
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Figure 3.1: Direct Output Power for the CGE-02 comb generatdoth modes from
250MHz to 26GHz.
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Figure 3.2: Comb Generator Emitter CGE-02 and battery pd2{OB. The monocone
antenna is inside the plastic cover.

is because the spectral lines seen in figure 3.1 are too far taplae used for frequency
stirring. This arises due of the bandwidth limitation impd<n stirring methods (recall
equation 2.10, shown again in equation 3.1 for clarity), bovad with the number of
frequency points needed to average over to provide satsfastirring. The bandwidth
limitation is described by equation 3.1, which for an enalesof dimensions 480mr
480mm x 120mm at the minimum frequency below which 60 modes are ptdid]
results in the frequency stirring bandwidth required to hesimlarger than 10MHz (using
Equation 3.1).

C3

BW >>
81V, f?

(3.1)

The spectral lines produced by the CGE-02 are 250MHz apast,combined with
the minimum bandwidth means that just two points will sgti§fjuation 3.1, which is
designed for use with a continuous spectrum. However, himédiately obvious that two
points are not going to provide enough measurement poiriie wiatistically significant.
In order to obtain enough points to enable statistical §icamce (for example, 60, to
match the mechanical stirring points used later) the badiihwiould have to be extended
to an unrealistic size, of the order of 10GHz. This probleradoot arise in the situation
where a continuous spectrum is used, as the relationshgn givequation 3.2 can be
used to obtain the number of points needed for post proges$ithe spectrum from the
frequency rangg, and the number of modes belgiy N, [41].

Ir
N

NavgBW - BW (32)
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With such a large bandwidth needed to encompass sufficieasunement points due
to the spacing of the spectral lines, the problem outlinedHbjtoway in [7] becomes
a concern. In [7] the maximum bandwidth of frequency stgris mentioned, with the
proviso that the)—factor of a reverberation chamber will change significaothgr too
large a bandwidth. This means that the frequency stirrinthatewill become invalid
when used with the CGE-02 due to the large bandwidth neededdompass sufficient
frequency points. This point is illustrated by considermmghamber that has some as-
pect that becomes more lossy as the frequency increassssubatantially reducing the
@—factor at the frequencies that the aspect is sensitive tamfle example of this could
be a ventilation grid in a chamber that is ‘invisible’ up uiticertain frequency dictated
by the grid size, at which point it will become an apertureslaad the)—factor will be
affected.

As the standard method of frequency stirring could not be ube CGE-02 was com-
bined with a small mechanical stirrer to investigate thesgmbty of a new YES instru-
ment. Data is measured using a spectrum analyser at spoéfreigs from 1GHz to 6GHz,
facilitated using the 250MHz inter-peak frequency settiDge to the statistical nature of
the mechanical stirring, any particular resonant modesamisat each of these frequencies
should not be dominant, so any measurements of received ptweld be representative
of the average power within the enclosure, after the reantaveraged. The mechanical
stirring process used here is described in the followinggaphs.

In this first case, the CGE-02 was powered from an external dpply, which was
shared with the DC motor and is brought through the wall ofdhelosure using a fully
shielded BNC (Bayonet NeillConcelman) bulkhead conneatat cable. The reason this
was done was to minimise the cutting of holes in the encloam@ething that would be
important in the real world testing customer enclosurese ifiset in Figure 3.4 shows
the DC connection powering both the DC motor and the CGE-020 #isible is the DC
stirrer, which is situated parallel to the base of the engi®s This drives through a 90
degree drive unit constructed from Meccano (TM) to allowthveg motor to operate the
stirrer paddle. As this particular setup was designed asaf pf concept experiment, to
see if such a small stirrer would be effective, it was decitiedse existing motors and
location options that were as cheap and as fast as possaniee lthe DC motor that was
physically too long to fit vertically inside the enclosuredahe nature of construction of
the right-angled drive, which can be seen in figure 3.3. Th&®G can be seen nestled
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under the stirrer paddle in figure 3.4 to further reduce the of the proposed instrument.
This also has the advantage of reducing the possibility ofectipath from source to
receive antennas, by having the source antenna direaiiyiitlate the stirrer. This setup
proved to be beneficial in minimising the direct path compumethe large reverberation
chamber, as can be seen in later chapters, and results irkgb@dolmorogov Smirnov)

test agreement, as can be seen later in this Chapter.

Figure 3.3: Right angle drive constructed to allow the tall Bhotor and gearbox (inside
the black tube) to drive the small stirrer.

Figure 3.4: The CGE-02 and DC stirrer present in the testosnceé. The inset shows
the cable layout providing 5V DC to both the motor and the C&EasBNC bulkhead
connector

It was found that the presence of the DC stirrer on the sameupylg as the CGE-02
(as shown in figure 3.4) resulted in very slight changes infitdguency of the spectral
lines from the CGE-02, resulting in the detected peaks oftsalelines produced by the
CGE-02 not staying on the same frequency for repeated rums.nfay have been due to
noise emitted by the DC motor on the 5V feed causing probleitistie comb generation
electronics present in the CGE-02. This problem has beempally exacerbated by using
a ‘pigtail’ method of connecting the 5V supply to the bottofitlee CGE-02; a method
which although very simple and easy, is known to cause pnablegith radiated emissions



3.2 58

and immunity. The movement of the spectral lines led to mwisl when analysing the
measured data, as the program written to obtain the peakstfie spectral lines was
dependent on the spectral lines staying in the same posittbrrespect to frequency, and
also led to problems with the scientific rigour of the expen as the electrical nature
of the enclosure is dependent on frequency. The MatLab anogised to obtain the data
points at the spot frequencies can be found in the appendiap@r 10. The stepped
DC stirrer was an improvement on the continuously run DQCestithat was investigated
previously, however, which not only changed the positiohthe spectral lines but also
the baseline of the whole CGE-02, as can be seen in figure 3.5.

CGE-02: Spectral lines with continueusly running DC motor on 5V supply
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Figure 3.5: CGE-02 output suffering from interference oa BY supply caused by the
continuous running of the DC motor.

To solve the issue, the small stirrer was further develop&mla more robust system,
with the brass paddle inside the enclosure and a stepperr,matioer than a DC motor,
mounted externally to the enclosure. An image of the CGE#92 &#CB plate can be
seen in Figure 3.6. The PCB plate was originally designedldavahe CGE-02 to mimic
an emitting source on a motherboard, and is essentially@angrplane and a conducting
plane separated by PCB substrate. In the experiments heréop plate is used as the
conducting plate, and the bottom plate is left alone. The PG#Ee is supported 2mm
from the base of the enclosure using a thin cardboard layechas just visible in figure
3.6. In the background of this image can be seen the greydehiettepper motor control
cable used to carry the signal to the stepper motor from ahlealt connection on the
wall of the large chamber: the stepper control is externdtédarge chamber. This setup
completely removed the frequency variation of the spettras caused by the interference
on the 5V input, allowing the CGE-02 to operate as intendezm&val of the shared 5V
DC shared supply meant that the CGE-02 could be used eitllerthng battery pack, or
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by connecting it to the top layer of the PCB plate, which is pord by a 5V supply. This
setup is used in experiments in [18]. The CGE-02 on the PC& gahown in figure 3.6.

When this experiment was run in the reverberation chamitest&ps were used on
the outer stirrer and 100 on the inner; this strikes a reddert@alance between enough
statistical points and time constraints. More stirrer poss than this result in better
statistics due to the increase in sample size, but resultmeasurement taking longer
than a day. On that subject, the time taken for a result usisgwin stirring method has
the potential to be very long indeed, of the order of tens tadneds of hours. this is due to
the fact that the outer stirrer is stepped independentiy fifee inner stirrer; the procedure
is that the outer stirrer is moved one step, then the inneesis stepped and data taken
over one full rotation before stepping the outer stirreriagaherefore the number of outer
stirrer positions have to be correspondingly reduced froosé used in a single stirring
measurement; with the settings above a single set of memdiastirring results can be
obtained in around 4 hours.

Figure 3.6: The CGE-02 present in the test enclosure. TheG® $upply plate can also
be seen, separated from the enclosure by an insulating layer

3.3 Mechanical Stirring and the CGE-02

The electric field distributions were examined using a spettnalyser at both 250MHz
and 256MHz frequency spacings and the KS test used to igegstwhether field unifor-
mity was present at spot frequencies between 1GHz and 6GiHisine with this combi-
nation of the CGE-02 and the small mechanical stirrer. ThadsBresults are shown in
Figure 3.7.
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Acceptance % for mechanically stirred CGE-02, mode 1
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Figure 3.7: KS test results for both modes of the CGE-02 coemerator. Where no bar
is shown the distribution is wholly rejected.

It can be seen from Figure 3.7 that Rayleigh distributiores\vaell established at all
frequencies tested with both frequency spacings. The ewpat setup here involved
putting the CGE-02 and mechanical stirrer inside the EUT tasting on a bench. The
outer reverberation chamber is not needed in this case aghmsource (CGE-02) and
the receive antenna (19mm monopole) are inside the EUTe thier no EUT apertures
and therefore there is no need for uniform external fieldhilhation. This also is the
reason why the distributions are classed as Rayleigh andiouttle Rayleigh, as the EUT
is acting analogously to the large single chamber. Due tséparate source, the analyser
used is a spectrum analyser, with the spectral lines of thebagenerator being recorded
at each stirrer position.

The results here show that a bench-top method for obtaimifgmn field statistics
within a reverberant enclosure is viable. Equally this ddag useful for a standardised
SE measurement technique where the internal averaged pl@nsity in an enclosure is
required to be the same throughout all measurements, anck itheesame measurement
technique could be applied irrespective of the size of thdosare used. With this in
mind, the shielding effectiveness method can be updatedt& wa a slightly different
way, detailed in the following section.
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3.4 Shielding Effectiveness Measurements using the CGE-
02

The normal measurement procedure for obtaining the SE ohalosure is detailed in
Chapter 2 and also in the IEEE 299 standard [5]. In essenséntlolves comparing the
received power both inside and outside the EUT. In this sedtie results of an investi-
gation to see if there is a difference between a source plasatk the EUT transmitting
out into the chamber and the source external to the EUT trdtisgnin to the EUT are
presented. The CGE-02 is a perfect instrument for such a fEislee methods are used
and can be seen in figure 3.8.

Method 1 Method 2 Method 3

Shielded M M
Measurement M M M
Set-up ‘ . .
Reference M M
Measurement N(] M ‘ M
Set-up .

CGE-02 (Source) Shielded Measurement Antenna Reference Measurement Antenna

Figure 3.8: Schematic of the three different methods usednapare measurement tech-
nigues for shielding effectiveness measurements usingaate source.

As can be seen from Figure 3.8 the three methods are sligifiidyeht in setup, but
all involve a shielded measurement, where the enclosuretisden the source (blue)
and the shielded (green) antenna. The reference (red)rantemlways kept in the same
reverberant volume as the source, and is used to obtainfdremee measurement. The SE
equation requires a reference measurement that is higherthle shielded measurement
in order to obtain a meaningful value for the SE. The threesueament methods provide
that. The measurements are taken with a spectrum analyler6@steps on the outer
stirrer and 100 steps on the inner stirrer, and a 120mm x 4rotrpsésent in the front
panel of the EUT. Both enclosure and CGE-02 (when it is esldmthe EUT) are within
the working volume of the chamber, and the CGE-02 is powerawh fits own battery
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pack. The results are shown in figure 3.9. Also present infitpise is a set of results
taken using the normal nested chamber method using a neamtaiser.

Comparison of different methods of obtaining SE uing aseperate source
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Figure 3.9: Results of the three different methods used eoaapwith a data set measured
with a network analyser.

3.4.1 Method 1

The first method applied here is analogous to the nested aramdthod using a network
analyser. This involves using the CGE-02 as the source isahe location as the transmit
antenna in the IEEE 299 measurement, i.e. outside the EUMgUlss arrangement, the
equation used for obtaining the SE is the same as that clyriesed in the 299 standard,

repeated in equation 3.3

(3.3)

P
SEldB =20 lOg 10 < CGE. )
Pocr,

In this case, the SE from method 3K1,5) is expressed as the log of the ratio of un-
shielded power received directly from the CGE-02( ) to the shielded power received

(Pegr.,)- In this case the shielded measurement represents the peegived with the
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CGE outside the EUT with the receive antenna inside the BU g, is obtained from a
monopole on an electrically large ground plane within thekiveg volume of the cham-
ber. The power is measured inside the EUT with a wall moun®drtt monopole, shown
as analogous to a working volume probe in [7]. This experinsetup follows the same
outline as the ‘standard’ method outlined in [5], the difiece being the use of a sepa-
rate source and spectrum analyser rather than a vector rhedwalyser. The closeness of
this method to the ‘control’ method using the network anatysan be seen in Figure 3.9,
with the solid line with diamond points being the CGE methaod the dash-dot line with
circular dots being the NA method. The two methods (contnol Blethod 1) are within
3dB to 4dB for the frequency range used, except for the topaeM@GHz. Repeatability
of around 4dB should be expected between runs (see Chapteal)ing that these two
methods can be considered equivalent within the unceytairthe experiment.

At 7GHz, the difference can be partly explained by the faat the calibration kit used
for the network analyser is only valid up to 6GHz; it can berseeFigure 3.9 that all of
the CGE traces are roughly the same shape over the higheefreg points, compared
to the NA trace, which is significantly higher at 7GHz. A higliean expected loss in a
cable or connector will be measured as an increase in the 8t ehclosure if the same
cables are not used for reference and shielded measurenigumsto the design of the
UoY Chamber a long cable was used to connect the transmitr@ent® the wall behind
the stirrer; this cable was not used for the receive measenerif exactly the same cables
are used for the transmit and receive measurements thenigheo need to calibrate the
NA, as the ratio calculation causes any factors to cancel out

It is for this reason that the corrected SE equation detal€hapter 2 is beneficial, as
it will take account of differing antenna factors. In thi<gen, however, the uncorrected
SE equation is used in order to compare with the SA resulésSth being incapable of
measuring reflection coefficients. It needs to be noted beaB®A is not calibrated in the
same way, in that the calibration for the NA can take accoontéble losses whereas the
SA does not, however with good quality cables and connethertosses should be very
small.
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3.4.2 Method 2

This method involves keeping the receive antenna in the gdace for both the reference
and shielded measurements. The shielding measuremertais@d by placing the CGE
inside the EUT while measuring outside. Using this setup, 3l equation becomes
equation 3.4.

P
SEQdB =20 IOg 10 ( CGEy ) (34)
Pecr,,

This equation is very similar to equation 3.3, used for Mdtholn fact, if the method
of measuring SE using just the ratio of powers is to be beficas would be reason-
able when following the IEEE 299 or 299.1 standard, then ¥ methods should be
interchangeable. Examining the schematic of the diffeneethods this would seem to
be the case, as the level of shielding due to the apertureekeatthe CGE and the an-
tenna measuringc ., IS the same, as the apertures in and the stirring mechanmmwi
the enclosure are the same. However, looking at Figure JITamparing the lines for
Method 1 and Method 2 reveals a 3dB to 5dB variation betweervilo methods. It has
been noted previously that one of the problems with the ati$& method used in [5] is
that there is no capacity for contents or other loading ofahelosure, the method only
being applicable to empty enclosures.

In this experiment, the enclosure is not empty, as a prapoxi the volume of the
enclosure is taken up by the CGE-02. The transmit antenmsapeesent in the enclosure,
albeit joined to the CGE-02. Both of these aspects combinewer the()—factor and
therefore give a lower field power within the enclosure, niregifess power emitted by the
apertures, and therefore less power received by the ektagegsurement antenna.

This has the effect of makingcg., less thanPe¢g,,, which, combined with the

sl
same reference measureméit;z, results in a larger measured value for the SE. It is
very important to note that the actual level of the SE due ¢oaperture is not changed
- the enclosure is identical throughout, and that the measents done in different ways

yield measured SE values of differing magnitude.
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3.4.3 Method 3

A more extreme example of the above statement regardinghtiege in measured SE
is highlighted when the results from Method 3 are analyseliis ethod involves the
CGE and the recieve antenna both in the enclosure at the sar@etd obtain the un-
shielded measuremeRtz,, The shielded measurement is obtained in the same way as
Method 2; and therefore equivalentko¢x.,, but labelled as’-¢ 5., to avoid confusion.
The main point here is that the measurement inside the amelacsnow the reference/un-
shielded measurement, meaning that the numerator and dgttomin the original SE
equation, (equation 2.#),,, andF,,, are switched. When looked at from the point of view
of shielded and unshielded power this makes perfect sensd| ihe SE equations the
unshielded (larger) power is on the top; the shielded (Ipwewer being on the bottom.
The equation for Method 3 is shown in Equation 3.5. AgainhasSE is expressed purely
as a ratio of powers, and as the real shielding performanteeaénclosure has not been
changed, then the value for the SE should remain unchanged.

P
SE3.5 = 201og 10 <ﬂ) (3.5)
Poae,,

As can be seen from Figure 3.9, using this method results iuehrhigher value
for SE than the other 2 methods and the NA control method. iBhi®wn to a higher

measured value ofqqg, ., and the fact that the large chamber is not equivalent to the

439
small one. If following the reasoning behind the SE measergmstated in the standard
and disregarding the contents and éhefactors of the chamber and enclosure under test,
then Pegi,, should be equivalent t&’x,. This is not the case, because of how the
@—factor behaves in different sized enclosures at the sargadreey, and the dependence
of the@—factor on the loading of the chambers due to antennas. Irotloeving chapters,
using theQ-factor to obtain a value for the SE is investigated, and aendletailed study

of the various aspects of tlig-factor are carried out; this can also be found in Chapter 2.

However it is worth examining th@ — factor when measuring the SE.

If the SE is viewed as dependent purely on the aperture treethtee methods out-
lined here should be interchangeable. However, as the SHaslated a ratio of powers,
then anything that changes the measured power, eitherimsidutside the enclosure,
will change the measured SE. Recalling the compdgitefactor (equation 2.13) the loss
mechanism in a chamber includes an antenna loss and an abspodontents loss. Look-
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ing at figure 3.9 it can be seen that tQe- factor of the EUT changes between the three
methods. In method 3, the EUT contains both the the CGE-0¥ hoth battery, the
source antenna and the measurement antenna, which alerétR@— factor within the
EUT, and thus reduce the power in the enclosure when comparadthod 1.

This reduced power on the reference measurement meanshéhatdasured SE is
larger, which is reflected in figure 3.9. Method 2 falls betwegethod 1 and method 3 in
figure 3.9. The difference in measured SE between method naiitbd 2 suggests that
the CGE-02 affects the power level in the EUT more than theive@ntenna, resulting in a
higher measured SE due to the power inside the EUT is less.ra@sult highlights the need
for consideration of th&)—factor in shielding effectiveness measurements. Unfattiely
due to a change in the research direction, there was inguifitime to further investigate
why the network analyser method follows an upwards trenchathtigher frequencies
where the three CGE methods do not.

3.5 Frequency Modulation of a Separate Source

Frequency modulation (FM) of a separate source spectmldirspecific frequencies is
investigated in this section, with the aim of obtaining aterative method to the fre-
guency averaging method outlined in section 2.5.4. Freguerodulation can be used as
a method of obtaining statistically independent frequgmegks, which can then be used
for frequency stirring, and works by applying a modulatingnsl to a spectral line. The
CGE-02 spectral lines are too far apart to use the traditivaquency stirring method;
the frequency modulation of the CGE-02 spectral lines algeneration of smaller am-
plitude and closer spaced spectral lines on top of the smgactrum which can be used.
In this case mechanical stirring is not used while usingftieiguency modulation method,
as the spectral lines change in amplitude as the stirretesytenoving the modulated sig-
nal up and down and therefore affecting the base used forelqaéncy modulation. This
method of frequency stirring requires stable amplitudethefsmall spectral lines on top
of the spread spectrum.

The best possible outcome of the frequency modulation itlation of a spread
spectrum that has a wide, flat top and steep sides. This isiBecasing this method, data
is taken from the smaller spectral lines created by the FMatepresent in the top of the
spread spectrum. The ideal outcome of the modulation isi@sseir spectral lines that are
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far enough apart to be statistically independent but witargd enough number of them

on the top of the spread spectrum. This ensures that bothdhstisal independence of

individual points and a statistically significant sampleesare retained. This is analogous
to the stirrer position discussion mentioned previoustye Width of the spread spectrum
is, in this case, similar to the stirring window used in otfirequency stirring methods.

It is possible to create different shapes of spread spedisunsing different modulat-
ing waveforms, for example square, sine or triangle. Asmeshod requires data to be
taken from the peaks that form on the top of the modulatee@ fithe width and flatness of
the top of the spread spectrum is important. The best madglataveform to use in order
to spread the energy out as much as possible, and therefiaie tie widest and flattest
top, is known as the ‘Lexmark Kiss’ shown in figure 3.10 [6Bjstprovides the ‘squarest’
output trace, with a reduction in the higher side lobes presehe results shown in figure
3.11 and figure 3.12.
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Figure 3.10: Lexmark Kiss waveform

The ‘kiss’ was originally used to spread a spectral line tatld have otherwise have
failed an EMC test by being above the limit for allowable estoss. Application of the
Lexmark Kiss results in the spectral line being spread ouhabthe maxima is below
the limit line. This process is frowned upon as the deviceuagtion still emits the same
power, but over a wider frequency bandwidth, thereforevalig it to pass an EMC test
for emissions (as the original spectral line would exceedithit line) but still potentially
emitting enough power to cause interference. The proce=s tascreate this effect is
known as clock dithering [66][67][68]. The process of clatithering, i.e. spreading out
the original spectral line, is of possible use for frequesitying.

The following figures demonstrate the spread spectrum roédabdy frequency modu-
lation using different modulating waveforms. Figure 3.hbws an example of a 3GHz
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carrier modulated by a sine wave and figure 3.12 the samecarddulated by a triangle
wave. The traces are measured using a spectrum analysan lhiecseen that the widest
spread is achieved by the triangle wave, for equivalentadien values. Note that the tri-
angle is the closest waveform in shape to the Lexmark Kiss stfjuare wave modulation
waveform is used, the output trace is unusable for this noe#fsothere is no ‘flat’ area
between the edges of the raised section. This makes it difftcanalyse the frequency
modulation peaks, as the amplitudes of the small spectras lare not uniformly based.
The frequency stirring uses the spectral lines on the top@fmodulated trace, and as
such it is necessary to have all of the spectral lines at theesamplitude. If amplitude
correction is not used, and here it is not, then the flattestaspspectrum is the best to
use. The spectral lines for stirring are taken from the thegeas in the following Figures,
after ‘zooming in’ on the centre frequency area the peaketeapparent. This is shown
schematically in figure 3.13.
0
-10

2
3

L]

..‘,||f‘!'|[“1r|JH ||\[|

(]

H(l\ )f.‘\ I [J lﬁfl‘n}' ‘ ‘,, |

dBm  _40 I|
-50 f-' ‘ ;
60l
70
-30

[33]

3002
3004
3008
3008

2.99
2.992
2.994
2996
2998
3m

Frequency x10°

Figure 3.11: A 3GHz carrier modulated by a sine waveform

10+
_20+

[

l']h [l”]'h [“rf”

30}
dBm -40 {
solf
-60
70t
80

3]

2.99

2.992
2994
2,996
2,998
3002
3.004
3.006
3008

3.01

Frequency x10°

Figure 3.12: A 3GHz carrier modulated by a triangle waveform
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Figure 3.13: Schematic of FM trace and discrete peaks

The triangle wave modulation (see figure 3.12) gives a mutieflpeak than the sine
wave modulation seen in figure 3.11. This makes it easierdogss the results, as the
baseline is flatter. A totally flat top can be achieved withdpelication of the ‘Lexmark
Kiss’ trace. It is worth noting that the measurable bandwilt these traces is actually
less than the actual bandwidth because of the way that tbe fadls off at the edges of
the raised section. This manifests itself as only being stbfeeasure 15MHz either side
of the centre frequency for a 16MHZ span modulation wavegi@mple. This is due to
the way that the modulating waveform is created.

The deviation value of the frequency modulation governsalftth of the peak. For
a deviation of 16MHz, for example, the width of the peak is 32M The rate of the FM
determines how far apart the peaks in the data are: the aevia¢eds to be set so that
the peaks are discrete and statistically independent utitheing too far apart, and the
bandwidth (twice the deviation) needs to be set so thatigfgeg equation 2.10. A pointto
note is that if the peaks are too far apart, ¢he factor can change within the bandwidth
of the modulated spectrum: this will lead to results that rddfer from expected, as
explained in section 2.5.4. It is often necessary to splithepfrequency modulated peak
(i.e measure the full trace in three or more sections) tmediloough data points to capture
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all of the peaks needed.

3.5.1 Frequency Stirring using Frequency Modulation

In order to investigate the feasibility of frequency modung the spectral lines produced
by the CGEOQ2, frequency stirring using a separate signargéor that applied frequency
modulation internally was implemented. The measurementgaoeed to be spaced close
enough together to ensure that tQe-factor of the chamber does not change within the
bandwidth of the FM trace, and far enough apart to be stedistiindependent. An An-
ritsu spectrum analyser was used to obtain the data for thedsMits. This particular
instrument is limited to a maximum of 501 data points acrtsmieasurement window, so
the data had to be split into three parts to get sufficientluéisa of spectral lines. This
was done by taking three sets of measurements across theidé#mndf the frequency re-
sponse and then combining them in the analysis program.f&uptencies from 1GHz to
6GHz were used.

This means that the final data set was 1503 points across th#rgjust 501, meaning
that more independent peaks could be used to improve thstisgt A MatLab program
was written (which can be seen in the Appendix, Chapter 1@xtoact the frequency
peaks from the data set; these were then plotted as a hist@gécompared to a Rayleigh
distribution for the outer chamber and Double Rayleigh Fa& inner enclosure using the
KS test method.

The signal generator used for these experiments was a Rol&td&arz SMB100A,
which gave an output up to 6 GHz with its own internal optiomsFEM. This generator
could produce square or sine wave generation using its otemia generator. As seen
previously in this Chapter, a triangle waveform is the bestliis procedure, so an external
function generator was used to apply a triangle waveforme génerator used was a
simple Instek function generator, and although capableeoktating the correct shape
modulating wave, it was found that it was not stable enoudtis hstability manifested
itself in the frequency-modulated trace on the SA; the spklines created by the FM did
not stay the same height (power) and varied in position (feegy) each scan.

Movement in the frequency position of the peaks is undekdrao the R&S generator
with higher quality internal generation was used, as thislpced the most stable results.
The R&S generator was not capable of generating a triangle vga a sine wave was used
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instead. As the baseline is not as flat as the FM spectrunectbgtthe triangle waveform,
the peaks have to be larger to ensure that the side lobes foétheency waveform are not
included in the peak count. To stop the side lobes being deduthe peaks were only
taken from the central, flattest, area of the modulated sp@cteffectively reducing the
bandwidth over which the measurement can be taken.

It is worth noting that neither the outer chamber nor the irereclosure needs to be
mechanically stirred in this experiment to ensure a uniforadent field on the EUT as
the frequency stirring should do this job, as long as the tmms$ are met. If it is not
working correctly, then this can be seen in the distribugidhe distribution of the electric
field will not follow the Rayleigh shape.

An FM signal was transmitted into the chamber at spot cafrexjuencies between
1GHz and 6GHz. The data obtained from the SA was run througiviitLab program
seen in the Appendix, Chapter 10, which outputs a histogriatineoelectric field in mV
and a simulated Rayleigh curve. The simulated Rayleighecis\calculated using the
Rayleigh parameter (seen in table 2.1, param@&tewhich is obtained from the data.
These simulations were then compared to the data using thed.S

Figures 3.14 and 3.15 show the acceptance probability afigtgbution in question
for the chamber and enclosure respectively. Blue represeayleigh distribution accep-
tance and red represents double Rayleigh. What this shotle i&elihood of the dis-
tribution under test matching the simulated distributidime distributions tested against
are Rayleigh and double Rayleigh. If the acceptance levE)@%, it means that the KS
test is 100% sure that the distribution under test matcheesithulated distribution. If the
acceptance level is 50%, the KS test is saying that it is a S@8aae that the distribution
under test matches the simulated distribution, and a 50%oehthat it is not. If the KS test
is sure that there is no relationship between the distobutinder test and the simulated
distribution then the acceptance level drops to 0%.

The KS test results for the chamber using frequency modiifedguency stirring 3.14
clearly show that the Rayleigh distribution dominates hwiear 100% acceptance at all
frequencies tested. The double Rayleigh distribution iy fiejected (0% acceptance
rate) at all frequencies. As should be expected, this shiogre tare enough modes at all
frequencies and the stirring is effective enough to esthlihe full Rayleigh distribution.
This acceptance level shows that the chamber is workingctbyr
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Figure 3.14: KS test results for frequency stirring usirggifrency modulation in the large
chamber. Both distributions are tested; the double Raylease does not show as it is
fully rejected (0% acceptance) at all frequencies.

The enclosure used in this case is a brass box of dimensi8sk 0.48mx 0.12m
with a minimum frequency (below which 60 modes are excitdd).8GHz, calculated
using the minimum frequency equation specified in equatid0.2 The KS test results
from the twin chamber setup are shown in 3.15. The encloswsetiup with a single long
slot (120mmx 40mm) as an aperture.
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Figure 3.15: KS test results for frequency stirring usiragifrency modulation in the inner
enclosure. Note that no Rayleigh distributions are esthbtl throughout.

It can be seen from figure 3.15 that neither type of distrdyutor the lower frequencies
are well established i.e. they have a 0% acceptance levak highlights the need to
adhere to the minimum frequency criterion as there are rmigmmodes in this situation
to fully establish the overmoded state and allow the ste#isapproach to be valid. As
the test frequency increases, the double Rayleigh disinilbbecomes accepted while the
Rayleigh distribution continues to be rejected. This iseéeRkpected, as the aperture acts
as a transmit antenna into the interior of the EUT, resultmthe combination of the
external Rayleigh distribution with the internal Rayleidistribution to create a double
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Rayleigh distribution in the inner of the twin chamber eomiment. What may have been
expected was that the double Rayleigh distribution becoesésblished as soon as the
minimum frequency is passed, however in this case the loigioin is established above

4GHz. This leads to the possible conclusion that a minimur6Gimodes is perhaps

insufficient when using this type of frequency stirring, &hdt the number needs to be
increased to 100 or 150 for more applicable statistics.

3.6 Frequency Modulation and the CGE-02

The previous section suggests that frequency modulatidmegbeaks of the CGE-02 may
be beneficial at higher testing frequencies than would nthyrba used for an enclosure
of a given size. The latest version of the CGE has the potetdjsacity to apply FM
internally, unfortunately there was not time to pursue linis of investigation. However,
frequency stirring using a separate modulated source dods and would potentially be
more easily implemented by an end user than a stepped shettiod.

3.7 Chapter Summary

This Chapter has presented results obtained when a sepauate and spectrum analyser
is used to measure the shielding effectiveness of enclestiree CGE-02 has been shown
to be effective at establishing statistically uniform feeidside enclosures when used in
conjunction with a small, stepped stirrer, however it dossdto be powered by a separate
power supply from the motor used to operate the stirrer. dtbeen shown that the SE is
measurable in a number of different ways using the CGE-ORasdurce. If the simple
SE equation is examined then the methods at first seem to beaku, as the same
enclosure with aperture separates the source and receemmas. These methods prove
not to be experimentally equivalent due to the effect of theelana changing th@—
factors in the enclosure and the chamber and thereforetiafiethe measured received
power. This highlights the need to involve te- factor in the calculation of SE, or at the
very least consider it in order to have representative nreasents. It is also shown in this
Chapter how it is possible to use frequency modulation toastienclosure and chamber
setup using a frequency stirring method. It appears thatrtid@thod is more sensitive to
the number of modes in the enclosure



Chapter 4

Comparing Reverberation Chambers
Using a Shielded Enclosure

The contents of this chapter include the measurement tggbsused on and results taken
from an EUT that was designed to allow cross-chamber acceptasting by being tested
in a number of reverberation chambers around the world. Wteni behind this piece
of work was to help standardise measured results in differéverberation chambers, in
much the same way as site attenuation measurements do forXDge Test Sites (OATS).
Even though chamber design varies, the verification encoshiould provide a useful
measure of chamber performance. So far results have begnedtfrom Franco Moglie
and Valter Mariani at the Universita Politecnica delle ®ta, Ancona, Italy, and the en-
closure has been returned to the Physical Layer group ano&ada2013.

4.1 Enclosure Design

This verification enclosure is a zinc galvanised steel bat thcorporates three 19mm
monopole antennas with SMA (SubMiniature version A) conmexcand has the dimen-
sions of 0.3mx 0.3m x 0.15m . It can be seen in figure 4.1. As this enclosure is to be
used to compare reverberation chambers in different lalogfierent countries, it has to
be able to have high measurement repeatability so that arygehin the results could be
attributed to the test chamber not the enclosure. Previmwsdrrobin chamber compari-
son attempts had been influenced by inconsistencies in¢#iell sealing of the lid of
the box, which used a simple method of sticky-backed consfiskescopper tape to seal
the edges after the lid had been screwed on. Although maawsarere used, this system
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was found to give a variation of up to 15dB in the SE of the EUeen tests, as the lid
was removed, replaced and resealed at each test lab ancebetgés. This was masking
any differences that may have been present between theediffeest chambers.

A new system was developed for this enclosure. Finger frysed as the electrical
contact between the lid and the rest of the enclosure, andltee head lid bolts are
all torqued down to the same torque as the SMA cable conree(@trin/0.9Nm) using
a standard calibrated SMA spanner. The sliding nature ofitiger strip as the lid is
closed ensures a good electrical contact between the lidhendest of the enclosure,
shown in figure 4.2. This contact will remain constant whemlithis reattached even after
repeated removal and re-bolting. Finger strip is used orddwes of both anechoic and
reverberation chambers for these reasons of low wear rdtkigh shielding performance.
When measuring from any single port of the three availabileis\EUT, the other two ports

are terminated with SMA shielding caps.

Figure 4.1: Verification enclosure showing the positionted three SMA monopole an-
tennas

There is no mechanical stirrer present in the EUT, as thangjits done using the
post processing FS method. The EUT is placed in the revartbereahamber and the
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Figure 4.2: System of washers and finger strip used to ensoé gontact; (a) is just
before good contact, (b) is tightened to standard SMA spangue of 8 Ibin. Spacing
washers are included to avoid crushing the finger strip.

measurements are taken with a vector network analyser iscpB8GHz to 8GHz with
1601 measurement points and 100Hz IFBW. The stirring windo®0 points and the
minimum frequency for 60 modes in this enclosure is 2.9GHhe Teasurements are
presented as SE with t#l 1 correction applied, as detailed in section 2.8.1 (see eguat
2.20). The reference measurement for the SE value is obt&iomn the standard 19mm
monopole antenna on a ground plane; the same referencena@ast is used throughout.
The power is transmitted into the reverberation chamberguai 1GHz to 8GHz ridged
horn antenna.

4.2 Repeatability of Results

As one of the criteria is for this enclosure is to have the diklen off and put back on
again many times the repeatability of the measurement o8Sf interest. The lid was
reassembled in the same orientation each time and the sabhvegsaised for the four runs
shown in 4.3. Two different people did two runs each in ordelobk at the possibility
of human error during the test. The SE is calculated usingonected SE equation (see
equation 2.20), using a 19mm monopole on a ground plane asfédrence measurement
and a ridged horn antenna as the source. The same port isadetirae, and the SE is
calculated for each run and the 4 runs are shown in figure 4.3.

As can be seen in figure 4.3 the port repeatability is highhiwitdB for most of the
frequency range. It could be said that there are two diffesets of lines, the light blue and
red forming one set and the dark blue and green lines anaghdt & of interest that each
person doing the experiment produced one of each, suggektnthis is a feature of the
enclosure rather than the operators. The port repeataisiliietter at the higher frequen-
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Port Repeatability

SE (dB)

Frequency (GHz)

Figure 4.3: Port repeatability over 4 runs

cies, this is possibly due to the fact that the number of maslesuch larger. Noticeable

in the middle of this plot, on the spectrum for the first runrkdalue), at around 5.25GHz,

there is a sharp dip in the SE of around 10dB. This is not ptéadhe results from an-

other test chamber in Italy at the Universita PolitecniededMarche, Ancona by Franco
Moglie and Valter Mariani, shown in 4.4. This feature is @mesonly in traces obtained

by ‘Operator 1’, highlighting the need for using differer@gple to highlight the possibil-

ity of human error. The difference in operator traces ishgligunexpected, however, as
the two operators carried out the experiment together uthgeother’s supervision, and
alternately. Despite this, the finger strip method can beicdaned as a better method for
enclosure lid sealing as the repeatability is around 7dB)pared to 15dB repeatability
using copper tape to seal the lid.

Figure 4.5 shows two selected runs from both the UoY (UK) dred WoA (Italy).
Agreement between the SE measured by the two labs is betteghedr frequencies, av-
eraging around 10dB above 5.25GHz. Below this frequeneygthre variations of up to
25dB between the higher measured SE at UoY and the lower meeaSE at UoA, for
example at 4.75GHz. The actual SE of the enclosure shouldireamchanged, as the
experiments were carried out using the same measuremengphadifferences are down
to the operator (as identified in figure 4.3) or differenceawerberation chambers. It is
not clear from these results what could be causing the diffex between the measured
SE in the different labs.
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Box without apertures
Probe in the connector # 1
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Figure 4.4: Port repeatability over 4 runs, results takeftayco Moglie and Valter Mar-
iani

SE of the same enclosure in two different labs
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Figure 4.5: Measured SE using comparable methodology irdtfferent labs.
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4.3 Changing the SE

The finger strip around the lid of the enclosure is designethabsections could be re-
moved to create repeatable apertures in the enclosure. pEnige configurations are as
follows: (A,) all the finger strip in place,X,) take out a short piece to have a short slot,
(Cy) replace the short piece and remove a long piece to createlaumelot, and lastly
(D,) to take out both pieces to have a long slot. The configurat{@)) figure (4.6),
(C) figure (4.7) and D) (figure 4.8) give high, medium and low shielding respedyive
Configuration {,) is used for the repeatability measurements.

L ——— ., e
TR

Figure 4.6: Short slot configuration, with lid removed foarily. Note spacing washers
still in place to prevent distortion of the lid. Two of the nse@ement monopoles can be
seen, the third is in the lid.

Figure 4.7: Medium slot configuration with lid removed foacty. Note spacing washers
stillin place to prevent any distortion of the lid which maguce finger strip effectiveness,
and also to prevent crushing of the finger strip.

The SE of the enclosure is measured using the standard mes&tleration chamber
method used in [5], but using the post processing stirringharism detailed in section
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Figure 4.8: Long slot configuration with lid removed for atgr Note spacing washers
still in place to prevent distortion of the lid, which was re@ronounced when using the
long slot without the spacing washers.

2.5.4. The two 19mm monopole antennas visible on the leftl legclosure wall and the

enclosure wall closest to the camera in figures 4.8,4.7 adglds a third monopole in

the lid are used to measure the internal power. In betweesuneaents the finger strip
is changed to give the long, medium and short variations. lifiheolts are torqued down

using an SMA spanner and an Allen key adapter between eadgehdhis was part of

the repeatability modifications as it allows the same clagorce to be used over all the
lid bolts. The received power is measured from each of thetports, with the electrically

sealed blanking pieces being moved to the two unused SMAemors. The reference
value of received power is taken from the chamber using a 18monopole antenna on an
electrically large ground plane. The data is collectedgisimetwork analyser using 1601
points and a 100Hz IF bandwidth.

The stirring method used is the post processing type, amdpgmented in MatLab
(see Appendix, chapter 10) after the results have been.t@kam frequency sweep on the
network analyser is carried out at each port, which is theregtusing a 50 point stirring
window, giving a 31.2MHz stirring bandwidth. Three porte arsed to compare the in-
ternal field distribution which also helps to give more imf@tion on the post processing
system as a method of obtaining uniform internal fields. TNe¥aged powers obtained
after the stirring from the three ports should be within thats specified by IEC 64000-
4-21 for a reverberation chamber above 400MHz, which is 3dis 4+ 3dB limit on the
measured electric field power translates to an allowediitigof + 6dB in the measured
SE, when using the simple power ratio SE equation.

The results for each slot are shown in figures 4.9, 4.10, 4lfElthree traces being
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from the three different 19mm monopole antennas.

SE of enclosure, Short Slot configuration
70 T T T T

Frequency (GHz)

Figure 4.9: SE of enclosure using short slot apeture. Allgoare shown.

The Figures 4.9, 4.10 and 4.11 show that the port agreemeot ias good as could
have been expected, as it was expected that the the fieldmitijovould be within the
limit (3dB limit for powers, 6dB for SE) [17], in figures 4.9,10 and 4.11 variations up
to 12dB can be seen. Also present in the SE plots are largessthilat are more examples
of similar peaks and troughs noticed in the repeatabiliot pi figure 4.3. In an attempt
to reduce these peaks and troughs following the train ofghbthat resonances in the
EUT cause large variations in field strength, results wekertavith an absorber inside the
EUT. The absorber is a carbon-impregnated foam block dagdrAN79 that is designed
to absorb electromagnetic waves and therefore dampenaieses: The EUT is shown in
figure 4.13 and the results for the three slots with the alesqrtesent are shown in figures

4.14, 4.15, and 4.16.

It can be seen from figures 4.14, 4.15, and 4.16 that the lpigessin the previous SE
results have been somewhat flattened by the addition of aorladrs suggesting that the
absorber has helped to dampen some of the resonances pngbergnclosure. However,
some of the spikes are still present. These spikes shouldenptesent in a statistically
uniform field, however when tested the field distribution e@ms Rayleigh. This situation
has been encountered before [41], with no conclusive outcofncomparison between
the SE measured with and without the absorber present caeebeirs figure 4.17. Here
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SE of enclosure Medium Slot configuration
0 T T T T T

A5 - —

0 —

SE (dB)

55
Frequency (GHz)

Figure 4.10: SE with medium slot. Note the SE is generallydiotihan that of the short
slot.

SE of enclosure Long slot configuration
S T T T T

Frequency (GHz)

Figure 4.11: SE with the long slot. Note that this is gengrigss than both the medium
slot and short slot SE value.
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Comparison of measured SE using three slot configurations
SE is averaged over the three ports inthe enclosure
T

— Shaort slot
al —  Medium slot -
— Long slot

Averaged SE (dB)

o 1 L ! | L 1 L
3 7 7

Frequency {GHz)

Figure 4.12: Comparison of the measured SE averaged ovérdesports. The difference
in SE is less at higher frequencies as the efficiency of thefistyip decreases.

Figure 4.13: Internals of the EUT showing the added absdroek
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SE (dB)

Measured SE of enclosure: short slot configuration with absorber
The SE measured on each of the three ports is shown

Frequency (GHz)

Figure 4.14: Short slot SE with absorber present.

Measured SE of enclosure: medium slot configuration with absorber
The SE measured on each of the three ports is shown

Port1
Port2
Port3

Frequency (GHz)

Figure 4.15: Medium slot SE with absorber.
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Measured SE of enclosure: long slot configuration with absorber
The SE measured on each of the three ports is shown

—— Port1
451 —— Port2
—— Port3

SE (dB)

Frequency (GHz)

Figure 4.16: Long slot SE with absorber.

the absorption of large resonances at the lower end of theurgaent frequency can be
seen. The absorber has less damping influence at higheefreigs (above 6GHz), but
can be seen to be increasing the measured SE by around 10€Bs @he to the fact that

the presence of the absorber will reduce the power insidertbl®sure and therefore result
in a higher measured SE.

To check that the field statistics of the enclosure are belgasorrectly, a DC mechan-
ical stirrer was implemented. Using a DC motor as opposedctinéolled stepper motor
allows the 5V supply powering the motor to be fed into the esate through an existing
SMA bulkhead port, adaptors and BNC coaxial cables. Usimgrttethod of powering
the stirrer removes the need for large holes in the encldbatevould be needed for the
large shielded connectors used for the stepper motor. Maes In the enclosure are un-
desirable as they will have to be sealed off in a repeatableprao ensure the enclosure
can still be used in a round robin fashion; with less holesgméthe likelihood of errors
involved in the resealing the EUT is reduced. The DC mecladsitrring method will
also inform if the large changes in measured SE over smajuéecy ranges present in
the previous results is a characteristic of the enclosuam @sue with the processing, data
collection or post processing frequency stirring metholde DC stirrer is stepped in that
results are taken while the DC motor is off, otherwise thetetenagnetic noise from the
brushes in the motor interferes with the desired data, asfouChapter 3. The DC stirrer

in the enclosure complete with 5V supply can be seen in figur®.4As this enclosure is
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Comparing the SE of the enclosure with and without the absorber.
short slot configuration, measuring from port 3

0 T T T T T T T

—— With Absorber
—— Without Absorber 7

SE (dB)

3 35 1 15 5 55 6 65 7 75 8
Frequency {GHz)

Figure 4.17: Comparison of the measured SE using port 3 widhvwathout the absorber
block present. The short slot configuration is shown.

taller than the enclosure used in Chapter 3 then there isenbfioe a right angle drive; the

motor can be mounted vertically.

Figure 4.18: DC stirrer present in the enclosure. A similewres paddle is used in chapter
3

The SE result from the DC stirrer can be seen in figure 4.19.tWbdraces are fre-
guency stirring (without absorber present) and mechasitaing; the frequency stirring
is obtained from one of the mechanical stirring traces. itlmaseen in figure 4.19 that the
two traces for the SE from both methods mostly lie on top ohemdher. The first 50 results
of the frequency stirring trace are ignored due to the wayttilmaverages are calculated
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Comparison of the Measured SE obtained using Mechanical Stirring and Post Process Frequency Stirring
% T T T T T T T T T

—— Mechanical Stirring SE
— PP Frequeency Strring SE |

8-

0+

SEindB

55
Frequency (GHz)

Figure 4.19: DC stirring compared to post process frequstiayng.

using the frequency stirring window. The 50 point stirringpdow within which the data
points are averaged does not give the correct value urgib@ipoints into the data, hence
why the plot begins at 3.032GHz (recall the 31.5MHz stirivigdow). The large changes
in SE at adjacent frequencies are also still present buthesson both traces, suggesting
that the presence of the stirrer, motor and associated piossdes some electromagnetic
damping of resonances. A point of interest is that even thalig overall shape of the two
traces is similar, there are variations of around 15dB (k@neple at 3.8GHz). At other
frequencies (4.2GHz and 7.3GHz) the difference is very kmdiis is possibly down to
the large changes in levels around these frequencies @ubirthe previous figures. Fig-
ure 4.19 proves that the mechanical and frequency stirrietpoals are equivalent to each
other, due to the fact that only at a couple of frequency aaeasnd 3.8GHz and 6.75GHz
is the difference between the mechanical and frequencynstitraces larger than the 7dB
repeatability limit obtained earlier with the port repdalidy data. The spikes present in
the post processing method perhaps indicate that the mieehatirring method is bet-
ter at coping with the large resonances present in emptypsmas with a very higly)—
factor. This is due to the fact that the stirrer, motor andeisged cabling all have an
effect on the loss inside the enclosure, and reduc&thfactor. As seen in figure 4.17 the
addition of absorbent contents reduces the resonancenhithienclosure; it is likely that

the stirring components are having a similar effect.
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4.4 Chapter Summary

This chapter has provided a useful insight into the repddtabf enclosure measure-
ments. As can be seen, it is possible to get good agreemaemdr@imeasurements with
the application of finger strip to the enclosure lid. Thisaaability of 7dB between runs
has been replicated at the UoA, showing that this sort ofosice could be used to check
different chambers in different labs are capable of praglythe same results. As seen,
however, the results are not the same between the two labsearsons for this are not
deducible from these results. A comparison between gjithe enclosure using the post
processing method and using a stepped small internal meahatirrer is also shown,
this shows good agreement (within 5dB for the majority offileguency range) between
the two methods. Further development of this method maytresan additional check

when building and testing reverberation chambers.



Chapter 5

Rician Statistics and the K —factor

5.1 Introduction

This Chapter details the effect of a Rician distributedistiaal environment on the mea-
surement of received powers in enclosures. The method tfigesutlined in IEEE 299
[5] assumes that stirring in both the outer reverberati@ndber and the inner EUT is fully
effective and that the field is uniformly distributed withime working volume. There is
no mention of testing the distributions in the methods usd8jito ensure that this is the
case. The work done in this chapter looks at how the chandeeimiagnitude of a direct
path in a reverberation chamber has an effect on the meagavez and therefore on the
measured SE. Also investigated is how the Ridiénfactor can be used as a measure of
field uniformity. A direct path in a reverberant environmentneasured as a Rician dis-
tribution of electric field values. A summary of the distrilouins and how they are created

is given in section 2.6.

5.2 Reverberation Chambers - Required Field Uniformity

Itis important when using using reverberation chamberbézk that the internal fields are
statistically uniform, as all calculations of SE of enclossiare dependent on the statistical
uniformity of the received power. The uniformity can be #esin a number of ways,
although it is not deemed necessary if following IEEE 299rédlly. When using [5],

it is assumed that, for a well-stirred reverberation chamiat the probability density
function (PDF) of the magnitude of one component of the aletield follows a Rayleigh
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distribution [31][41]. This is due to the in-phase and phgsadrature components 6t,,
E, and £, being normally (Gaussian) distributed and having a mearewf {31]. If the
distributions of these components of the field are centeredeno, then it follows that
the resultant PDF of the magnitude of the electric field valldw the predicted Rayleigh

distribution.

The above statement relies on the fact that the reverbaraiamber has sufficient
modes present inside it to enable the stirrer to stir sutaéss Measurements in this
section are carried out with more than 100 resonant modégezlow the lowest testing
frequency in both the EUT and the chamber.

A problem can potentially arise in a reverberant volumeegf@aussian distributions of
the in-phase and phase-quadrature contributions haveerameans. This indicates that
there is a direct path present between the source antenrth@mnaeasuring field probe.
A direct path in a reverberation chamber refers to the sdanawhere the transmission
antenna can directly illuminate the receive antenna witheflections from the stirrer (in
the case of a mechanical stirrer) or the chamber walls tgsdace. This is illustrated in
figure 5.1.

Low direct path component High direct path component

3)

5 4

] H

Stirrer movements have little impact on the
recieved power at {4) from a source at (3)

)

Stirrer movements have an impact on the

recieved power at (2} from a source at (1)
If the receive antenna is moved from {{) to
(3) then the received power will be different

Figure 5.1: lllustration of a direct path in a reverberatotiamber. It can be seen that the
power received on (2) will change as the stirrer rotates,asal that the power received
on (4) will not. In addition, the power received at (5) will ldgferent from the power
received at (4)

Referring to figure 5.1, it can be seen that moving the recamtenna from (4) to (5)
will result in a different level of received power, wherelg taverage received power on
(2) will be statistically the same throughout the chambes ttueffective stirring and an-
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tenna placement. A direct path such as the green straighbétween source and receive
in figure 5.1 results in a non-zero mean, due to the dominaiite@nstirred component
over the stirred component [69]. Distributions with nomezeneans are statistically rep-
resentative of a direct path [69] [70] meaning some areakeofdverberant volume have
higher average received power than others. The result®fdiihat measurement of elec-
tric field is now dependent on the position within the chandi¢he receive antenna. This
means that the reverberation chamber is no longer workingersded or assumed, which
will increase the measurement error and decrease theiligjidgin that the measured SE
cannot be relied on to be representative of the actual SEedrtblosure) and repeatability
of any measurements made of the shielding effectivenessabddgures. The assumption
that within the working volume the average received powestagistically uniform is no
longer valid, making the power received with a monopole @reEUT aperture dependent
on its position. For larger EUTSs, this can result in non-ami illumination, a problem
that is exacerbated when more than one aperture is presemvefberant environment
without a direct path ensures that every aperture on the El@gually illuminated; equal
aperture illumination may not occur if there is a direct pathsent.

In the case where the Gaussian distributions have non-zeamsn the resultant field
statistics can be described by a Rician distribution, tmenfof which can be seen in table
2.1 in section 2.6. The measurement of a Rician distributica reverberation chamber
indicates that a direct path is present and the internalsfiatd not statistically uniform,
with the associated consequences to the quality of the mezasat. An acceptable level
of offset is established in this chapter, allowing categgtion of a Rician distribution that
will significantly effect the measurement.

It has been shown that the field inside an EUT in a nested rexagibn chamber setup
can be measured with a small monopole probe antenna moumtine anner wall of the
EUT [7]; this approach is widely used to measure the SE ofamueks. Unfortunately,
this approach may not be applicable if there is a Rician carapblarge enough to render
the field uniformity assumption untenable in the chamber\esage received power is
used in [7] to confirm that the wall mounted monopole is edenito a monopole in free
space. Due to the fact that the average received power @taln efficient stirring (in
order to retain the independence from position), and amalesaf direct path components,
this means that the average received power on a wall mourdadpole is also dependent
on efficient stirring. In the analysis in [7], it is assumeaittithe field components are
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Gaussian distributed random variables with zero meansthend is special attention paid
to the experimental results in [7] to ensure that is the cliske field components have a
non-zero mean, then a wall mounted monopole cannot be nafied to give results that
are equivalent to those obtained with a working volume probe

Due to the effect that a Rician distribution of electric fielah have on the measure-
ment, the distributions of the in-phase and phase-quadratmponents need to be ex-
amined and used to help build a picture of how large the madaiof a direct path has to
be in the reverberant volume before it starts influencingithieorm field assumptions. To
achieve this, a simulated environment was created to tediriect paths in any physically
small electrically large EUT. The workings of this simutatiare detailed in the following
section and can be seen in the Appendix (Chapter 10). Theaiomucan be set up to
examine both single or multiple apertures.

The possibility of a direct path between the source antendaa aperture in an EUT
is increased when more than one aperture is present in theligdduse the coupling be-
tween the source antenna and the receive antenna has a ohpais, one or more of
which may have a large direct or unstirred component. Fomgia, if the stirring is not
particularly effective, (if the paddle is too small) there ttlirect path in the chamber can
be minimised by pointing the aperture away from the tranami¢énna when carrying out
measurements on enclosures. Unfortunately real worldbsucds rarely have only one
well defined aperture, meaning that a multiple aperture ESJfare susceptible to direct
paths in an under-performing chamber. Even if the outer tieains correctly stirred, there
is a possibility of a direct path inside the EUT. If this is ttese, it means assumptions of
field uniformity are no longer tenable inside the EUT. Thisulés in the measurement an-
tenna being dependent on position inside the EUT and meana thall mounted receive
monopole is no longer representative of a receive monopoleee space. These points
highlight the need to stir effectively inside the EUT.

As seen previously, (section 2.3) the of SE of an enclosurdealefined as shown in
equation 5.1,

Pou
SE.5 = 201og 10 ( 5 t) (5.1)

whereP;, andP,,,; are the average received powers, measured by monopolaasten
inside and outside the EUT respectively. The magnitude efatrerage received power
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is dependent on the distribution of the received power. &dekel of shielding given by
equation 5.1 depends on the magnitude of the received ppiveas be said that the SE
is dependent on the statistical distribution of the avedlageeived powers that make up
both P,,; and P,,,, which are in turn dependent on the distributions of theteletelds.

If the electric fields inside and/or outside the EUT are nogl&gh distributed, then
the SE will have a statistical distribution different frohrat which is expected, and there-
fore the measurement of the SE will also be dependent on &igqgroof both the location
of the EUT within the chamber, and also the location of theirezantenna and/or any
contents present in the EUT. With a well-stirred (in bothrobar and EUT) nested cham-
ber setup, the external (to the EUT) monopole measures @igaydistribution of electric
field while the internal EUT monopole measures a double Rglyl@istribution of electric
field [56]. This is due to the fact that the Rayleigh distribntgenerated from the Gaus-
sian distributed phase and phase quadrature compones&npie the chamber combines
with the Rayleigh distribution that exists in the EUT at tloérp where the two reverberant
volumes join, i.e. at the aperture(s). It is important toetbiat the assumption of a double
Rayleigh distribution might not hold true if there is a Ritieomponent involved in either
the chamber or the EUT.

5.3 Direct Paths in Enclosures

The EUT is set up as in figure 5.2, with three apertures detggnd, B and C. The
apertures are created by monopole antennas mounted orehdllidonnectors on both
sides of the enclosure wall to act as a penetration points mbvel method of aperture
creation produces repeatable apertures that can be ehaitged without disassembling
the EUT. This arrangement can be seen in figure 5.3, with desmgnopole visible in
5.4. The enclosure probe and the aperture monopoles are 18ngnand connected to
SMA (Sub-Miniature revision A50€2 impedance) connectors. The SMA connectors on
the apertures (monopoles) that are not being used are tediwith 50) loads. The360°
shielding caps used in Chapter 4 were away with the encl@guhe UoA.

It can be seen in figure 5.2 that there are three options foryangaselection of paths.
Path A is set up with a Rician distribution both outside arglda the enclosure, repre-
sentative of a worst case scenario regarding inefficiemrtrggiin a nested chamber setup.
This is achieved by placing the source antenna close to the &lérture and the mea-



53 94

J 1 C [
—E(] M

f—\l

|enclosure probe|

‘fﬁ'fef@ﬂc@ PfOb(‘?‘ ‘

Rayleigh (indirect path)
Rician (direct path)

Figure 5.2: Schematic Diagram illustrating the varioushpaptions set up on the test
enclosure
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Figure 5.3: Diagram of the monopole arrangement used asuaper
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Figure 5.4: Close up of a single 19mm monopole with SMA cotored his one is on a
ground plane, two are used with a female to female conneatoreiate an aperture in an
enclosure

surement antenna inside the EUT close to the aperture. Tdrelmr and enclosure paths
are engineered to emulate the right hand side of figure 5.1hemndfore bypass the stirrer
to illustrate the effect of inefficient stirring. Path B idicative of how the measurement
is assumed to work, with a properly stirred Rayleigh distfidkin both inside and outside
the EUT. This is set up by ensuring efficient stirring by ptacthe source antenna behind
the stirrer pointing at the chamber wall, and measuring feomminternal monopole that
is placed such that the EUT stirrer is between the apertuddl@measuring monopole.
Path C is the most likely occurrence in a measurement Situathere the EUT is un-
stirred, with a direct path present inside the EUT, set uf wie source pointed at the
chamber wall behind the chamber stirrer and no stirrer ptesghe EUT. It is likely that
most measurements taken in the manner suggested by IEER.29%/(thout an inter-
nal stirrer) have a direct component and therefore fall thieoPath C category to some
extent. In the situation where an internal stirring mechamis not used, the size of the
direct path inside the EUT depends on where the measuremteme is in relation to the
aperture(s).
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5.4 The RicianK —factor

A useful measure of the magnitude of a Rician distributidmiswn as the< —factor [59].
The RicianK —factor is a measure of the relative size of a direct path batveeurce an-
tenna and the receive antenna compared to a situation witlrect path present, and is
primarily used in a communications environment. A léiwv-factor (less than 1 [59]) indi-
cates a well-stirred environment with no significant dirgeths and therefore an expected
Rayleigh distribution. Higher values & —factor are indicative of a departure from sta-
tistical uniformity, with largerK —factors indicative of Rician distributions created from
Gaussian distributions with larger offset from the zero mekhe K —factor is defined as
the ratio of the direct path component to the scattered coemg59], seen in equation
5.2.

(5.2)

B direct component
~ \ scattered component

The K—factor can also be defined as a function of the unstirred yatgnt to the
direct) componeng£,, and the associated variance of the field distributioas seen in
equation 5.3

K = (‘EW) (5.3)

20?2

From equation 5.3 [59] it can be seen that if the direct corepors reduced to zero,
then theK —factor also reduces to zero: therefore fiie-factor is related to the direct
component of the received field. If the direct componenigsificant, this can also be seen
in the means of the in-phase and phase-quadrature nornyabali®ns being offset from
zero by some significant value. This value is termedf ¢ is small, the distribution tends
to Rayleigh. For simulated normal distributions here, thgance is set to 1, resulting
in the K —factor being directly related to the unstirred componertheffield. This leads
to a relationship between the offset on the means of the datis@ibutions¢ and the
K —factor, shown in figure 5.5 and equation 5.4.

Koot = — (5.4)
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The shape of figure 5.5 suggests that as the offset increthgels,—factor increases
rapidly. Itis said [59] that the distribution should be calesed to be approaching Rayleigh
if the K —factor is less than 1: this gives a valuejodf 1.4. If a value ofp is over 1.4 then
the K —factor is over 1 and the distribution is likely to depart frdine assumed Rayleigh
distribution. The value of can be used as a measure of the magnitude of the direct path
component, and therefore provide a cutoff point wherg, = 1.4, where values ob
larger thang,,;, results in increasing Rician behaviour. This can be verifigaxami-
nation of the distribution in question and the applicatiéra@oodness-of-fit test, while

bearing in mind the limitations of tests such as the KS test.

K- Factor vs Normal Offset

A~

K factor
o - L w E [5,] (=] ~ f=] o

0 05 1 15 2 25 3 35 4
Offset from zero

Figure 5.5: Plot of the Ricia—factor against the offset from zero of the mean of a
Gaussian Distribution.

5.5 Simulation of the Test Enclosure

The simulations carried out in this section follow the pa#hd and C shown in figure
5.2. The simulation program was written in MatLab and candasd in the Appendix
(chapter 10). The in-built Gaussian distribution generatdMatLab is used to specify
Gaussian distributions with a variance of 1 and, for the atnn of a path with zero direct
component, a mean of zero. Two Gaussian distributions arergted, then combined to
achieve the desired distribution in the chamber. The sitimigorogram allows input of
Gaussian distributions with a definable offset mgamd with a set variance of 1, meaning
that different strength Rician distributions can be canged. To explain the simulation
program, Path A (see figure 5.2) will be followed. Path A isresentative of the worst
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case scenario where stirring is ineffective in both envinents, with a Rician distribution
present both in the EUT and the chamber.

5.5.1 Simulation of Paths

Path A will be used to illustrate the workings of the simwatiprogram. To simulate
path A, first two Gaussian distributions with an offset me&np@re generated. Note
that if two Gaussian distributions of equal and oppositei@alof$ are combined, then
the resultant distribution will be Rayleigh. The specificatof two positive offset (the
scatter plot is in the upper right quarter of a phase agahest@quadrature plot) Gaussian
distributions ¢ > ¢..;,) Simulates a direct path in a single enclosure and resulgs in
Rician distribution when the two Gaussian distributiorss@mbined. Two more Gaussian
distributions of offsetp > ¢,,;, are generated and combined to create another Rician
distribution, equivalent to a direct path present insice BUT. The K —factors of both
these Rician distributions are noted, being obtained froendpecified value of and
equation 5.4.

At this point in the simulation there are two separate distions: the Rician distri-
bution in the chamber and the Rician distribution in the EBGth of these distributions
are made up of two non-zero mean Gaussian distributions.mMeasurement, these two
Rician distributions combine at the aperture, assumingngleiaperture enclosure. The
combination of the two Rician distributions at the apertisrealculated in the simulation
by combining the matching in-phase and phase-quadratussszan distributions from
either side of the aperture using the root sum of the squaedtisad.

When ¢ is set to zero, this simulation method results in Rayleigtside the EUT
and a separate Rayleigh inside the EUT. When the two are caaly the aperture, the
resultant simulated distribution in the EUT becomes do&algleigh, as found in [56][61].
The form of a double Rayleigh distribution can be seen ingt@ol. This simulated result
is equivalent to the measurement obtained in a well stiressded chamber setup. When
the individual environments are Rician, a double Riciaroisrfed when the two Rician
distributions combine [71].

Figure 5.6 shows the resultant simulated distribution @lpath A with¢ = ¢,,;,, in
both the chamber and EUT. It can be seen that the histogratairfed by sorting the
simulated field powers into bins) is showing deviation frdra €xpected double Rayleigh
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distribution, which is outlined in blue.

Simulated distribution along Path A

0E
@ o — Assumed double |
= Rayleigh distribution
@ 02 . 1
o Simulated
- distribution
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=
=
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ooz

[

Figure 5.6: Histogram of the simulated distribution witk ¢,,;, = 1.4
for all Gaussian distributions both inside and outside efET compared with the
assumed double Rayleigh distribution. This is represimetat Path A.

Figure 5.7 shows the distribution along Path A (Rice-Ricbgme¢ = 5 in each case.
The histogram has become completely Rician in shape, whighests a very large direct
path component. This is known to be the case as it has beem et simulation. In an
experimental measurement, this situation could occur aswdtrof poor stirring effective-
ness, bad experimental setup or an under-performing (haghattenuation, high internal
and/or antenna loss, or an unexpected aperture) chambdydrThe axis labelAg is
representative of the electric field strength.

Figure 5.8 shows the distribution from Path C (RayleigheRiavith the single Rician
distribution in the EUT having = ¢,,;,. It can be seen that the maximum of the his-
togram is slightly misaligned with the maximum of the exgelctiouble Rayleigh; this is
due to the addition of the minimal Rician distribution. Tlhgcomes more apparent in
Figure 5.9 where in the EUT Rician distribution has been increased to 5.

It is worth noting that the application of a relatively larBeian distribution in either
the EUT or the chamber can result in a distribution beingtekthat looks like a Rayleigh
distribution instead of the expected double Rayleigh shagpshown in Figure 5.10, where
¢ =10 inthe EUT.

This is an important point, as confusion can arise while erarg the distributions.
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Simulated distribution along Path A
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Figure 5.7: Histogram of the simulated distribution witk 5
for all Gaussian distributions both inside and outside efy T compared with the
assumed double Rayleigh distribution. This is again repriegive of Path A, but with a
larger direct path component than in figure 5.6.
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Figure 5.8: Histogram of the simulated distribution witks ¢,,,;,, = 1.4
for the two Gaussian distributions inside the EUT and with O for the two Gaussian
distributions in the chamber. Also shown is the assumed lédrayleigh distribution.
This is representative of Path C
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Simulated distribution along Path C
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Figure 5.9: Histogram of the simulated distribution witk 5
for the two Gaussian distributions inside the EUT and with O for the two Gaussian
distributions in the chamber. Also shown is the assumed lédrayleigh distribution.
This is representative of Path C with a larger direct compottean in figure 5.8

Simulated distribution along Path C

__ Assumed double |
Rayleigh distribution
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Normalised counts
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Figure 5.10: Histogram of the simulated distribution witkr 10
for the two Gaussian distributions inside the EUT and with O for the two Gaussian
distributions in the chamber. Also shown is the assumed lédrayleigh distribution.
Note that the simulated distribution follows the shape oBglRigh distribution due to
the direct path.
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This is due to the fact that the receive antenna in the EUTalslb measure a Rayleigh
distribution of electric field if the apertures are large egio to make the chamber and
the EUT one reverberant volume. In the case of enclosuresgnthe change frequency
between two statistically different enclosures and onglsianclosure is close to the mea-
surement frequency, a situation resulting in a ‘fake’ Raylavill cloud the point at which
the chamber and enclosure become statistically separaigcdse is more likely with an
aperture dominated enclosure as the point where the chant&nclosure behave as one
occurs at a lower frequency due to the greater total apectoss section.

If the Rician K —factor becomes very large, the form of the resultant contbdhstri-
bution moves from a Rayleigh shape to a Rician shape, chaisgioothly as) increases.
It is therefore possible to state that the stirring becomefective asy increases signif-
icantly abovep,,;,. As ¢ is defined by the variance of the data, the relationship betwe
the K —factor andg is different in a real situation rather than the simulated shown
here, as the variance will not necessarily be 1. The infaonahown in these simulated
distributions also show how, if a Rician component is pregée distribution moves away
from the expected double Rayleigh shape.

5.6 Experimental Setup - Creating a Direct Path

The main problem encountered while carrying out this paldicset of experiments was
being able to obtain a sufficiently large direct componenthim reverberation chamber
in order to prove the effects on the measured SE, and to obigmificant values forp.
Experiments were performed at 4GHz using the large revatioerchamber (dimensions
2.4mx 3m x 4.7m) with the EUT placed within the working volume. The EU3ed is
a 0.48mx 0.48m x 0.12m sealed brass enclosure with four bulkhead SMA podk ea
connected to a 19mm monopole antenna inside the EUT. Théuagelare achieved by
attaching a second monopole antenna to one of the existing [@ws on the outside of
the EUT, as shown in figure 5.3. One SMA port is used for the Etbbe antenna, and
the other three are available as apertures, used to mimgethp shown in figure 5.2 used
in the simulation. The unused SMA ports are terminated wih bads. The direct paths
within the reverberation chamber but external to the EUTrmaeasured using a single
19mm monopole antenna on an electrically large ground pldihe direct paths within
the EUT are measured between the internal probes. The datmprg) the arrangement
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needed for the creation of a large Rician in the outer chamsistrown in figure 5.11. Due

to the position-dependent nature of this experiment, wherfemence and EUT measure-
ment are needed the EUT aperture is aligned with the monapdlee ground plane (after

the ground plane has been removed) as far as can be praeticabl

duuble munupole aperture port

"

50 ©t loads on unused ports

Figure 5.11: Experimental setup to obtain a large Ricianmament in the reverberation
chamber

This setup shown in 5.11 would never be used in a measuremdat testing condi-
tions when following a standard; however the quality of teeerberation chamber at the
UoY is such that obtaining a direct path is quite challenghmgnce the very close prox-
imity of horn antenna, EUT and reference probe. In a chantizri$ not so effective at
stirring, for example a poorly constructed chamber with algen paddle or with insuffi-
cient steps on the stirrer, a Rician environment is mordyealtained. In this experiment,
the stirrer is used in the same way as it would be to obtain @wumifield measurement,
as it was also of interest to see how effective the stirring,wa verify the quality of the
UoY reverberation chamber.

The layout of the probes, apertures and stirrer within thd EdJsuch that either a
Rician or a Rayleigh distribution can be established withie EUT. The varying paths
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used are shown in figure 5.12. Here it can be seen that ther@ muenber of possible
permutations to obtain varying strengths of direct pathn@kstirrer is present inside the
EUT, under the silver control box; in this image the lafge-factor Rician path between
port 3 and 4 is being tested, equivalent to the inner part tf pan figure 5.2. The 50
loads on the other apertures can just be seen on ports 1 and 2.

This part of the experiment can be carried out on the benargtls no need to test
inside the large chamber to establish the paths inside ttiesme as there are no apertures
inthe EUT. The inherent SE of the enclosure ensures a gobelhte@isonment (all apertures
are sealed) and the VNA uses one port to transmit and anatheceive. The distributions
obtained here are used to identify the-factors of the various paths separate from the
nested chamber arrangement. Resultant distributionsitkatompared to the simulated
results are as per the simulation; i.e. tested in the revatiba chamber, in order to obtain

the correct doubled distributions.

Rayleigh distributed
path

Stirrer control unit. The
stirrer paddle is situated
inside the enclosure
underneath the control unit

" el

Low K-factor Rician
distributed path

High K-factoer Rician
distributed path

Figure 5.12: Experimental setup to obtain direct paths ofiag K —factor within the
EUT

With these two setups (figures 5.11 and 5.12, the paths iasideutside the EUT can
be controlled separately, with the aperture configuratamizined with the probe location
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allowing paths inside the EUT to be changed simply by chapdgie positions of the

‘aperture’ antenna and the measuring antenna. Using tlowlkge, an experiment was
carried out with the manufactured Paths A, B and C shown indi§LR to see if the results
obtained follow the relevant simulation. These resultstaken at 5GHz using a receive

port calibrated vector network analyser, with mechanitaliisg in both the EUT and in
the chamber.

It can be seen in figure 5.13 that when there is a large Ricienpoaent, in this case
a Rician inside and outside the EUT, the distribution dgfgreatly from the expected
double Rayleigh. As expected, the difference is less as itiarRcomponent is reduced,
as shown in figure 5.14, by only being present in the EUT in ¢hise. The state where
the direct path is minimised in either chamber or the EUT (&gt 15) gives a result that
is closer to the expected double Rayleigh distribution.

Path A:

Rician distribution inside the EUT

Rician distribution in the chamber
12 - 1 1 - - 1

___ Assumed double

Ll Rayleigh distribution
al Measured |
£ distribution
= 5 1
2

0.z 04 IIIIE- IIIIH '| I.IE 1.4
Electric field strength {mV)

Figure 5.13: Histogram of the measured distribution aloathPA compared with the
assumed double Rayleigh distribution.
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Path B:

Rayleigh distribution inside the EUT
Rayleigh distribution in the chamber
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Figure 5.14: Histogram of the measured distribution aloathAB compared with the
assumed double Rayleigh distribution.

Path C:

Rician distribution inside the EUT
Rayleigh distribution in the chamber

.m - T T L T 1 T -
__ Assumed double
2501 Rayleigh distribution 7
ol I'l.l!ea.sure.{l |
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Figure 5.15: Histogram of the measured distribution aloathRC compared with the
assumed double Rayleigh distribution.
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5.6.1 Experimental Results - Nested Chamber Measurements

It is useful to know if the presence of a Rician distributiardaherefore a direct path
alters the measured value of the SE. The internal field in th€ E kept as a Rayleigh

distribution using the knowledge obtained in the previoestisn during the bench-top
EUT measurements. The external field is changed betweeg Bagleigh distributed

and Rician distributed, obtaining a Rayleigh distributiarsmall offset Rician distribution

and a large offset Rician distribution. This is achievedhvitie layout of the chamber,
using the setup shown in figure 5.11 to create a large Ricistnilalition, changing to a

larger separation between horn and EUT for the smaller Ridistribution, and with the

horn fixed to the wall behind the stirrer and pointing awayrfrihie stirrer for the Rayleigh

distribution measurements, ensuring minimal direct patr.measurements not involved
in investigating direct paths, this source antenna lonasaisually used. These different
geometrical setups change the incident field strength dmthetEUT and the reference;
the magnitude of the Rician path can be seen by examining@ghesn of the reference

data. Three measurements were taken with different padsept in the outer chamber:
a Rayleigh, a small Rician and a large Rician distributiohe histograms for the three
measurements (taken from the reference probe) can be skguaras 5.16 to 5.18.

Comparison of a measured Rayleigh distribution

and a measured Rician distribution
500

440 p— Measured Rayleigh
400 distribution

Measured Rician
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Figure 5.16: Rician distributed reference measuremgnt{.5 on both component Gaus-
sian distributions) compared to a Rayleigh distributednerice measurement This Rician
distribution is termed the ‘small’ Rician.

These reference measurements shown in figures 5.16 to 2 18ed to calculate the
SE of the EUT. The Rayleigh-Rayleigh situation (ideal measient environment and an
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Comparison of a measured Rayleigh distribution

and a measured Rician distribution
SO0
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Figure 5.17: Rician distributed reference measurementl(5.6 on both component Gaus-

sian distributions) compared to Rayleigh distributedreiee measurement. This Rician
distribution is termed the ‘large’ Rician.

Comparison of a measured Rayleigh distribution
and a measured zero offset Rician distribution
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Figure 5.18: Zero offset Rician reference measurement aosapto Rayleigh reference
measurement. They are shown to be the same.
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accurate representation of the SE) is shown on all the falg\8E plots (the red line)
and the Rician-Rayleigh situations are shown by the blue. lithe SE with a Rician
distribution present is calculated using the power reckimside the EUT under Rician
path conditions a$’, and the various reference distributions shown in Figurés %o
5.18 asP,,;. The Rician distribution incident on the EUT has valuebof 11.2.

5.7 Effect of Rician Statistics on the Measured SE

Figure 5.19 shows the SE plot when the Rayleigh distribugesen in figure 5.18 is used as
the reference measurement. The path from the source to thesRIcian with¢ = 11.2

in the blue plot and Rayleighp(= 0) in the red plot. It can be seen that there is a large
difference between the SE obtained with Rayleigh distiimg and the SE obtained with
Rician distributions, around 15dB on average, with the®&i@ath SE being measured as
much smaller. Th&'11 correction detailed in [7] is used here on both traces, boabse
of the large Rician distribution incident on the EUT, the iRicpath SE shows negative
dB values, which the antenna reflection coefficient compgersahould not allow. If
the fields are supposedly uniform, then it is impossible teelahigher value of average
received power inside a well stirred overmoded EUT over tb€ khan is present outside
the EUT when using an external source. In figures 5.19 to Sf#d red line is always the
SE obtained with Rayleigh field incident on both the EUT aralrédference.

Also measured was the SE with a Rician reference measurevhent 7.5 (figure
5.16), shown in Figure 5.20. This Rician reference measentmas taken with the source
horn antenna pointed at the EUT and the reference, thisganaent creates the black
distribution shown in figure 5.16. It can be seen in figure 520 the two SE traces are
much closer together, with the Rician path SE being aboutli@si8than the Rayleigh path
SE.

The Rician distribution in figure 5.17 was measured with tbenhrantenna pointing
directly at the reference monopole and lfas= 15.6. The Rician distribution in figure
5.17 gives the SE trace shown in figure 5.21. lllustrativdefimportance of a statistically
uniform field for the measurement of SE, figure 5.21 shows whtt the large Rician
reference present, the measured Rician path SE is now lgdargler than the measured
Rayleigh path SE.
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SE with different incident field distributions
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Figure 5.19: SE measurement with small Rician inside the Bbid Rayleigh outside
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Figure 5.20: SE measurement with small Ricians inside atsldrithe EUT
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SE with different incident field distributions
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Figure 5.21: SE measurement with large Ricians inside atsid®ithe EUT

5.8 Chapter Summary

It would seem important to check that the distribution withichamber or enclosure be-
ing used for shielding measurements is indeed as assumetk iBmo mention of such a
check in the IEEE 299 standard, meaning that it is possilaleSE measurements can be
unreliable if the chamber and/or enclosure do not have awmifield distribution. This
chapter proves the importance of making sure the field isstatlly uniformly distributed
before making a measurement of the shielding effectiverfessy to obtain this is to use
the Rician K —factor to measure the stirring effectiveness and theredore an indica-
tion of the chamber performance, leading to knowledge abwstatistical uniformity
and therefore the distributions of the fields. Both simuaed experimentally measured
results show that if the offset of the mean of the Gaussianilgisions¢ is less than 1.4
then the chamber or enclosure is providing adequate fiefdmumity. In order to be sure
of measurements in a reverberation chamber this check glheuperformed every time

the experiment setup is changed.



Chapter 6

Estimating Shielding Effectiveness using
Absorber Cross Sections

This chapter will present results obtained using a new ntetii@stimating the SE of an
enclosure. The concept is that an enclosure with a largeoptiop of internal absorber will
reduce the)—factor of both the EUT [72][73] and the outer test chambere Tdduction
of @Q—factor in the chamber should be dependent on the shieldifgrpeance of the
enclosure. To investigate this, the enclosure used in en&pivith dimensions of 0.48m
x 0.48mx 0.12m is used, which has a minimum frequency of 1.9GHz, b&lbweh 60
modes are excited.

6.1 EXxperiment Setup

The enclosure is placed within the working volume of the reeeation chamber on a
polystyrene block. The source and receive antennas wereglaithin the chamber, with
the source antenna behind the stirrer and the receive anteaanted on a piece of rigid
coaxial cable connected to the wall of the chamber. The sookbowas loaded with a
0.4m x 0.4m square of microwave anechoic chamber pyramidal walbrder, and the
transmission across the reverberation chamber is measlinede is no stirrer present in
the enclosure during this experiment, and post processaggiéncy stirring is used in the
outer chamber.

The experimental setup is shown in figure 6.1. It can be seen figure 6.1 that the
reference measurement is when the enclosure is absent@atitorber is present in the
chamber, and the shielded measurement involves shieldenglisorber. The difference
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Shielded Un Shielded

A 2

Figure 6.1: Experimental setup showing shielded and ultgdemeasurment arrange-
ments.

in the measured power in the reverberation chamber is lilcelye small, but should be
representative of the shielding performance of the encbosthien the SE is predominantly
influenced by aperture losses. The aim of this experimentiavase if this effect would
be measurable in the large reverberation chamber.

No monopole antennas are mounted in the enclosure, howesiagke aperture is
varied in size to test the sensitivity of the measuremene folr different apertures used
are: (1) no front (2) a square hole of dimensions 40mm tall@3mm wide (3) a long slot
that is 4mm tall and 120mm long and (4) a short slot that is 4alhatd 40mm wide.

6.2 Centralisation of Measured Distributions

As this measured effect is expected to be very small, sonoet éfmade to ensure there
is no direct path. As presented in previous chapters theepeesof a direct path can
influence the measurement of SE. In this experiment, theysisasuggested by [69] is
followed, which involves centralising the measured eledield distribution to remove

the direct path component.

The way that this is implemented is to first measure the redepower across the
chamber. The resulting distributions of the phase and phaadrature are noted and
the means calculated. In an reverberant environment wittinect path present then the
means of the Gaussian distributions of the phase and phadeaqure will be zero. A non-
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zero mean therefore indicates a direct path. In order to verany direct path component
the mean of the measured distribution is centered on zerbtayrong the vector mean of
the measured data, then subtracting this value from eachurezhdata point. A diagram
of how a Rician distribution appears on a phase vs. phaseaapuael plot when measured
in a reverberant environment is shown in figure 6.2. In figug phase is plotted against
phase quadrature, or, as measured using a Network Analyseeal component is plotted
against the imaginary component. This makes the centreedfifitribution, i.e. the mean,
A, + jB,. A, and B, are used to re-centre the distribution, in this case each mtant
would have the operatior A, and — B, carried out on it. Another way of looking at
the centering operation is to consider the distributionthefphase and phase amplitude
components. As mentioned, in a perfect reverberant envieon the distributions of the
two components are normally distributed with a zero meaguitéi 6.3 shows an extreme
illustrative representation of non-zero means. The cergef the data is equivalent to
centering the means of these two distributions on zero [69].

=
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Figure 6.2: Schematic Diagram illustrating offset measaet centering

The centered measured distributions are now combined trobte Rayleigh dis-
tributed S12 parameter across the chamber. The distributions are eenter both the
shielded and reference measurements, post-processyugirey stirring is used, then the
SE is calculated using the corrected data.
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Figure 6.3: Exaggerated illustrative direct path with reeme means

6.3 Comparing the measured results

The method outlined here is intended to give an indicatiothefpossibility of using this

measurement system to gauge the SE of the enclosure. Thecdietd data taken across
the chamber is compared between the reference and theeshi@leasurements by using
aratio (here termed the loss rafig,) similar to the SE equation, shown in equation 6.1.

(6.1)

Ly = 201og 10 <reference)

shielded

The loss ratio is representative of the aperture size ofribsure. In an empty enclo-
sure where the SE is governed by the aperture losses, thsneeshould be representative
of the SE of the enclosure. In this case, the higher the Idagstiee larger the loss across
the chamber and the lower the SE. A direct comparison of theratio and the SE is not
carried out, as it is found that the difference in referemud shielded measurements is not
sufficient to make this a valid method of estimating the SEks ihisleading to refer to the
SE directly, as in this case the enclosure expected to haigheSiE has a near zero loss
ratio.

6.4 Results

The unstirred transmission across the chambeég)is between 10dB at 2GHz to 7dB at
9GHz lower with the absorber placed within the working votuof the chamber. This
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is representative of the difference between a completedhietded measurement and a
fully shielded measurement, assuming that the enclosumpletely shields and there is
no absorption loss across the chamber with the enclosuladge with no apertures. This
puts a limit on this measurement method, as there is only 8 Wddow in which this
method would work using this enclosure and chamber. Pefoatssger enclosures where

more absorber could be used this measurement window wotredase.
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Figure 6.4: Transmission across the reverberation chamtierand without a 0.4mx
0.4m sample of pyramid absorber. Note how the absorber dasrtpe resonances evi-
denced by the smoother loaded trace

Figure 6.5 shows the loss ratio measured using the methustrdted in figure 6.1. The
large aperture (aperture (1)), shown in red, has the ladiféstence between the reference
and the ‘shielded’ measure, and therefore the largest &gsand the smallest SE. It can
be seen that the difference between the loss ratios of tfexelit apertures is very small,
with a maximum difference of around 1.5dB. This is a very dmdflerence between the
reference and the shielded measurement considering thanhtiosure has an entire side
removed. The measurement with the short slot (aperturel83 not register any loss at
all, hovering around a 0dB loss ratio. This is because thetageis too small to allow
much absorption; equivalent to having a very small amourahsorber in the chamber.
Due to the fact that there is very little absorption potdntigh the smaller apertures, it

can be said that this method works better for very large apest This is relative though,
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Figure 6.5: Loss ratio with using a loaded enclosure witfed#int aperture sizes

as even the largest effect using this method is a lot smaliet,therefore more difficult

to measure, than the usual measurement method using nastathers. Due to the small
size of this effect, this method is not very robust and is &igceptible to changes in field
strength due to direct paths; this is why the distributiogsdto be centralised.

6.5 Chapter Summary

This short chapter has shown that using the absorption sexgsn of the reverberation
chamber with a loaded EUT to estimate the SE of the EUT is n@ladezrmethod. The aim
was to measure the differences in the received power adreshidmber that occur due to a
loaded enclosure with varying aperture sizes. This methmé#s\best for enclosures with
large apertures, i.e. enclosures with very low SE. It has lieend that for an enclosure
of similar size to a standard 19 inch rack unit there is a measent window of around
10dB, the narrowness of which results in a method that requextreme sensitivity of
measurement setup. The high sensitivity of the methodtsesupoor resolution, as the
differences between expected high SE and low SE enclostupsses very small, of the
order of 1dB. This is too small to be of any practicable usethaseffect can easily be
eclipsed by the uncertainty in the chamber. The SE of theosnot would have to be so
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low, i.e. the apertures so large, for this method to provildege enough effect to be robust,
that the enclosure would not be able to be classified as ato®me’ any more. Further
investigation into the relationship between the loss ratid the SE of the enclosure was
not carried out, as it was thought that the measurement icpodavas just too sensitive,
and not applicable to moderate to high levels of shieldingcsure.



Chapter 7

Using ()—factor to estimate shielding
effectiveness

7.1 Introduction

In this chapter, a relationship between the shielding éffeness and thé)—factor of
the enclosure under test (EUT) is investigated. Measurtsyae made in an anechoic
chamber to obtain th@—factor of the EUT and to assess the shielding effectivenkess o
the enclosure under test. A relationship betwéerfactor and shielding effectiveness is
shown, and possible uses of this relationship are discusksel rationale behind such a
measurement is to develop a technique that removes the me#ditthe enclosure in any
way. It may be possible to obtain tlig—factor without penetrating the enclosure with an
antenna if the enclosure is aperture dominated, which woeld useful property of the
measurement if used in real world EUTs. Previous enclosuetting methods, both in
this thesis and in IEEE 299 [5], involve measurement of tleetel field both inside and
outside the EUT.

7.2 SE and Effective Stirring

Recalling the corrected SE equation introduced in sectiBri2and reproduced in equa-
tion 7.1, it can be seen that an increase in the measured posvée the enclosure, for
example as a result of any apertures present in the enclamagces the value of the
SE. Obtaining the SE of an enclosure using equation 7.1vegah measurement of the
field strength external to the EUF12z and a measurement of the field strength inside
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the enclosuré&'12, and applying mismatch correction factors to the receiterara. This
equation holds true for an effectively stirred, electlicghrge EUT and test chamber. As
a VNA is used in this experiment, the S-parameter antenn@cions on the reflection
coefficients can be applied.

< |S12g)* > (1 — | < S11 > |2)) 7.1)

SEu = 201
a5 0810 << 1S122> (1 — | < S11z > P)

For the method outlined in [5] and the above equation to b&lyvtie EUT has to
be classed as an electrically large reverberation charitber mechanical or electronic
mode stirring can be used to obtain statistical field unifoynin this chapter the method
is mechanical stirring, with a stirrer situated inside tR&TEWiIth the stirrer paddle inside
the EUT, the stepper motor is bolted to the outside of the Eltilthe motor is controlled
via shielded cables from the PC outside the outer chambee niéthod of obtaining
the (Q—factor (see section 7.5) also results in narrow band frequstirring over the
measurement bandwidth, meaning that the end data set isedstiribed. Double stirring
occurs when two methods of stirring are used, in this chapeshanical stirring is used in
the chamber and enclosure. The act of taking the autoctorlaas a similar effect to the
post processing stirring method (see section 2.5.4 and&hépin that an average over a
bandwidth is calculated. Therefore the results obtainest #ie mechanical stirring and
autocorrelation have been carried out have been averagee, taence the term double

stirred.

For the stirring to be effective and to provide an adequataljorm field, the chamber
must be of sufficient size to enable the LUF to be within the sneament capability of
the VNA The LUF (f,,;,) minimum frequency below which 60 resonant modes should
exist, as detailed in section 2.5.2[7][14]. For the EUT uBetk (dimensions of 0.48m
0.48mx 0.12m) f,..n is 1.9GHz. The experiments here are carried out at 4GHz temak
absolutely sure there are enough resonant modes present thel test frequency for the
EUT to be in an overmoded state. Previous work (see Chaptand]4] suggests that
over 100 modes is a more satisfactory limit for effectivdist&s. In this EUT, there are
around 300 modes excited below the test freqgency of 4Ghayledéd using equations for
the corrected Weyl's law (2.8) and the mode density (2.9)e attual number of modes
depends on the ratio between the mode density and the modevioiiim [32][22] and can
be calculated using models as in [22]. Mechanical stirrsgtilised in the EUT in this
experiment, with 200 steps per rotation. This number ofskgs been shown to give fully
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effective stirring in this EUT, as evidenced by the fully Ragh path present within the
enclosure; shown in chapter 5.

7.3 ()—factor review and application to this chapter

Hill et all [49] show that the reciprocal of the total average-factor of an electrically
large reverberant enclosure can be described as the sumratdatributions:); (7.3),

the losses in the walls of the cavity; (7.4), the absorption loss by means of any absorbing
contents(); (7.5), aperture losses aidg, (7.6), the losses in the measurement antennas.
This is expressed in Equation 7.2.

Qui = Q1 + Q3" + Q3" + Q" (7.2)
3V
= 7.
o 2050 (7.3)
2V
Qs = Yoo o (7.4)
A7V
= —-—— 7.5
Q3 oS (7.5)
1672V
Qi="% (7.6)

As this investigation has been expressly set up to achiesap domination, i.e. the
main dependence @p,,; is on 3. This means that equation 7.5 is the most interesting
and useful part of equation 7.2 in this chapter. These exysis are carried out with
nothing inside the enclosure other than the probe antenh@n(en monopole connected
to a bulkhead SMA port) and the mechanical stirrer meaniatgtrs little if no absorption
loss inside the enclosure. This has the effect of makmgvery large, and therefore
Q' vanishingly small. Thus the absorptiéh-factor can be ignored in this case. The
input from the wallQ)—factor @), is not needed, as the change in surface area between the
different front panel arrangements is not large enough tatineestigation. The antenna
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@—factor 4 is the same throughout, as the same antenna is used and theeviidns
calibrated. As thé)—factor is measured and compared to a relative SE value, deyraar
dependeng)—factor will be the same throughout and therefore not haveaatg on this

measurement.

If it was necessary to obtain a measurement of the actuaéwafiuhe SE then the
antenna)—factor would have to be accounted for. It is worth noting thath the excep-
tion of the ‘small hole’ configuration, (see Figure 7.1) ,adertures in these experiments
are electrically large at 4GHz (wavelength of 7.5mm). Thé& alue in equation 7.2
that changes throughout these experiments is that of theuapdosses);. The other
@—factor contributions, can be assumed to stay constant tesrmall measurement
bandwidth used for thé)—factor measurement. Thg—factor in relation to the walls
of the enclosureg); will change slightly as the surface area of the enclosuréanged
due to the addition of an aperture, though in this enclosqweehange is small. The surface
area term inR); will become more significant when larger apertures are wsethe differ-
ence in surface area between a large enclosure with a laegeisgand a large enclosure
with no aperture is greater that the equivalent with a smalkelosure. It is the relation-
ship between the aperture dominated SE and the apéptufactor that is of interest in
this chapter, and a comparison of the two is carried out.

Aperture Configuration
Small Hole
l()lOmm 120mmm
480mim
Short Slot Long Slot
120mmm
40 [co— 0]
2 dmm
2 Shott Slots Large Hole
latmim
401mtn 401t 40t
[a— ety o 4mm

Figure 7.1: Aperture Configuration on front panel of testiesure.

It is worth noting here that Hill in [49] also presents a relaship between the SE and
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the Q— factor, seen in equation 7.7. In [49], an investigation iap@rture excitation of
lossy cavities is carried out, where resultpffactor simulation and measurements are
given with reference to the SE of the enclosure. The work &} [doks at the SE of both
lossy cavities (by loading with salt water filled spheres) ampty cavities and evaluates
the Q—factor for both cavity loadings. The tests done in [49] arecayned with power
density measuring the cavities with a single SE value ovee@uency range, and are not
involved with changing the SE of the enclosure as is doneigdapter.

2V
SE = 10[0910< T

Zo 50 (7.7)

Equation 7.7 shows that the SE of an enclosure is dependethiteaip—factor, the
volume and the transmission cross section of any apertameshe wavelength of the test
frequency. Equation 7.7 assumes that the chamber is wedictiin [49] the time constant
is used to obtain a value for tlig—factor rather than the different method used here, and
a nested chamber setup is also used, again different from iwhesed here. Equation
7.7 is not directly applicable to the results obtained irs tthhapter due to the differing
measurement environments and the different way of obtgithial)—factor.

7.4 Enclosure Setup

The enclosure is placed in an anechoic chamber of dimen&i8nsx 1.8m x 3m with
the EUT situated 2m away from the transmit antenna, in thée earidged horn waveguide
antenna. The ridged horn antenna is connected to port 2 ofetveork analyser and the
enclosure antenna (a single 19mm monopole with SMA connastoonnected to port 1.
The EUT present in the chamber is shown in figure 7.2. The métarmalyser measures the
S21 and S11 parameters at 4GHz. The S21 parameter refees¢oupling between the
monopole antenna inside the stirred EUT and the externgéddvaveguide horn antenna
in the anechoic chamber.

The level of field coupling into the EUT from the horn antenaad therefore the SE)
is controlled by changing the layout and configuration ofrapes on the front panel of
the EUT. The different aperture layouts are shown in figule Data from the EUT is
measured using the network analyser around a 4GHz centeeiney using two differ-
ent scan bandwidths, 50MHz and 100MHz, each with the maxirauaiiable 1601 data
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points. This is done to investigate the effect of the numibeesonant modes seen by the
NA on the averagé& —factor; the 50MHz span will encompass fewer resonant mdaes t
the 100MHz span.

Figure 7.2: EUT in place in the Anechoic chamber. The fromgbas facing the camera
and the ridged waveguide antenna - current aperture coafigars "Large Hole".

To obtain an SE measurement, the average received powede itire@ EUTP;,, (ob-
tained from the521 from the horn antenna to the internal monopole antenna)gpeoed
to the received power outside the EW,; (obtained from the&21 between the horn an-
tenna and the reference monopole), as per equation 2.2@tiors.8.1. The antenna
mismatch factors are used in the calculation of the SE, nétkirom the reflection coeffi-
cients of the EUT and reference antenn@kl(. As previously, the ridged horn is assumed
to be well matched at this frequency. The EUT is mechanicathge stirred using a step-
per motor and a small paddle stirrer to ensure that?thjaneasurement is not dependent
on the position of the measurement antenna inside the EU& iBtaken while the step-
per motor is stopped and the paddle stationary to ensuréha is no interference from
noise on the motor, discovered in previous work detailediagier 3. The paddle is inside
the working volume of the EUT with the motor on the outsides tontrol hardware sits
outside the chamber and is connected to the measuremenaRGhielded control cable.
The stirrer has a maximum number of 400 steps per revolusi@atistically independent
data sets are taken every 2 steps, giving 200 measuremepesétll rotation of the stirrer
paddles. The data sets are averaged over one full stiragranto obtain the average field
power inside the EUT. As the EUT is being effectively stirrdds makes the positioning
of the receiving wall mounted monopole antenna irrelevatttiwthe working volume of
the EUT.
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The P,,; measurement is also taken using a 19mm monopole receiviegraaon an
electrically large ground plane. The EUT is replaced with gnound plane for this mea-
surement, with the’,,; receiving monopole positioned where the centre of the vingyki
volume of the EUT would be, were the EUT present during thesmesment. This is
because the position dependent nature of the anechoic ehandans that the placement
of the reference monopole is important. The SE is then cafledlusing these two values
combined with the reflection coefficients measured with thAyfollowing equation 7.1.

The main area of interest in this particular experiment i lioe different aperture
configurations change the SE and how the measurement medimoldecutilised, rather
than the absolute value of the SE. The different aperturéigumations (see figure 7.1)
are only changed on the front panel facing the external ddgaveguide horn antenna,
and the EUT is stirred internally: the turntable in the ameéclthamber is not used. The
measured SE in an anechoic chamber with this set-up willrtepaly on the directional
properties of the array of apertures in the front panel tlaat lse considered as an an-
tenna; the assumption is that the majority of power is trattsthinto the enclosure via
the aperture. As only one EUT orientation is used the reast€omparative and indicate
changes in SE as the aperture configuration is changed. 83uks in plots of the relative
SE rather than an actual measure of the SE that could be cechpith the SE of this en-
closure that was previously measured in a reverberatiomiobg for instance. However it
is still undesirable to have a direct path present insidestiedosure, hence the enclosure
stirring.

7.5 Autocorrelation and Width of Autocorrelation

The autocorrelation method is a statistical method thabeamsed to look for similarities
in the frequency response of a reverberant volume. Thisvaltbe bulk electromagnetic
properties of the reverberant environment inside the EUdetexamined without the need
to look at the fine structure of the frequency response. IncHs® of an enclosure at
this frequency (4GHz), the fine structure of the frequenspoase is complicated. The
application of autocorrelation to a frequency responsettmaffect of transforming the
frequency response into a single peak [74], the width of whscrepresentative of the
@— factor. The autocorrelation is applied to the frequencpoese in MatLab using the
‘xzcorr’ command, producing results normalised to 1. T is measured as a numhber
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of spot frequencies with the same interval, this is set ugherMNA by spacing the 1601
frequency measuring points equally throughout the measeme bandwidth, something
which the VNA does automatically. The autocorrelation okeguence of valuesz; is
defined as:

1

—(i-1)
Cli] = Z TitkTk (7.8)
k=0

wherei is the lag, which is plotted against the correlati@fi] in the autocorrelation
plot. The range of the lag is-/ + 1, I — 1], making the length of the autocorrelation
21 — 1, symmetrical around = 0. Studies of the autocorrelation results in [18] and [74]
suggest that the width of the autocorrelation is relateti¢osinergy dissipation within the
cavity. In these previous experiments, the energy dissipatue to absorber has been
investigated, in this case the energy dissipation due tajplegture is looked at, hence the
need for an aperture dominated EUT. An example autocoioalatot is shown in figure
7.3, with the different cutoff levels shown.

The@—factor is calculated using the frequency response fromtitred EUT at each
stirrer position. It was found that obtaining tlie—factor from the averaged frequency
response, i.e. after the individual response at each rsposition had been averaged,
resulted in a very low resolution. This means that it was diffi to tell the difference
between EUTs with large apertures compared to EUTs withIsonalonexistent ones.
Computing the Width of Autocorrelation (WA) of the frequgnesponse at each position
results in a much greater capacity to distinguish betweentae sizes. The autocorre-
lation of the frequency response at each stirrer positiagaken from the measured data
using a MatLab program (see Appendix, chapter 10). The WA T48is found for var-
ious cut-off levels, 1.2dB, 2dB, 2.5dB and 3dB at each stpasition. The cutoff levels
are defined with respect to the maximum value of the autolatioa.

The original method of using the WA to link ©@@—factor was simulated in [74] for a
single stirrer position. This method used here leads to 200eg for WA (one for each
stirrer position), which are then averaged over the futtrstirotation. This results in an
average WA for each cut-off level, and is carried out indejeetly for both the 50MHz
and 100MHz spans. This secondary averaging applied by the@uelation method (pri-
mary averaging being over the mechanical stirring possjiorsults in a double stirred
situation.
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WA at 50MHz and 100MHz. Taken at centre frequency 4GHz, "Large Hole" configuration
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Figure 7.3: Autocorrelation plot for the ‘large hole’ condigtion at 4GHz. 50MHz and
100MHz span widths are shown

It can be seen in 7.3 that a ‘shouldering’ effect of the 100Midiocorrelation plot is
occurring between the 2dB and 2.5dB cut-off levels. Thisuthering effect moves around
- note that the 50MHz shoulder is higher up on the autocdroslglot - and highlights
the need to look at the different cut-off levels. The shottdgeffect is more apparent at

higher frequencies, as can be seen in figure 7.4, taken at 6GHz

The merits of the different cut-off levels are as follows.eTh2dB cut-off level has
the advantage of being clear of any shouldering effects¢hvtend to occur below this
cut-off level. The disadvantage of the 1.2dB level beingdus& a measure of WA is that
the sensitivity is not as good. By this it is meant that the VM mot change very much
for a given change in autocorrelation plot width, simply daehe cut-off being higher.
By contrast, it would seem that the 3dB cut-off level wouldthe best for obtaining the
largest change in WA, or WA resolution. However, it can bendeem figure 7.3 that the
traces for both 50MHz and 100MHz are similar at the 3dB leVdilis level is also very
susceptible to the shouldering effects, as can be seen mefigd, where the application
of a 3dB cutoff could lead to unexpected results. The 2dB aerdt5dB levels could be
seen as a compromise between the low sensitivity of the 1a2dBhe poor resistance to
the shouldering effect of the 3dB level. However, it can bensi figure 7.3 that there
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Figure 7.4: Extreme shouldering effect observed on autetairon peak with 6GHz fre-
guency response. The different colours correspond tordiffeaperture configurations.
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are also shouldering effects present at both the 2dB and 5@ 2evels. This would tend
to indicate that the best cut-off level to be used at thisudezgy is the 1.2dB level, for
reliable results albeit with reduced sensitivity. The aicheeraging the plots does not
seem to improve the shouldering effect; the effect was nated in previous work as
the frequency was not high enough to produce shoulders iatteeorrelation plot. Note
that the higher)—factor at the higher test frequency used in figure 7.4 hadtessin a
narrower central autocorrelation peak.

7.6 Obtaining the Q—factor from the Width of Autocor-
relation

The first step to obtaining a value for tlge—factor from the WA is to simulate a WA for
a given known@—factor. A simulation program used in [74] computes the tbgoal
frequency response for any cavity for a given, known valu@efactor. This theoretical
frequency response is calculated by combining all of theymasonant modes present
in the EUT. The modes are assumed to have Lorenzian line siAd@eWA can then be
calculated from the autocorrelation of this theoreticatjfrency response, giving a table of
@—factor against WA for each data set. This is done 200 timasifianise computational
error) for the two frequency spans, one of 50MHz and one oMI®, both centered on
4GHz. The@—factor vs. WA data can then be used to calculate(@hefactor of the
EUT by fitting a curve to the data set and rearrangingJfeifactor. Both the 50MHz and
100MHz span give different curves, shown in figures 7.5 aBd&spectively. It is worth
noting that each cut-off level has its own WA v3—factor relationship, and that the curve
used fits the higher cut-off levels better. The two curveslmaseen on the same plot in
figure 7.7. It is also interesting to look aty,o(WW A) vslogio(Q); this is shown in figure
7.8.

7.7 Experimental Results

The SE values for the purposes of this comparison are relaalues. The SE values
presented here are not representative of the actual SE ehthesure, as the enclosure has
not been illuminated on all sides. This is one of the reasdnsthe formulation in [49] is
not applicable. The received power measured using the EUTopale antenna is purely
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Simulated WA vs. Q-factor for different
measurement spans using 1.2dB cut-off level
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Figure 7.7: Autocorrelation width plotted agaidgt-factor for the 1.2dB cutoff level
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1.2dB cutoff level
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defined by the aperture configuration in this setup. The mdiffeaperture configurations,
in addition to a ‘no holes’ configuration, give 5 differingluas of relative SE; these are
then plotted against the measur@d-factor obtained from the WA. This can be seen in
figure 7.9. The SE is termed relative SE to distinguish it ftbetrue measured SE of the

enclosure.
Gl-factor vs. relative SE at different measurement spans
using 1.2dB cut-off level
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= = . "
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Figure 7.9: Measure@—factor plotted against measured SE

It can be seen from figure 7.9 that there is a monotonic relship betweeid) —factor
and SE, as implied by examination of the SE equation (equ&tid) and the knowledge
that reducing th&)—factor reduces the stored energy in a reverberant environje].
There are differences between both the different measurelbaadwidths and the differ-
ing cut-off levels. It is worth noting that the abscissa omfeg7.9 is relative SE rather than
actual SE. The variations in the two figures are intereststhay indicate the variation
between different scan bandwidths.

The shapes of the different scan bandwidth plots are aléereift. The 50MHz mea-
surement bandwidth seen in 7.9 would not be so useful for sisg@st method for enclo-
sures exhibiting higher relative SE values as it levels bifvee 25dB of relative shielding,
reducing the)—factor sensitivity for a given change in relative SE. The Iblx mea-
surement bandwidth seen in 7.9 shows no such leveling effi#tin the range of relative
SE values measured here, and could be seen as being a morat@ecay of obtaining
(Q—factors at higher levels of relative SE as tje-factor sensitivity is larger. The two

plots can be seen separately in figures 7.10 and 7.11
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From this it may be thought that the larger scan bandwidthdeerbeneficial as there
are more resonant modes and therefore more informatiossttiwithin the measure-
ment span. However, the dependence&)effactor on frequency could make having too
wide a scan bandwidth detrimental to the results, agXthéactor changes over the width

of the scan.
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Figure 7.10: Measure@—factor plotted against measured SE for 50MHz bandwidth

7.8 Desktop Setup and Results

Also measured was th@—factor of the enclosure using two 19mm monopoles both sit-
uated on bulkhead connectors on the internal walls of the.R¢Wer was transmitted
into the EUT through one monopole and received on the othpertéire configurations
are changed on the front panel as previously, however timie the EUT is situated on
the bench in the EMC lab. Due to the energy loss from the am=rtoeing quite small,
it is unlikely that any of the energy lost will return throutire aperture, meaning that the
lab will act in a similar way to the anechoic chamber, potahtiremoving the need for
an externally benign electromagnetic environment prayiokea chamber. However, this
desktop method will only work at frequencies outside thgudencies used for intentional
broadcast, for example the 900MHz and 1800MHz GSM bandsplthefor the different
methods (inside the chamber using an external source antand outside the chamber
using an internal source) are shown in figure 7.12.
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Figure 7.11: Measure@—factor plotted against measured SE for 100MHz bandwidth

(O-factor vs. Relative SE, comparing nested chamber
setup and internal monopole to monopole setup
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Figure 7.12: Q factor against realitve SE for different expent environments
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It can be seen from 7.12 that the monopole to monopole pldsesraonotonic. The
(Q—factor would be expected to be different as there are now hebifleally matched)
monopole antennas affecting the value(pf, the antenna&)—factor. The two measure-
ment techniques are comparable at lower values of relatvé @ deviation is seen at
higher levels where the extra losses introduced by the secamopole antenna may be
apparent.

7.9 Chapter Summary

It can be seen from Figures 7.10, 7.11 and 7.12 that thereak@onship between mea-
sured()—factor and relative Shielding Effectiveness. It has alscobge apparent that
obtaining the@)—factor using the autocorrelation and WA method is dependarthe
number of modes seen by the detecting instrument. Using thenéthod for obtaining
(Q—factor, a high cut-off value of 1.2dB is the most useful. A garmson can also be made
between two different methods of obtaining the aver@gdactor, seen in 7.12, with the
monopole to monopole method mirroring the external horn tmopole method for low
values of relative SE. Such a technique would be of use iruatialg the SE of electrically
large metallic equipment enclosures with modest levelssoiBere the SE is dominated
by the aperture losses. This will be explored in the next tdrap



Chapter 8

Electrical Scalability of Resonant
Enclosures

8.1 Introduction

Current SE measurements using the nested reverberatiortbenanethod require an elec-
trically large enclosure to ensure predictable field diatis This leads to a limitation on
the size of the enclosure-under-test used for this type @smement, in that the lowest
usable frequency becomes higher as enclosure size dexrédsa world equipment en-
closures are continuing to reduce in physical size, for gtarthe downsizing trend in
laptops, meaning that the standards for enclosures neeel tipdated for enclosures of
size less than 10cm. This results in the need for an imprordébadifferent approach
to the testing of enclosures outside the size restraintsrged by the IEEE 299 standard,
and present in the draft IEEE 299.1 standard, which is onpliegible to enclosures of
side dimension between 0.1m and 2m. In this section, theatlekectrical scalability is
investigated, which involves using a larger enclosure tmimia smaller one by testing
them when they are the same electrical size, i.e. they arsdime number of wave-
lengths across. Results from three electrically scaleertape dominated enclosures are
presented and the relationship between them discussedusghef()—factor suggested
in earlier work (detailed in chapter 7) is applied to the ¢heaclosures-under-test and the

relationship is examined.
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8.2 Enclosure Setup

The measurement of SE in physically small but electricalgé enclosures is limited by
the requirement to place a measurement antenna within theseme without substantially
affecting the performance of the enclosure, as well as tmenmaim frequency needed to
obtain sufficient modes to enable satisfactory statisticsadlow the nested reverberation
chamber method to be viable. In this chapter the possilofitysing a physically larger
enclosure as a means of estimating the SE of a smaller enelissavestigated. The larger
enclosure will be referred to as the analogue enclosurefadrmall enclosure referred
to as the subject enclosure. This larger enclosure is ofcgiifi size to facilitate the
inclusion of a suitable measurement antenna without a aotisk effect on the enclosure
performance. The assumptions made here are that both tiecsebclosure and the
analogue enclosure are both made from metallic conduatdiss case, brass, and that the
ingress of electromagnetic energy that determines the $tnisipally through apertures
in the enclosure. This is what is meant by reference to afgedominated enclosures, and
allows the measure@—factor to be compared with the SE. All of the subject enclesur
dimensions and subject enclosure aperture dimensionsaledsby the same factor to
produce the analogue enclosure. The SE measurement teehsithat described in [5]
using a pair of reverberation chamber in which either thgeslor analogue enclosure
forms the internal nested chamber. The three enclosurdscasébe seen in figure 8.1; the
large enclosure on the bottom acting as the analogue emelésuthe other two subject
enclosures. In this chapter the three enclosures areedferas the ‘large’, ‘medium’ and
‘small’ enclosures. Measurements are made using a Vectovddle Analyser through a
19mm SMA monopole antenna mounted on the wall of the endtosituated opposite
the aperture. The same antenna is used for all three ene®smd is connected to a
bulkhead N-type connector that is mounted to the enclossirggtihe hole visible on the
large enclosure in figure 8.1. All three enclosures havelarmounting holes. The full

S11 corrected calculation for the SE is used, seen in equatibn 8.

(8.1)

< |S12g)% > (1 — | < S11 > |2))

SEy = 201
a5 o810 << IS122 > (1—| < Sliz > )

Recalling from earlier sections;12y is the transmission from port 2 into port 1 of
the network analyser with the transmit horn antenna on parthe reference monopole
antenna on port 1511 is the reflection coefficient on the monopole antenna whes it i
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present in the EUTS12 is the transmission into the EUT (measured on the monopole

antenna on port 1) from the horn antenna on port 2,%hid; is the reflection coefficient
for the reference monopole antenna on port 1.

Figure 8.1: The three enclosures used in this chapter - ni#®d 'large’, 'medium’ and
'small’

The three enclosures in figure 8.1 are all cubic and have smengions of 100mm,
200mm and 300mm. One of the sides is removable via a set of bcaisws, with four
interchangeable front panels, the dimensions of which aasden in figure 8.2. The
front panels are made of 0.5mm thick brass sheet. The emekall have inset shielding
gaskets around the seal between the front panel and engjdbis helps any reduce any
leakage from the removable front panel. The gasket can lmeasethe small enclosure in
figure 8.1, as the grey surround around the large hole on ttg dibthe enclosure. The
apertures are cut into thin brass sheet and clamped betivedop plate (visible to the
left, on top of the medium enclosure) and the shielding gaske

The SE measurements are taken as per the standard nestbératren chamber tech-
nique, with the outer chamber measuring 4.70m3.00m x 2.37m, using 200 positions
on the mechanical stirrer present in the chamber. The andamder test forming the in-
ner chamber is frequency stirred using the post-processimgng method with a 10MHz
stirring bandwidth. The post-processing stirring is arout within a 100MHz measure-
ment bandwidth about the test frequency. The enclosurepisosted within the working
volume of the outer chamber on polystyrene blocks. Alsogres the chamber is a
19mm monopole on a ground plane that acts as the receivenarfienthe reference mea-



8.2 139

surement required by the technique. Stirring in the largerdber is effective (a Rayleigh
distribution of electric field is present) and as such thatmrsng of the EUT and refer-
ence antenna within the working volume of the chamber isevent. The()—factors of

the various enclosures were obtained using the WA meth@deein chapter 7, using the
frequency response of the twin chamber system over a 100M#dwsurement bandwidth.
The centre frequencies for tlig—factor are the same as those used for the nested cham-
ber measurements with a 100MHz measurement span)Hiactor measurement is also
taken using the nested chamber setup, ensuring uniformiilation of the aperture on

the EUT.

The four aperture configurations used are designated ‘@@t'shown in red, ‘Small
Hole’ (2), in green, ‘Medium hole’ (3), in blue, and ‘Largelbb(4) in orange. These are
shown in figure 8.2. The labels on figure 8.2 indicate the nurobevavelengths X) the
apertures are, with respect to the test frequency.

267

0624

0.26A

[ ]0.172
0.7A

Figure 8.2: Aperture configuration applicable to all threelesures. The black outer
square is the dimesion of the inside of the test enclosure

The aperture configuration chosen is wavelength basedaw #tle three different en-
closures to be compared. The three enclosures are testeéiard frequencies to retain
the wavelength relationship; so the small enclosure is exedrat 8GHz, the medium en-
closure at 4GHz and the large enclosure at 2.6GHz. The apsiituthe three enclosures
are designed to be the same number of wavelengths in sizéh@esame electrical size,
at each of these test frequencies. This means that the sggedand enclosures should be
comparable at the three test frequencies.
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The frequencies chosen are as high as possible (the VNA hascanomm frequency
of 8.5GHz). The result of this setup is that the three enckxsare the same electrical size
and as such should give the same internal field statistiessdme distribution of internal
power and thus the same values for the SE. it can be seen ie figuithat the medium
enclosure has aperture (4) (‘Large Hole’) installed.

8.3 Mode density considerations

The use of the technique described in [7] requires that timeb@n of resonances present
at the operating frequency is above a minimum number tylyiestimated at 60 [14].
The minimum useable frequendy,;,, stems from Weyl's law [31], relating the number
of modesN,, below a certain frequency with the geometric properties of the enclosure,
seen in equation 8.2.

8V f?

N, .

3 (8.2)
In equation 8.2}V, is the enclosure volume ang is the velocity of light. It is not

possible to use the more exact form of Weyl's law as the encésshere are not rectangular
cuboids but cubic. Cubic enclosures are less efficient aslsevation chambers because
of mode degeneracy: due to the equal distances in the x,y anmections some modes
overlap, creating gaps in a mode number vs. frequency plas. for this reason that a
good reverberation chamber will be built with unequal I&sgh the x,y,and z directions.
Mode degeneracy becomes less of a problem at higher fregsesms the missing modes
are lost in the large number of modes generated. It can bdlsaior a smaller enclosure,
the frequencyf must increase to retain the samig, the number of modes beloyv This
can be seen in figure 8.3 for cubic enclosures of varying siel@sorements.

It is suggested [7],[14] a rule of thumb to ensure reasonstalgstical uniformity is
to have 60 modes excited below the test frequehcyOf course if this is increased to
100 or 150 then the field becomes closer to the uniform idee¢ @veraged. The more
excited modes that are present below the test frequencyigherithe mode density. The
actual number of modes depends on the ratio between the nesd#ydand the mode
bandwidth [32][22] and can be calculated using models a&2h [The important quantity
for satisfactory field statistics is the ratio of the modedino the bandwidth of a single
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Figure 8.3: Number of modes below the minimum frequency fdiic enclosures with
varying side dimension
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mode. This ratio should be greater than 1. As the frequerargases, the modes become
closer together and more are coupled to the excitation &ecyy resulting in better field
statistics [22]. The work presented in [32] suggests thatlgwsing a rule of thumb to
ensure satisfactory statistics may not be sufficient.

Using the same electrical size to test each of these thrdesemes with electrically
identical apertures should result in similar values of Steyjled that the SE is aperture
dominated. This will allow testing of physically small easlures without resorting to high
frequency measurements. For reference, it is interestingpte that if using 60 modes
below f as a limit for statistical uniformity, an equipment encloswf side dimension
5cm (for example, a connector housing enclosure or smalpetgnt enclosure) the test
frequency is required to be around the 12GHz region, ndedisgj more expensive mea-
suring equipment. When using the approach in [32] therelllsasbenefit in increasing
frequency to retain statistical uniformity, however theelibetween acceptable statistics
when using the number of modes superposed within a -3dB hdtidis not as clear, as
the precise estimate of modal density is difficult to obtaiam experimental environment.

8.4 Simulation of the()—factor

Chapter 7’s discussion on Q factor applicable to an apedomeinated EUT is also valid
in this chapter. To avoid unnecessary repetition sectidrsfiould be referenced.

Calculations of the values of the separate aspects apthfactor detailed in the pre-
vious chapters are shown in figure 8.4. Absorption loss withé chamber is not shown
in figure 8.4, as these give a very lar@e-factor that eclipses the other results. The cal-
culations shown in figure 8.4 are for the large enclosure.

Wall losses are estimated using equation 7.3, with the sipthdy and relative per-
meability 1, of brass. The surface arég is modified as the size of the aperture changes.
This small surface area effect can be seen in that the plthéowvall Q—factor is not quite
flat.

The antenn&@)—factor is estimated using experimentdll reflection coefficient mea-
surements to obtain a value for the antenna mismaiglishown in equation 8.3), then
using equation 7.6 to obtain a value for the ante@ndactor
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Aperture Configuration vs. Q factor
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Figure 8.4: Calculated Q factor components for differemtrape configurations using the
large 300mm enclosure. The apertures vary in size (see f&j@ydrom the smallest (1)
to the largest (4)
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me, =1—|S11J? (8.3)

<0y >= % (8.4)

The aperture component is simulated using equation 7.5efréraring equation 8.4)
for the apertures shown in figure 8.2. It can be seen from figut¢hat the red triangles
representing the aperture compone@t)(result in a lowerQ)—factor than the antenna
and wall components. Recalling that equation 7.2 is obthin@m reciprocal values of
the Q—factor, the@; component can be said to dominate the tdpalfactor. This is
due to the fact that the other, largér—factors (01,Q-, and@),) become small when the
reciprocal is taken. From this it can be deduced that if théesSiperture dominated, then
the SE can be linked to th@—factor for such enclosures as the one tested here. With a
better matched antenna then the antenna component wouitdbcbe less to the overall
QQ—factor.

Figure 8.5 shows the calculated values(pf (the apertureg)—factor) for the three
enclosures at the same electrical size. These are calt@ilate simulated autocorrelation
widths, using the simulation program written for the anelysrried out in the previous
chapter, which can be seen in the Appendix (Chapter 10). fBkiss into account the
apertures but not the walls or antennas, simulating a tj#ytare dominated enclosure.

It can be seen in figure 8.5 that the expected contributiams the aperturé)—factor
are very similar for the three enclosures, suggesting tlteataperture dominated SE will
follow the same pattern, and that an aperture dominatedgnelenclosure can be used to
mimic a smaller subject enclosure. The small differences see artifacts of the statistical
nature of the simulations, as in a perfect simulation witkeyVarge number of simulation
points these small differences would disappear. The wadlkbamenna)—factors differ be-
tween the three enclosures due to the volume and surface@rgzonents present in their
formulae; however the values are still high enough to be tbday that the contributions
from them to totat)—factor are small and that these enclosures are aperturendtadi
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Figure 8.5: Aperture Q factor for the three enclosures utestsr
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8.5 Experimental Results

The concept of electrical scalability from experimentalui¢s is shown in figure 8.6. Here,
the measured SE obtained by the nested chamber methodtedpdafainst the aperture
configurations shown in figure 8.2. As expected, the smafiertares provide higher SE
values. The three enclosures are plotted, and show veryagreg@ment of SE across the
aperture configurations. Better agreement between the #relosures is to be found at
the lower SE end of the scale, where the enclosures become aperture dominated.
The small (100mm) enclosure has higher SE values for altameconfigurations, but is
never more than 5dB different from the lower values for thgdaenclosure. As demon-
strated in previous sections, 5dB is within the accuracytéirabtainable with removing
and replacing aperture panels.

Electrical Scalability
30
25 H
g_ 20
w +Small
n 15 * = Medium
: sLarge
10
|
5
. 1 2 3 4
Smaller <- Aperture -> Larger

Figure 8.6: comparison for the three different enclosures.

Figure 8.7 shows the observed relationship between theuresh®talk) —factor of all
three enclosures and the simulated aperturdactor for the large enclosure. The dispar-
ity between the measured small aperture results and thdatioruis due to the presence
of the antenna and wall losses reducing the aperture dogenaks mentioned, the sim-
ulation does not take into account the wall and antenna $osbereas the experimental
results do. This effect becomes more pronounced as theuagegdet smaller: the enclo-
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sure becomes less aperture dominated and the wall and artferfiactors start to have
more of an effect. This manifests itself as a ‘flattening’ lod turve with regards to the

experimental results.

Aperture Configuration Vs. Q-factor
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1 2 3 4
Smaller <- Aperture -> Larger

Figure 8.7: Aperture configuration against measupedactor. The pink squares are the
simulated apertur@—factor

The difference between the simulated apertyrefactor and the measureg—factor
for the aperture configurations that provide higher valdedE suggests that this method
works best when the enclosure becomes more dominated bypdnteiee. It is worth not-
ing that the measure@—factor shown here is the totgl—factor, as it is not possible to
identify the different)—factor components from a measured result. One of thesetaspec
not taken into account is the volume that the measuremeahaatoccupies within the
volume of the enclosure. Another is that the simulation ity @xamining the enclosure
separately, not the whole measurement setup, which in &sis includes the larger outer
reverberation chamber. All of these points result in thesuesd() —factor being smaller
than the simulated aperture orfy-factor, indicative of more losses present in the exper-

iment than are accounted for in the simulation.

Figure 8.8 shows the relationship between the measureddtiameasure@ —factor.
The monotonic relationship is similar for all three enclesy and matches the results re-
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Q Factor Vs. SE
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Figure 8.8: Measured Q factor vs. SE. Higligrfactor groupings are within circles and
squares for clarity.

ported in the previous chapters. This may result in an ecgliyi defined relationship
between the SE and tlig—factor that could allow the SE to be inferred from a measure-
ment of the)—factor of a real enclosure using this method. With real eswles with

no contents, the situation is likely to be that the enclossir@perture dominated; such
enclosures as PC or laptop cases and chassis are often Watyofarge apertures. This
technique would allow these types of enclosure to be testatively easily, especially if
the enclosures in question are small.

8.6 Chapter Summary

This chapter has shown the possibility of using an eledtgcalability method to esti-
mate the SE of enclosures that are physically too small tvestantly test using the
conventional test method. It has been shown that the SE of#lesrenclosure could be
estimated using a larger enclosure with electrically eajent apertures using analysis of
the ()—factor of the enclosure in question. The method is shown tkwetter as the
enclosure becomes more aperture dominated. Usin@ thfactor to obtain SE has been
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demonstrated in the previous chapter, so it can be saidt@atcialing of) —factor can be
used similarly to estimate the SE for an enclosure that dapedested by conventional
means. The success of this method also means that the SE ddllaesiciosure could
be estimated without penetrating the enclosure in questiaianging it in any way by
means of making an electrical scale model. This would benpialé/ useful for produc-
tion testing of enclosures, where destructive testing df gmducts may be undesirable.
This method could also be used the other way, in order to medarge low frequency
problems (Substation EMC, or some rail applications) inghlirequency environment of
more manageable size.
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Conclusions and Further Work

This thesis covered a variety of ways to measure the shgpkffectiveness of enclosures.
The first part of this work concerns the use of a separate sparcork EMC Services de-
veloped comb generator, designated CGE-02, to investgagdding effectiveness mea-
surements. This aspect was driven by the need to developsamnment that is capable
of creating statistically uniform fields in enclosures. dtshown that such an instrument
is a possibility, however due to time and funding constgathe instrument could benefit
from further development. This aspect of the work highlidiseme issues with the ex-
isting draft IEEE 299.1 standard, used for testing the dirigl of enclosures. The main
issue identified involves the lack of rigour in testing thatistical distribution of the field
present in both the testing chamber and the enclosure wheg asested reverberation
chamber setup. This can have a marked effect on the measaltedof the SE. It is hoped
that the work presented in this thesis will add to the knovedaigse that will be used in the
creation of new standards for enclosure testing, or help wpdates to the existing IEEE
299.1.

Another part of this work was to investigate how the shigjdaffectiveness measure-
ment can be developed from a simple ratio of average recpmedr outside the enclosure
to the average received power inside the enclosure. Thet effa direct path on the mea-
surement of SE is examined, and the use of the encldguifactor is also considered as
a potential measure of SE. Each chapter will be concludeg, iellowed by an overall
conclusion of the thesis.
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9.1 Separate Source Measurements - Uniformity, Shield-
ing Effectiveness and Frequency Modulation

This chapter presented results obtained when a separatesnd spectrum analyser was
used to measure the shielding effectiveness of enclosiites.CGE-02 comb generator
has been shown to be effective at establishing statistigaiform fields inside enclosures
when used in conjunction with a small, stepped stirrer, vawvé does need to be pow-
ered by a separate power supply from the motor used to opiatstirrer. It has also
been shown that the SE is measurable in a number of differaps wsing the CGE-02
as the source. If the simple SE equation is examined then étleaus at first seem to be
equivalent, as the same enclosure with the same apertuamsepthe source and receive
antennas. These methods prove not to be experimentallyadeni due to the effect of
the antenna changing tli¢— factors in the enclosure and the chamber and therefore af-
fecting the measured received power. This highlights tleglne involve the)— factor in
the calculation of SE, or at the very least consider it in otdehave representative mea-
surements. It is also shown in this chapter how it is posslese frequency modulation
to stir an enclosure and chamber setup using a frequenayngtinethod. It appears that
the frequency stirring method is more sensitive to the nurobenodes in the enclosure.
This is as far as this investigation using the CGE-02 goesegher there is scope for fur-
ther experimentation to create a ready-to-market instnirtieat could be used to create
statistically uniform electric fields inside enclosures.

9.2 Comparing Reverberation Chambers Using a Shielded
Enclosure

This chapter has provided a useful insight into the repddtabf shielding effectiveness
measurements of enclosures. Using an enclosure that esrgoiyall internal mechanical
stirrer, and finger strip to electrically seal the lid, it isgsible to get good agreement be-
tween repeated measurements of the SE. The repeatabilitg & E measurement of 7dB
between runs obtained at the University of York has beenaateld at Ancona in Italy,
showing that this sort of enclosure could be used to ched&rdiit chambers in different
labs are capable of producing the same results. Comparsulfsdetween the UK and
Italy, however, the measured SE is not the same between thialbs. Unfortunately rea-
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sons for this are not deducible from these results. It mayaehuman error plays a part
in these discrepncies, or it is possible that there arerdifiges in the reverberation cham-
bers in the two countries that can influence a measuremehtasithis. A comparison
between stirring the enclosure using the post processaogi&ncy stirring method and us-
ing a stepped small internal mechanical stirrer is also sholis shows good agreement
(within 5dB difference in measured SE for the majority of fheguency range) between
the two methods.

9.3 Rician Statistics and theK —factor

Here, an investigation into the effect that a direct path ponent has on the measured
shielding effectiveness is carried out. As a Rician distiiin in the chamber is indicative
of a direct path component, a simulation program was writiemwder to model the nested
chamber setup, allowing different magnitude Rician disitions and their effect on the
measured SE to be examined. Experimental results wereaksa aind these show that
the presence of a direct path can cause a large disparitg im#dasured SE. Due to this
potential for measuring a value of the SE that misrepredéetactual SE of the enclo-
sure, it would seem important to check that the distributuithin a chamber or enclosure
being used for shielding effectiveness measurements wlagthas assumed. There is no
mention of a check in the IEEE 299, meaning that it is posdié SE measurements
can be unreliable if the chamber or enclosure is not workmmgxpected. This chapter
proves the importance of making sure the field is uniformbtributed before making a
measurement of the shielding effectiveness. The Rikiaffactor can be used to measure
the stirring effectiveness and therefore the chamber pedoce, leading to knowledge
about the statistical uniformity of the electric field andhbe the distributions. Both sim-
ulated and experimentally taken results show that if theedidf the mean of the Gaussian
distributions, termed, is less than 1.4 when the distributions have a variance béf t
the chamber or enclosure is achieving satisfactory fielioumity. In order to be sure
of shielding effectiveness measurements in a reverbarahamber this check has to be
performed every time the experiment setup is changed.
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9.4 Estimating Shielding Effectiveness using Absorber Cies
Sections

This chapter demonstrates that using the absorption cextss of the reverberation
chamber with a loaded, aperture dominated EUT present gr tocestimate the SE of the
enclosure is not a viable method. The aim was to measure ffieeetices in the received
power across the chamber that occur due to a loaded encleghbnearying aperture sizes.
This method works best for enclosures with large apertivesgenclosures with very low
SE. It has been found that for an enclosure of similar sizestaadard 19 inch rack unit
there is an available measurement window of around 10dBadh®wness of which re-
sults in a method that is extremely sensitive. The high sgingiof the method results in
poor resolution, as the differences between expected Hggm8 low SE enclosure setups
is very small, of the order of 1dB. This is too small to be of gmgcticable use, as this
level change can easily be masked by chamber uncertaingySkElof the enclosure would
have to be so low, i.e. the apertures so large, for this methqudovide a large enough
effect to be robust, that the enclosure would not be able dssified as an 'enclosure’
any more. Further investigation into the relationship lestwthe loss ratio and the SE of
the enclosure was not carried out, as it was thought that tresurement technique was
just too sensitive, and not applicable to the moderate drdrighielding levels of shielding
enclosures generally encountered.

9.5 Using@—factor to Estimate Shielding Effectiveness

This chapter examines the use of the measgredactor to estimate the shielding effec-
tiveness of an enclosure. It is shown that there is a relshipnbetween measureg—
factor and relative Shielding Effectiveness. The relatfop stems from the fact that the
enclosure is aperture dominated with no absorbing conteraking the aperture the dom-
inant loss mechanism within the enclosure. As thefactor is a measure of the loss in
the enclosure, it is, in this case where the enclosure ig@apedominated, dependent on
the SE of the enclosure. It has also become apparent thahioigtahe () —factor using
a method involving autocorrelation of the frequency resgoaf the enclosure and cal-
culation of the width of the autocorrelation (WA) is depentden the number of modes
seen by the detecting instrument. When using the WA methioddtaining)—factor, a
high cut-off value of 1.2dB below the autocorrelation pediew measuring the WA is the
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most useful. A comparison can also be made between twodiffenethods of obtaining
the averagé)— factor, with the monopole to monopole method with the endgle®n the
desk in the lab mirroring the external horn to monopole metioo low values of relative
SE. Such a technique would be of use in evaluating the SE ofrilally large metallic
equipment enclosures with modest levels of SE, providetti@aSE is dominated by the
aperture losses.

9.6 Electrical Scalability of Resonant Enclosures

This chapter has shown the possibility of using enclosufesyaivalent electrical size
to estimate the SE of enclosures that are physically tooldmabnveniently test using
conventional test methods such as IEEE299. It has been stawvihe SE of a smaller
enclosure can be estimated using a larger enclosure wittrieldly equivalent apertures
using analysis of th&—factor of the enclosure in question. The method is shown td&wo
better as the enclosure becomes more aperture dominated) te()—factor to obtain
SE has been demonstrated in the previous chapter, so it caaidb¢hat the scaling of
(Q—factor can be used similarly to estimate the SE for an enobothat cannot be tested
by conventional means. The success of this method also niegrthe SE of a small en-
closure could be estimated without penetrating the enobasuguestion or changing it in
any way by means of making an electrical scale model. Thiddvoe potentially useful
for production testing of enclosures, where destructiggrg of end products may be un-
desirable. This method could also be used the other way draunrder to measure large
low frequency problems (Substation EMC, or some rail aggilins) in a high frequency
environment of more manageable size.

9.7 Overall Conclusions

This thesis set out aiming to help inform future testing deads for physically small
electrically large enclosures, be it further iteration$&E 299.1 or otherwise. The IEEE
299.1 standard has a number of failings in its current gumsest notable for reference in
this work being the lack of definition of the internal stigimechanism and the associated
issues discovered with non-uniform field distribution, ahéd limitations on enclosure
size.
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The importance of obtaining a uniform distribution of etecfield within a reverber-
ant volume (be it the test chamber or the enclosure beingdebas been illustrated, and
it is hoped that the application of some of the methodologlireed in this work can help
improve the confidence level of shielding levels when takimgasurements in a reverber-
ation chamber. As shown, the Ricidh—factor can be used as a measure of the stirring
effectiveness of an enclosure or chamber. Due to the lafgeence a direct path has on
the measured SE, an easy check on the distribution of eldietld has been demonstrated
as a useful addition to a reverberation chamber measurement

As well as demonstrating the importance of a distributiomoth a number of methods
of measuring the SE have been investigated, with varyingegsgof success. Investi-
gations beyond the current measurement procedure outhn&EE 299 has resulted in
some new ways of obtaining the SE of equipment enclosuréh,the intent of making
the measurement quicker and easier to obtain, while bearimgnd the lessons learned
from analysing the field statistics.

It has been shown that incorporatigy-factor considerations into a shielding effec-
tiveness measurement is of benefit to testing without a bevant external environment,
and that the idea can be extended to use an equivalent ereclosestimate the SE of an
enclosure that is too small to practicably test. As the irtgrare of a uniform electric field
becomes more apparent, thus the ability to test smalleosucds is reduced, as there now
has to be space for a mechanical stirrer if that method is tesbd. Therefore a represen-
tative enclosure of larger side dimensions is more use a&s thenore internal volume for
stirrers and antennas.

If testing enclosures to standards is to be more representH#tthe real world then
the enclosures have to be tested with contents, eithersemegive or otherwise, and the
use of a scaled test enclosure would be beneficial in thisasicenThe separate source
measurements also provide insight into how shielding nreasents could be made with
an internal source representative of emitting content$aarthe losses due to the contents
increase and the scattered component potentially rednagegation to the direct compo-
nent of the measured electric field, such tests on the disiwitb of the electric field as
outlined in this work become more important.
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9.8 Further Work

The ideas and experiments presented in this thesis coulkdmeired and developed fur-
ther in order to fully understand measurements of shiel@diifgctiveness in enclosures.
Future research based on this work could take one of twotthrec The first is to carry

on the investigation into an instrument for creating st uniform electric fields inside

enclosures. The CGE-02 and small mechanical stirrer hase peven to be functional

in this capacity, however there is scope to carry on with tleetmanical stirrer to obtain a
ready to market instrument, as well as a possibility to dgvéhe CGE-02 itself using a
frequency stirring method.

The other direction future work could take is to continuertfmrm future versions of
testing standards for measuring the SE of enclosures. #spéthis work that were not
possible in this research due to time constraints includéimeing the investigation into
the effect that th&)— factor has on the measured SE in a reverberation chambes. Thi
would include further investigations into the reductior atimination of direct paths in
reverberant environments, particularly in enclosuresdhaloaded with contents. Further
research into the field distribution obtained when usingdency stirring would also be
beneficial. 1t would also be useful and interesting to seedélst enclosure used in Chap-
ter 4 to more EMC laboratories, and to further investigateedinces (if any) that might
be found, including the unknows around the aspect of theatepdity of the SE measure-
ment. The measurement of real-world shielding enclosuiigs mwultiple apertures and
contents is still an interesting and rich seam of reseatongawith the continuing study
of reverberant enclosures, and future work into this woaldshreal world applicability.



Chapter 10

Appendix 1. MatLab Code

Section 10.1 details the code used when using mechanicaigti
Section 10.2 details the code used when using frequenewgtir
Section 10.3 details the code used when finding peaks for iisehve CGE-02

Section 10.4 details the code used to simulate direct andettdoaths in a nested

chamber environment



10.1 Mechanical Stirring Code

Spectrum analyser data in three sections

% DATA FROM ENCLOSURE
figure (1)

clear ( ‘'fiL" ,'fiM' ,‘fiR' ,’'stepl’ ,’'slL1l" ,'siM1' ,'slR1' ,'fT1" ,'dB1'

'sigma’ ,'v_monl' ,'Hrl" ,'Prl' ,'Hm1l', 'Pml');
clf(, ‘reset" );

[f1L,stepl,s1L1] = readSAN(FILEL,START,END,STEP);
[f1M,stepl,s1M1] = readSAN(FILEM,START,END,STEP);
[f1R,stepl,s1R1] = readSAN(FILER,START,END,STEP);

%read in data

sIM1(1,)) = [ ;
fIM1,) = [ |,
s1IR1(1,:) =11
fIR@A,:) =[],

fT1 = [f1L;fIM;fLR];

dBl = [s1L1;s1M1;s1R1]; % combine into big matrix (still in dBm)

for i=1:1501,

for j=1:80,

mw1(@i,j) = (107((dB1(i,}))/10))/1000; %convert to mwW
end

end

for i=1:1501,

for j=1:80,

mV1(3i,j) = (mW21(,))); %convert to mV

’ Ijl

, ' mw1', 'mV1' , 'datal’

) IAI

’ 'NI
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end
end

for i = 1:80,

C = mV1(,i);
datal(1,i) = mean(C);
clear( 'C');

end

% average over frequency bandwidth

for i=1:80,

A(L,)) = (datal(1,i))"2;
end

N = 80;

duck = sqrt((1/(2

*N)) *sum(A)); % create Rayleigh Parameter

v_monl = raylrnd (duck,1,1000000);
[Hrl,Pri1] = hist(v_mon1,50);
Hrl = ((Hrl/sum(Hrl))/(max(Prl)-min(Prl))) *50;

[Hm1,Pm1] = hist(datal,20);

Hm1l = ((Hml/sum(Hm1))/(max(Pm1)-min(Pm1))) *20; % Histogram of data

figure (1)

bar(Pm1,Hm1, 'w' )

hold on

plot(Pr1,Hr1, ™ ) %plot both

title(sprintf( ‘Normalised P.D.F. plot for mechanical stirring at %d GHz, S
%REFERENCE DATA

figure (2)

clear ( ‘'fiL' ,‘'fimM' ,‘flR' ,'stepl’ ,'siL1l" ,’'s1M1' ,'s1R1' ,'fT1" ,'dBl'
'sigma’ ,'v_monl' ,'Hrl" ,'Prl' ,'Hml','Pml');

clf(2, ‘reset’ );
[fiL,stepl,s1L1] = readSAN(FILERL,START,END,STEP);

%Siimulate Rayleigh Curve

1 Ijl

mall Enclosure'

, ' mwW1', 'mV1' | 'datal’

1 IAI

) 'NI

,(f/1000000000)));
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[f1M,stepl,s1M1]
[f1R,stepl,s1R1]
sIM1(1,)) = [ ;
fIM1,) = [ ],
s1IR1(1,:) =11
fIR@A:) =[],
fT1 = [f1L;f1M;f1R];

dBl1 = [s1L1;s1M1;s1R1];

readSAN(FILERM,START,END,STEP);
readSAN(FILERR,START,END,STEP);

for i=1:1501,

for j=1:80,

mwW1(i,j) = (107((dB1(i,j))/10))/1000;
end

end

for i=1:1501,

for j=1:80,

mV1@ij) = (MW1(ij);
end

end

for i = 1:80,

C = mV1(,i);
datal(1,i) = mean(C);
clear( 'C');

end

for i=1:80,

A(1,i)) = (datal(1,i))"2;
end

N = 80;

sigma = sqrt((1/(2 *N)) * sum(A));
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v_monl = raylrnd (sigma,1,1000000);
[Hrl,Pr1] = hist(v_mon1,50);
Hrl = ((Hrl/sum(Hrl))/(max(Prl)-min(Prl)))

[Hm1,Pm1] = hist(datal,20);
Hml = ((Hm1l/sum(Hm1))/(max(Pm1)-min(Pm1)))

figure (2)
bar(Pm1,Hm1, 'w' )
hold on

plot(Pr1,Hr1, ™)
title(sprintf(

10.2 Frequency Stirring Code

Post Processing frequency stirring code

% FStir_NA

num=320; %Stirrer steps
freq_num=1601; % frequency points
step = 20; %file name post fix need this

for file_num=1:num
filenamel=sprintf(

* 50;

*20;

‘Normalised P.D.F. plot for mechanical stirring at %d GHz, B

'D:\\Documents\\PhD\Work\\Results\10_ 01 January\\1

ig Chamber'

8Jan\\data%04d.dat'

,(f/1000000000)));

J(file_num-1)

* step);
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templ = importdata(filenamel);
temp2 = templ.data;
X_axis = temp2(:;,1);

s21 real(:,file_num) = temp2(;,4);
s21 imag(:,file_num) = temp2(:,5);
end

for filter_envelope = 1:50;
A(1filter_envelope) = 1/50;
end;

s21 avg_real = filter(A,1,s21 real);
s21 avg_imag = filter(A,1,s21_imag);

s21 mag = sqrt(s21_avg_imag."2+s21 _avg_real.”2);

s21 mag_2 = filter(A,1,(sqrt((s21_real.”2)+(s21_imag.

figure(101)
PlotAxisAtOrigin2(s21_avg_real,s21_avg_imag)

draylparam = draylfit(s21_mag);
drayl_sim = draylrnd (draylparam,1,1000000);

[Hr_1,Pr_1] = hist(drayl_sim,100);

“2)));

Hr 1 n = ((Hr_1/sum(Hr_1))/(max(Pr_1)-min(Pr_1)))

[H_1,P_1] = hist(s21_mag,30);

H1n = ((H_1/sum(H_1))/(max(P_1)-min(P_1)))

* 30;

* 100;
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figure(1)
bar(P_1H 1 n, 'w )
hold on
plot(Pr_1,Hr_1 n, T, 'Linewidth' ,2)

10.3 Peak finding Code

Code used to isolate the peaks obtained with the CGE-02

% —— ROB ARMSTRONG March 2009—%

%FILEX = filename without extension, X = L,M,R data sets
%START = start value (0)
%END = end value (step * no.of measurements)

%STEP = stirrer steps between measurements

%Fcent = central frequency of data set

%DEV = distance either side of Fcent that the peak should be fo und in [5 works well]
%CUTOFF = peak height —-60dB for reference data, —-70 for Shielded measurements

%if more than one trace appears on the final plot, reduce DEV

clear ( 'B' ,'data’ ,'data2’ ,'f" ,'centrepos' , 'peak’ ,'loc’ ,'F" ,'s' ,'sl" ,'step’ )
%-if not done then Plot does not work
[fL,step,s1L] = readSAN(FILEL,START,END,STEP); % Reads files using readSAN m-file

% - makes a big matrix of frequency vs stirrer position
[fM,step,s1M] = readSAN(FILEM,START,END,STEP);
[fR,step,s1R] = readSAN(FILER,START,END,STEP);
M@L) =1

%Clears previous data
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fR(L) =[]
sIM(1,:) = [ I;
s1IR(1,)) =[]
fT = [fL;fM;fR];
s1T = [s1L;s1M;s1R]; %joins 3 seperate matrices together
S = size(slT);
Sr = S(1,1);
Sc = S(1,2);
for j=1:Sr,
for i=1:Sc,
s1TmV(j,i) = [(sqrt((10°(s1T¢(j,i)/10))/10)) *1000]; %delog and convert into mV
end
end
data = s1TmV(;,1); % frequency spectrum stripped from big matrix
centrepos = find(fT == Fcent); %finds where in the matrix the centre frequency is
B = DEV; % set deviation from center frequency
A = data(centrepos-B:centrepos+B); %isolate data around centre frequency
[peak,loc] = findpeaks(A, 'minpeakheight' ,CUTOFF); %find peak in isolated data
peak
F = centrepos - (B-loc); % actual position of centre frequency
mechanicalstirring = s1TmV(F,:); %strip the centre frequency data from the big matrix
figure(1)
plot(step,mechanicalstirring) % and plot
ylabel( 'mV')
xlabel(  'Stirrer Position' )
%title('mV for full stirrer rotation’)
title(sprintf( ‘Mechanical Stirring at %d GHZz' ,(Fcent/2000000000)));

sigma = mode(mechanicalstirring); % Rayleigh parameter

sigma

v_mon = raylrnd (sigma,1,10000000); % random Rayleigh distribution with the correct parameter,
%% 1077 is the max number of points computer can cope with

[Hm,Pm] = hist(mechanicalstirring,20); % histogram of data forom chamber, 20 = bin number
Hm = ((Hm/sum(Hm))/(max(Pm)-min(Pm))) *20; % normalising
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[Hr,Pr] = hist(v_mon,50); %histogram of simulated Rayleigh, bin number = 50
Hr = ((Hr/sum(Hr))/(max(Pr)-min(Pr))) *50; %normalising Rayleigh

figure(2) % new figure!

bar(Pm,Hm, 'w' ) %plot the histogram fomr data, with no shading (‘w')
hold on

plot(Pr,Hr, ™ ) %plot the Rayleigh distribution in RED

ylabel( 'Normalised mV' )
title(sprintf( ‘Normalised P.D.F. plot for mechanical stirring at %d GHZz' ,(Fcent/1000000000)));

10.4 Distribution Combination code

Code used to combine distributions when examining diretttpa

%%% Rob Armstrong December 2009 %%%
function [P,Q,R,S, T, U] = W_I_P(choice,AB,C,a,b,c,A E.B E,C_E, a E,b Ec ECf 1,Cf 2,Cf 3,path_no)
%[P,Q,R,S,T,U] = W_I_P(choice,A,B,C,a,b,c,A EB E,C_E .a_E,b_E,c_E,Cf 1,Cf 2,Cf 3,path_no)
%&&& inputs  &&&
% % choice [0 or 1]
% O calculates from simulated normal data

% 1 calculates from experimental data

% %path offsets [integer between 0 and 500]
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% A = imaginary component, distrubution 1

% a = real component, distrubution 1

% B = imaginary component, distrubution 2

% b = real component, distrubution 2

% C = imaginary component, distrubution 3

% c = real component, distrubution 3

% A_E = imaginary component, distrubution 1 in enclosure
% a_E = real component, distrubution 1 in enclosure

% B_E = imaginary component, distrubution 2 in enclosure
% b_E = real component, distrubution 2 in enclosure

% C_E = imaginary component, distrubution 3 in enclosure
% c_E = real component, distrubution 3 in enclosure

% %coupling factors [integer between 0 and 100]
% CF_1
% CF_2
% CF_3
% % number of paths [1,2,0r 3]
% path_no

%&&& outputs &&&

% P, Q, R, for one path, P = path 1, Q = path_2, R = path_3

% for two paths, P = path_.1 2, Q = path_.1 3, R = path_ 2 3
% for three paths, P = path_.1 2 3, Q = O, =0
if choice == 0 %choose between experimental or simulated

%N_i normrnd(0,1,1,100000); % generate random normal dat

%N_r = normrnd(0,1,1,100000); % generate random normal dat

a, imaginary
a, real
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%

% split into 3 different paths

path_1 i = normrnd(0,1,1,100000)+(A);
path_1 r = normrnd(0,1,1,100000)+(a);

path_2 i = normrnd(0,1,1,100000)+(B);

path_2 r = normrnd(0,1,1,100000)+(b);
path_3 i = normrnd(0,1,1,100000)+(C);
path_3 r = normrnd(0,1,1,100000)+(c);

%multiply by coupling factor

path 1 i C = path_1 i. *Cf 1,
path 1 r C = path_1 r. *Cf 1,
path 2 i C = path_2_i. *Cf_2;
path 2 r C = path_2 r. *Cf_2;
path 3 i C = path_3 i. *Cf_3;
path 3 r C = path_3 r. *Cf_3;

enclosure distributions

path 1 i E = normrnd(0,1,1,100000)+(A_E);

path 1 r E = normrnd(0,1,1,200000)+(a_E);
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path_2 i E = normrnd(0,1,1,100000)+(B_E);

path 2 r E = normrnd(0,1,1,200000)+(b_E);
path 3 i E = normrnd(0,1,1,100000)+(C_E);
path_3 r E = normrnd(0,1,1,100000)+(c_E);
%combine
if path_no ==
%E = sgrt((a. *c - b. *d).”2 + (a. *d + b. *xc)."2);
0l path_1 = sqrt((path_1 r C. *path_ 1 r E - path_ 1 i C. *path_1 i E)."2 +
(path_1 r C. =*path 1 i E + path_1 i C. *path_1 r E)."2);
0l path 2 = sqrt((path_2 r C. *path 2 r E - path 2 i C. *path_ 2 i E)."2 +
(path_2 r C. =*path 2 i E + path_2 i C. *path_2 r E)."2);
0l path_3 = sqrt((path_3 r_C. *path_3 r E - path_ 3 i C. *path_3 i E)."2 +
(path_3 r C. =*path 3 i E + path_3 i C. *path_3 r _E)."2);
P = ol path_1;
Q = 01 _path_2;
R = o0l _path_3;

%raylegh plot
rayl param_1
rayl_param_2
rayl_param_3

raylfit(ol_path_1);
raylfit(ol_path_2);
raylfit(ol_path_3);

rayl sim_1 = raylrnd (rayl_param_1,1,1000000);
rayl sim_2 = raylrnd (rayl_param_2,1,1000000);
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rayl_sim_3 = raylrnd (rayl_param_3,1,1000000);

[Hr_1,Pr_1] = hist(rayl_sim_1,80);

Hr 1 n = ((Hr_1/sum(Hr_1))/(max(Pr_1)-min(Pr_1))) * 80;
[Hr_2,Pr_2] = hist(rayl_sim_2,80);

Hr_ 2 n = ((Hr_2/sum(Hr_2))/(max(Pr_2)-min(Pr_2))) * 80;
[Hr_3,Pr_3] = hist(rayl_sim_3,80);

Hr_3 n = ((Hr_3/sum(Hr_3))/(max(Pr_3)-min(Pr_3))) * 80;

%double rayleigh plot

draylfit(ol_path_1);
draylfit(ol_path_2);
draylfit(ol_path_3);

drayl_param_1
drayl_param_2
drayl_param_3

drayl_sim_1 = draylrnd (drayl_param_1,1,10000000);
drayl_sim_2 = draylrnd (drayl_param_2,1,10000000);
drayl_sim_3 = draylrnd (drayl_param_3,1,10000000);

[Hdr_1,Pdr_1] = hist(drayl_sim_1,80);
Hdr_1 n = ((Hdr_1/sum(Hdr_1))/(max(Pdr_1)-min(Pdr_1))

[Hdr_2,Pdr_2] = hist(drayl_sim_2,80);
Hdr_2 n = ((Hdr_2/sum(Hdr_2))/(max(Pdr_2)-min(Pdr_2))

[Hdr_3,Pdr_3] = hist(drayl_sim_3,80);
Hdr_3_n = ((Hdr_3/sum(Hdr_3))/(max(Pdr_3)-min(Pdr_3))

% rician plot
normfit(ol_path_1);

normfit(ol_path_2);
normfit(ol_path_3);

[rice_param_1_1rice_param_1 2]
[rice_param_2_1,rice_param_2_2]
[rice_param_3_1rice_param_3 2]

) * 80;

) * 80;

) * 80;

69T v°0T



rice_sim_1 = normrnd (rice_param_1 1,ice_param_1 21, 1000000);
rice_sim_2 = normrnd (rice_param_2_1,rice_param_2 21, 1000000);
rice_sim_3 = normrnd (rice_param_3 1,ice_param_3 2,1, 1000000);
[Hri_1,Pri_1] = hist(rice_sim_1,80);
Hri_1 n = ((Hri_1/sum(Hri_21))/(max(Pri_1)-min(Pri_1)) ) * 80;
[Hri_2,Pri_2] = hist(rice_sim_2,80);
Hri_2 n = ((Hri_2/sum(Hri_2))/(max(Pri_2)-min(Pri_2)) ) * 80;
[Hri_3,Pri_3] = hist(rice_sim_3,80);
Hri_3 n = ((Hri_3/sum(Hri_3))/(max(Pri_3)-min(Pri_3)) ) * 80;
[H_1,P_1] = hist(ol_path_1,40); %histogram
H 1 n = ((H_1/sum(H_1))/(max(P_1)-min(P_1))) * 40;
[H_2,P_2] = hist(ol_path_2,40); %histogram
H 2 n = ((H_2/sum(H_2))/(max(P_2)-min(P_2))) * 40;
[H_3,P_3] = hist(ol_path_3,40); %histogram
H_ 3 n = ((H_3/sum(H_3))/(max(P_3)-min(P_3))) * 40;
figure(1)
figure(2)
figure(3)
clf(1)
clf(2)
clf(3)
figure(1)
bar(P_1,H 1 n, 'w )
hold on
plot(Pr_1,Hr_1 n, T, 'Linewidth' ,2)
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plot(Pdr_1,Hdr_1 _n, 'b" , 'Linewidth’ ,2)
%plot(Pri_1,Hri_1 n,'g','Linewidth',2)

title(sprintf( 'Single Rician, Normal offset = 1.4' );
figure(2)
bar(P_.2H 2 n, 'w )
hold on
plot(Pr_2,Hr_2 n, T, 'Linewidth' ,2)
plot(Pdr_2,Hdr_2 n, 'b" , 'Linewidth' ,2)
%plot(Pri_2,Hri_2_n,'g'",'Linewidth’,2)
title(sprintf( 'Single Rician, Normal offset = 5' );
figure(3)
bar(P_3,H 3 n, 'w' )
hold on
plot(Pr_3,Hr_3_n, T, 'Linewidth’ ,2)
plot(Pdr_3,Hdr_3_n, 'b" , 'Linewidth’ ,2)
%plot(Pri_3,Hri_3 n,'g’,'Linewidth',2)
title(sprintf( 'Single Rician, Normal offset = 10' );
S = rayl_sim_1;
T = drayl_sim_2;
U = rice_sim_3;
else
end %if for combining 3 seperate single paths
if path_no ==
02_path_1 2 = sqrt(((path_1_r C. *path_1 r E - path_1 i C. *path_1 i E) +

(path_ 2 r C. =*path 2 r E - path_2 i C. *path_2 i E))."2 + ((path_1 r C.
path 1 i C. =*path 1 r E) + (path. 2 r C. *path 2 i E + path_2 i C.

*path_ 1 i E +
*path_2 r E)).”2);

02_path_1 3 = sqrt(((path_1_r C. *path_1 r E - path_1 i C. *path_1 i E) +

(path_3__r_E:. *path_3 r E - path_3 i C. *path_3 i E))."2 + ((path_1 r_C.
path 1 i C. =*path 1 r E) + (path 3 r C. *path 3 i E + path_3 i C.

*path_1 i E +
*path_3 r_E))."2);
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02_path_2 3 = sqrt(((path_2_r_C. *path_ 2 r E - path_2 i C.

(path_3__r__C. *path_ 3 r E - path_ 3 i C.
path 2 i C. =*path 2 r E) + (path_ 3 r C.

P = 02_path_1 2;
Q = 02 _path_1 3;
R = 02 path 2 3;

%raylegh plot
rayl_param_1
rayl_param_2
rayl_param_3

[Hr_1,Pr_1]
Hr 1 n

[Hr_2,Pr_2]
Hr 2 n

[Hr_3,Pr_3]
Hr 3 n

%double rayleigh plot

drayl_param_1
drayl_param_2
drayl_param_3

drayl_sim_1
drayl_sim_2

raylfit(0o2_path_1 2);
raylfit(0o2_path_1 3);
raylfit(0o2_path_2_3);

| sim_1 = raylrnd (rayl_param_1,1,1000000);
rayl_sim_2 = raylrnd (rayl_param_2,1,1000000);
im_3 = raylrnd (rayl_param_3,1,1000000);

hist(rayl_sim_1,80);
((Hr_1/sum(Hr_21))/(max(Pr_1)-min(Pr_1)))

hist(rayl_sim_2,80);
((Hr_2/sum(Hr_2))/(max(Pr_2)-min(Pr_2)))

hist(rayl_sim_3,80);
((Hr_3/sum(Hr_3))/(max(Pr_3)-min(Pr_3)))

= draylfit(o2_path_1 2);
= draylfit(o2_path_1 3);
= draylfit(o2_path_2_3);

draylrnd (drayl_param_1,1,1000000);
draylrnd (drayl_param_2,1,1000000);

*path_2 i E) +

*path_3 i E))."2 + ((path_2 r_C. *path 2 i E +
*path_ 3 i E + path_3 i C. *path_3_r_E))."2);

* 80;

* 80;

* 80;
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drayl_sim_3 = draylrnd (drayl_param_3,1,1000000);

[Hdr_1,Pdr_1] = hist(drayl_sim_1,80);
Hdr_1 n = ((Hdr_1/sum(Hdr_1))/(max(Pdr_1)-min(Pdr_1))

[Hdr_2,Pdr_2] = hist(drayl_sim_2,80);
Hdr_2 n = ((Hdr_2/sum(Hdr_2))/(max(Pdr_2)-min(Pdr_2))

[Hdr_3,Pdr_3] = hist(drayl_sim_3,80);
Hdr_3 n = ((Hdr_3/sum(Hdr_3))/(max(Pdr_3)-min(Pdr_3))

% rician plot
[rice_param_1 1rice_param_1 2]

[rice_param_2 1rice_param_2_ 2]
[rice_param_3_1,ice_param_3 2]

normfit(o2_path_1 2
normfit(o2_path_1 3
normfit(o2_path_2_3

rice_sim_1 = normrnd (rice_param_1 1,rice_param_1 21,
rice_sim_2 = normrnd (rice_param_2_1,rice_param_2 21,
rice_sim_3 = normrnd (rice_param_3 1,rice_param_3 2,1,
[Hri_1,Pri_1] = hist(rice_sim_1,80);

Hri_1 n = ((Hri_1/sum(Hri_21))/(max(Pri_1)-min(Pri_1))
[Hri_2,Pri_2] hist(rice_sim_2,80);

Hri_2 n =_ ((Hri_2/sum(Hri_2))/(max(Pri_2)-min(Pri_2))

[Hri_3,Pri_3] = hist(rice_sim_3,80);
Hri_3 n = ((Hri_3/sum(Hri_3))/(max(Pri_3)-min(Pri_3))

[H_1,P_1] = hist(o2_path_1 2,40); %histogram
H 1 n = ((H_1/sum(H_1))/(max(P_1)-min(P_1))) * 40;
[H_2,P_2] = hist(o2_path_1 3,40); %histogram

) * 80;

) * 80;

) * 80;

1000000);
1000000);
1000000);

) *80;

) * 80;

) *80;
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H 2 n = ((H_2/sum(H_2))/(max(P_2)-min(P_2))) *40;

[H_3,P_3] = hist(o2_path_2_ 3,40); %histogram

H 3 n = ((H_3/sum(H_3))/(max(P_3)-min(P_3))) * 40;
figure(4)

figure(5)

figure(6)

clf(4)

clf(5)

clf(6)

figure(4)

bar(P_1,H 1 n, 'w' )

hold on

plot(Pr_1,Hr_1 n, T, 'Linewidth’ ,2)

plot(Pdr_1,Hdr_1 _n, 'b" , 'Linewidth’ ,2)

plot(Pri_1,Hri_1 n, 'g" , 'Linewidth’ ,2)

title(sprintf( 'Path through pinch points 1 and 2, simulated'
figure(5)

bar(P_2H 2 n, 'w' )

hold on

plot(Pr_2,Hr_2 n, T, 'Linewidth' ,2)

plot(Pdr_2,Hdr_2 n, 'b" , 'Linewidth' ,2)

plot(Pri_2,Hri_2 n, 'g" , 'Linewidth' ,2)

title(sprintf( 'Path through pinch points 1 and 3, simulated'
figure(6)

bar(P_3,H 3 n, 'w' )

hold on

plot(Pr_3,Hr_3_n, T, 'Linewidth’ ,2)

plot(Pdr_3,Hdr_3_n, 'b" , 'Linewidth’ ,2)

plot(Pri_3,Hri_3_n, 'g" , 'Linewidth’ ,2)

title(sprintf( 'Path through pinch points 2 and 3, simulated'

)

B

)
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else
end %if for combining 2 paths

if path_no == 3

03 _path_1 2 3 = sgrt(((path_1 r_C. *path_1 r E - path_1 i C. *path_1 i E) +
(path_2 r C. =*path_ 2 r E - path_2 i C. *path_2 i E) + (path_3 r C. *path_3 r E -
path 3 i C. =path 3 i E))."2 + ((path_1 r C. *path_ 1 i E + path_ 1 i C. *path_1 r E) +

(path_2_?_C. *path_ 2 i E + path 2 i C. *path_2 r E) + (path_3 r _C. *path_ 3 i E +
path 3 i C. =path 3 r E))."2);

P = 03 _path_ 1 2 3;
Q=0
R = 0;

%raylegh plot
rayl_param_1 = raylfit(o3_path_1 2 3);

rayl sim_1 = raylrnd (rayl_param_1,1,1000000);

[Hr_1,Pr_1]
Hr 1 n

hist(rayl_sim_1,80);
((Hr_1/sum(Hr_21))/(max(Pr_1)-min(Pr_1))) * 80;

%double rayleigh plot

drayl_param_1 = draylfit(o3_path_1 2 3);

drayl_sim_1 = draylrnd (drayl_param_1,1,1000000);

[Hdr_1,Pdr_1] = hist(drayl_sim_1,80);
Hdr_1 n = ((Hdr_1/sum(Hdr_1))/(max(Pdr_1)-min(Pdr_1)) ) * 80;
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% rician plot
[rice_param_1 1rice_param_1 2] = normfit(o3_path_1 2 _3);

rice_sim_1 = normrnd (rice_param_1 1,ice_param_1 21, 1000000);

[Hri_1,Pri_1] = hist(rice_sim_1,80);

Hri_1 n ((Hri_1/sum(Hri_21))/(max(Pri_1)-min(Pri_1)) ) * 80;
[H_1,P_1] = hist(o3_path_1 2 3,40); %histogram
H 1 n = ((H_1/sum(H_1))/(max(P_1)-min(P_1))) * 40;
figure(7)
clf(7)
figure(7)
bar(P_1,H 1 n, 'w )
hold on
plot(Pr_1,Hr_1 n, T, 'Linewidth' ,2)
plot(Pdr_1,Hdr_1 n, 'b" , 'Linewidth' ,2)
%plot(Pri_1,Hri_1_n,'g','Linewidth’,2)
title(sprintf( 'Path through pinch points 1,2 and 3, simulated' );
else
end %if for combining all 3 paths
else %choice between experimental and simulation - experimenta | below

% read in experimental normal data
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num=200;
step = 2;
s12 real = zeros(1600,200);

s12 imag = zeros(1600,200);
for file_num=1:num

filenamel=sprintf( 'D:\\Documents\\PhD\\Work\\Results\10 09 October\\3 0 Oct\\more pos\\port 2
to port 3\\data%04d.dat' ,(file_num-1) xstep); % Rayleigh data)

templ = importdata(filenamel);

temp2 = templ.data;

s12_real(:,file_num) = temp2(;,4);
s12_imag(;,file_num) = temp2(:,5);
end

freq = temp2(:,1);

f = 5;

F = f+10°9;
freq_pos = find(freq == F);

MS_imag = s12_imag(freq_pos,:); % taking the specified frequency out of the big matrix
MS_real = s12_real(freq_pos,:);

mu_i = mean(MS_imag); % means of data

mu_r = mean(MS_real);

sigma_i = std(MS_imag,1); % Standard deviations of data

sigma_r = std(MS_real,1);
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N_i = normrnd(mu_i,sigma_i,1,100000); %generate data from mu and sigma from experiment
N_r = normrnd(mu_r,sigma_r,1,100000);

% split into 3 different paths

for i = 0:500;
if A==
path_1 i = N_i+(A/1000);
path 1 r = N_r+(A/1000);
else
end
if B ==
path_2 i = N_i+(B/1000);
path_2 r = N_i+(B/1000);
else
end
if C ==
path_3 i = N_i+(C/1000);
path_3 r = N_r+(C/1000);
else
end

end

%multiply by coupling factor

for j = 0:100

if Cf1l==]
path 1 i E = path_1 i *Cf 1,
path 1 r E = path_1 r. *Cf _1;

else

end

if Cf2 ==
path_ 2 i E = path_2 i. *Cf_2;
path 2 r E = path_2_r. *Cf_2;

else

end
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path 3 i E = path_3_i. *Cf_3;
path 3 r E = path_3 r. *Cf_3;
else
end
end
%combine
if path_.no == 1
0l path_1 = sqrt(path_1 i E"2 + path_ 1 r E."2)
0l path 2 = sqrt(path_2_i E."2 + path_2 r E."2);
0l path 3 = sqrt(path_3 i E."2 + path 3 r E.”2);
P = ol path_1;
Q = o0l _path_2;
R = o0l _path_3;
[H_1,P_1] = hist(ol_path_1,40); %histogram
H 1 n = ((H_1/sum(H_1))/(max(P_21)-min(P_1))) * 40;
[H_2,P_2] = hist(ol_path_2,40); %histogram
H 2 n = ((H_2/sum(H_2))/(max(P_2)-min(P_2))) * 40;
[H_3,P_3] = hist(ol_path_3,40); %histogram
H_ 3 n = ((H_3/sum(H_3))/(max(P_3)-min(P_3))) * 40;
figure(11)
bar(P_1,H 1 n, 'w' )
title(sprintf( 'Path through pinch point 1, experimental
figure(12)
bar(P_.2H 2 n, 'w )
title(sprintf( 'Path through pinch point 2, experimental

)

)
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figure(13)
bar(P_3,H 3 n, 'w' )

title(sprintf( 'Path through pinch point 3, experimental );
else
end
if path_no ==
02 path 1 2 = sqgrt((path_1 i E + path_ 2 i E)."2 + (path_1 _r E + path 2 r E)."2);
02 _path_1 3 = sqgrt((path_1 i E + path_3_i E)."2 + (path_1 _r E + path_3 r E)."2);
02 _path_ 2 3 = sqrt((path_2 i E + path_3_i E)."2 + (path_2 r E + path_3 r E)."2);
P = 02_path_1 2;
Q = 02 path 1 3;
R = 02 _path_2_3;
[H_1,P_1] = hist(o2_path_1 2,40); %histogram
H_1 n = ((H_l/sum(H_1))/(max(P_1)-min(P_1))) *40;
[H_2,P_2] = hist(o2_path_1 3,40); %histogram
H 2 n = ((H_2/sum(H_2))/(max(P_2)-min(P_2))) * 40;
[H_3,P_3] = hist(o2_path_2_ 3,40); %histogram
H_3 n = ((H_3/sum(H_3))/(max(P_3)-min(P_3))) *40;
figure(14)
bar(P_1H 1 n, 'w )
title(sprintf( 'Path through pinch points 1 and 2, experimental );
figure(15)
bar(P_2H 2 n, 'w' )
title(sprintf( 'Path through pinch points 1 and 3, experimental );
figure(16)
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else
end

if

else
end

end
clear (
end

bar(P_3,H 3 n, 'w )

title(sprintf( 'Path through pinch points 2 and 3, experimental
path_no ==

03 path 1 2 3 = sgrt((path_1 i E + path 2 i E + path_3 i
path_3 i E)."2);

P = 03 _path_ 1 2 3;

Q=0

R = 0;

[H_1,P_1] = hist(o3_path_1 2 3,40); %histogram

H 1 n = ((H_1/sum(H_1))/(max(P_1)-min(P_1))) * 40;
figure(17)

bar(P_1,H 1 n, 'w' )

title(sprintf( 'Path through pinch points 1,2 and 3, experimental

'choice’ ,'A' ,'B'

B

E)2 + (path .1 r E + path 2 r E +

);

,'Cf_ 3", 'path_no'

)
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List of Acronyms

These acronyms are all used within this thesis

ACF
AN79
BNC
BP
BW
CDF
CGE
CISPR

dB
DC
EM
EMC
EMI
EU
EUT
FS
FM
IEC
IEEE

IFBW
KS
LUF

Autocorrelation Function

Radio frequency absorber designation
Bayonet NeillConcelman (connector type, coaxiglp0
Battery Pack

Bandwidth

Cumulative Density Function

Comb Generator Emitter

Comité International Spécial

des Perturbations Radioélectriques
Decibels

Direct Current

Electromagnetic

Electromagnetic Compatibility
Electromagnetic Interference

European Union

Enclosure Under Test

Frequency Stirring

Frequency Modulation

International Electro-technical Committee
Institute of Electrical and Electronic Engineers
Inter Frequency

Inter Fregency Bandwidth
Kolmogorov-Smirnov

Lowest Usable Frequency
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MIL
MS
NA
N-type
OATS
PC
PCB
PDF
RAM
RF
R&S
SA
SE
SMA
UoA
UoY
VNA
WA
YES

Shorthand for Military

Mechanical Stirring

Network Analyser

Type N connector (connector type, coaxial2p0
Open Area Test Site

Personal Computer

Printed Circit Board

Probability Density Function

Radio Absorbing Material

Radio Frequency

Rohde and Schwarz

Spectrum Analyser

Shielding Effectiveness

Sub Miniature revision A (connector type, coaxiakH0
University of Ancona, Italy

University of York, UK
Vector Network Analyser

Width of Autocorrelation

York EMC Services



List of Symbols

These symbols are all used within this thesis

) Skin depth

Mo Impedance of free space

A Wavelength

v Peak offset from reference (used when defining Rician distions)
1 Magnetic permeability

L Mean

[y Relative permeability

10) Gaussian distribution offset from a zero mean

Omin Minimum offset from zero for a Gaussian distribution withaiance of 1
o Electrical conductivity

Oy Variance

<0, > Absorption cross section

< o> Transmission cross section

A Path A through aperture A used in direct path measurements
a Reverberation chamber dimension in thdirection (length)

Ag Axis of histogram representative of electric field strength

a, Offset of Gaussian mean from zero on the ‘imaginary’ axis
A, Area of an aperture

A, Offset of distribution centre from zero in the ‘imaginarytection
Ay ‘No slot’ configuration in comparative enclosure

B Path B through aperture B used in direct path measurements
b Reverberation chamber dimension in thdirection (width)

b, Offset of Gaussian mean from zero on the ‘real’ axis

Offset of distribution centre from zero in the ‘real’ diremt

SU
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=

S EE BN OO AD SO0
T 8 8§ & 5 © 3 mE

‘Short slot’ configuration in comparative enclosure

Path C through aperture C used in direct path measurements
Reverberation chamber dimension in thdirection (height)
Speed of light in a vacuum

Autocorrelation ofi samples

‘Medium slot’ configuration in comparative enclosure
Thickness of shielding material

Size of an antenna

Deviation of Fy(x) from F(x)

Density of modes (per Hertz)

‘Long slot’ configuration in comparative enclosure

Electric Field Strength

Unstirred component of measured electric field

Imaginary (phase quadrature) component of the electrit iirelhex direction
Real (in phase) component of the electric field in thairection
Imaginary (phase quadrature) component of the electrid iirehey direction
Real (in phase) component of the electric field in glairection
Imaginary (phase quadrature) component of the electrit iirelhe > direction
Real (in phase) component of the electric field in theirection
Incident (Reference or unshielded) electromagnetic wave
Electric field

Reflected (shielded) electromagnetic wave

Transmitted electromagnetic wave

Electric field component in the direction

Electric field component in the direction

Electric field component in the direction

exponential

frequency

frequency at first mode 110

minimum useable frequency

Frequency at particular modes (m,n,p)

Simulated function CDF (for use with KS test)

frequency range

Stepped function (for use with KS test)

Magnetic Field Strength
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~mEEEE

~.

Qan
Qap

QEUT

Qtot

Incident (Reference or Unshielded) magnetic field strength
Transmitted (shielded) magnetic field strength

Magnetic field component in thedirection

Magnetic field component in thedirection

Magnetic field component in thedirection

Number of samples in a sequenge

integer number

square root of minus 1

K-factor

integer number

K-factor with specified variance of 1

Zeroth order Bessel function

Loss ratio

Mode number in the direction

Antenna mismatch factor

Mode number in the direction

Number of frequency points needed for average

Number of frequency points in frequency range

Number of resonant modes below particufar

Number of samples when calculating error

Mode number in the direction

Average power received from the CGE, shielded, Method 1
Average power received from the CGE, shielded, Method 2
Average power received from the CGE, shielded, Method 3
Average power received from the CGE, unshielded
Average power received from the CGE, unshielded, Method 3
Average received power inside an enclosure

Average received power outside an enclosure

Received power on an antenna

Distributed data set

Quality (as in Quality-factor)

Q-factor contribution from absorber in an EUT

Q-factor contribution from aperture in an EUT

Q-factor of an EUT

Total composite Q-factor
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Quai Wall Q-factor

(O} Q-factor of an empty chamber

Q> Q-factor contribution from absorber

Q3 Q-factor contribution from aperture

Qa4 Q-factor contribution from antenna

R Distance from antenna

r Autocorrelation of mechanical stirrer positions

S Electromagnetic field power density

S, Surface area

S; Incident (Reference or Unshielded) electromagnetic fieldgr density
St Transmitted (Shielded) electromagnetic field power dgnsit

S11 Reflection coefficient (Port 1)

S1ply Reflection coefficient (Port 1 connected to a horn)

S1,1,, Reflection coefficient (Port 1 connected to a monopole)

Sllg Reflection coefficient (Port 1), reference (unshielded)susament
S12 Transmission into Port 1 from Port 2

S1,2 Transmission into Port 1 from Port 2 when Port 1 is conneaiedorn
S1,,2 Transmission into Port 1 from Port 2 when Port 1 is conneaedrmonopole
S12g Transmission into Port 1 from Port 2, reference (unshieldegshsurement
S21 Transmission into Port 2 from Port 1

S21y, Transmission into Port 2 from Port 1 when Port 1 is conneaiedorn
S21,, Transmission into Port 2 from Port 1 when Port 1 is conneaiedrhonopole
S22 Reflection coefficient (Port 2)

Sp Scale Parameter

SE.B Shielding Effectiveness in dB

SEl,p Shielding Effectiveness in dB resulting from Method 1

SE2,p Shielding Effectiveness in dB resulting from Method 2

SFE3;p Shielding Effectiveness in dB resulting from Method 3

1% Volume of a reverberant cavity

V., Volume of an enclosure

T Sequence of values

x data set

Y data setr +1

Z Wave impedance
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