Shielding Effectiveness of Reverberant

Enclosures Containing Printed Circuit Boards

Sarah Louise Parker

PhD

University of York

Electronic Engineering

December 2018






Abstract

Shielded enclosures are a convenient and widely used method of protecting
electronic equipment from an undesirable electromagnetic environment. The
amount of protection the enclosure provides is known as Shielding Effectiveness (SE).
Generally, the SE is given for an empty enclosure. However, the contents of an

enclosure, such as Printed Circuit Boards (PCBs), will change the SE.

In this thesis, the absorption and transmission of a set of PCBs has been investigated
and this information used to predict the SE of populated enclosures. Power balance
modelling was used to predict the SE of a number of configurations of a single cavity
and two cavity enclosure with and without contents. These results were compared
to measurements made in a reverberation chamber (RC). Measurements and
analysis were made of the absorption of individual PCBs and the absorption was
shown to change when PCBs were stacked together or positioned close to the RC
wall. The transmission through a set of PCBs was measured and found to be low

enough to ignore in the models.

The results presented in this thesis have shown how the absorption of a PCB can
change in different situations and how this information can be used in power balance
modelling to estimate the SE of an enclosure. Further investigation into the

absorption and transmission of PCBs will refine the models for more accurate results.

It is important to know the SE of an enclosure and its contents as a whole system as
under or over estimating the amount of SE could lead to equipment malfunctions. If
the SE is underestimated additional, unnecessary, shielding may be used which will
add weight, cost and space to the equipment. Too little shielding and equipment may

not be fully protected.
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Introduction
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1.1. Electromagnetic Compatibility and Shielded Enclosures

Electronic systems and components produce intentional and unintentional
electromagnetic (EM) fields when operating. Good electromagnetic compatibility
(EMC) practice is used to reduce any unwanted emissions from equipment and to
protect equipment from any threats produced by external sources. EMC considers
both radiated and conducted threats and emissions. As electronic equipment
becomes more and more prevalent in modern society sources of unwanted EM fields
have the potential to become more troublesome and the design of equipment to

deal with these EM threats becomes more important.

One method of reducing the effect of radiated EM fields on sensitive equipment is to
use shielded enclosures. When sensitive or noisy equipment is placed within a
suitable enclosure the EM field is reduced. The contents of an enclosure are
protected from external EM sources or external equipment is protected from

radiated fields produced from the equipment inside the enclosure.

Shielding effectiveness (SE) is the value used to define how well a shielded enclosure
reduces the EM field incident upon it. SE can be defined as the ratio of the EM field
without the enclosure in place and the EM field with the enclosure in place. This ratio
is generally given in decibels (dB). A perfectly shielded enclosure would stop all
penetration of EM fields. However, perfect enclosures do not exist as real equipment
enclosures differ from the ideal as materials are not perfect and enclosures have
apertures for cables, holes for cooling and other slots and gaps required for lids and

access.

There are a number of different standards, for example [1] and [2], that describe
methods that can be used to measure the shielding effectiveness of an equipment
enclosure; one of the most widely used being IEEE Standard 299.1 [3]. The methods
described in these standards are intended for the SE measurement of empty
enclosures. However, in reality, the enclosure will be used with contents inside and
the SE of the enclosure will be affected by this. Introducing contents, such as printed
circuit boards (PCBs), into an enclosure reduces the EM field inside the enclosure as

the contents will absorb energy. Decreasing the internal EM field will increase the
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observed SE of the enclosure. Therefore, the amount of EM energy absorbed by the

enclosure contents is significant when considering the enclosure shielding.

It is important to have an accurate value for the SE of an enclosure as if the shielding
given by an enclosure is underestimated excessive shielding will lead to greater costs,
weight and a larger than necessary size. Alternatively, if the shielding is
overestimated the enclosure may not give enough protection leading to potential

failure of the equipment.

The absorption cross section (ACS) of a lossy object is the cross sectional area of a
perfectly absorbing object which would absorb the same amount of energy as the
object being considered [4]. In this thesis, ACS is used to quantity the amount of EM
energy absorbed by enclosure contents, specifically PCBs. In addition to ACS, the
transmission cross section (TCS) of a PCB is also of interest. The TCS is the ratio
between the transmitted power through an aperture or, more generally, a point of
entry to the mean incident power on the aperture. In the case of the PCB, it is used
to show how much power is able to pass through the PCB. The ACS and TCS of PCBs
can be used to give a more accurate value for the SE of a populated shielded

enclosure by using analytical models [5][6].

1.2. Research Scope

The work presented in this thesis describes a number of investigations into ACS and
how the ACS can be used to predict the SE of shielded enclosures populated with
PCBs. This is carried out by using an analytical technique called power balance
modelling (PWB) [5], ACS results from reverberation chamber measurements and
explained using relevant theory. This main aim can be separated into several smaller

goals:

e Obtain the ACS of a set of PCBs measured individually and in stacks
e Investigate how the ACS of the PCBs vary depending on the position inside
the enclosure and in relation to other PCBs and consider whether these

factors are a significant influence on the SE of an enclosure
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e Use the information about ACS to predict the SE of a shielded enclosure
containing different configurations of PCBs. The modelled results of the SE of
populated enclosure models should be compared to measured results of

equivalent enclosures.
These points can be summarised in the following hypothesis:

The shielding effectiveness of a simple enclosure populated by PCBs can be predicted
using the transmission cross section of any apertures in the enclosure and the

absorption and transmission cross section of the PCBs.

1.3. Outline of thesis

Chapter 2 of this thesis examines the theory behind reverberant environments and
how this relates to SE measurements of enclosures. Current research, practices and
methods of measuring the SE of enclosures are explored and it is shown why it is
necessary to include the contents of enclosures when considering the enclosure SE.
The theory of ACS and how this may be used to predict SE of an enclosure with
contents is explained and the measurements and analytical methods which will be

used throughout this thesis discussed.

Chapter 3 describes the method used to measure the ACS of PCBs using a
reverberation chamber. The ACS results of a set of PCBs measured individually and

stacked together are presented and analysed.

Chapter 4 expands on these initial results to explore the changes in ACS due to the
position of PCBs in an enclosure and the changes due to the proximity to the

enclosure walls.

Chapter 5 looks at developing a method of finding the ACS of one side of a PCB using
reverberation chamber measurements. The ACS of the individual sides of the PCB is
required when considering enclosures as multiple cavities formed by dividing PCBs.

The results from these measurements and analysis are presented.
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The transmission of EM fields through a PCB is considered in Chapter 6. The

transmission is used to calculate the TCS of the PCB which can be used in the PWB.

Chapter 7 shows how PWB and the ACS results detailed in the previous parts of the
thesis can be used to predict the SE of an enclosure with these contents in. This

prediction is compared with SE measurements of an enclosure with PCBs.

Finally, in Chapter 8 conclusions are drawn from the work presented in the thesis.
This includes the main results from each chapter and how these results could be
improved. Additional research that could be carried out to further explore shielded

enclosures with contents in is also discussed.
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Chapter 2

Reverberant Environments and

Shielded Enclosures
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2.1. Overview

This chapter provides background information on the subject of reverberant
environments and shielded enclosures. The chapter introduces the theories and

concepts that will be used throughout this thesis.

The concepts of reverberant environments, shielded enclosures and shielding
effectiveness (SE) are introduced and how these topics relate to each other is
discussed. The reasons why contents affect the SE of enclosures are explained and
an example measurement of the SE of an enclosure with and without contents is
presented. Information is also provided on how to use power balance modelling

(PWB) to calculate the SE of a shielded enclosure.
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2.2. Reverberant Environments

2.2.1. Reverberation Chambers

A reverberation chamber (RC), also known as a mode stirred chamber, is an enclosed
metallic chamber used for EM field measurement and testing. The RC is required to
be electrically large. The EM fields excited in the chamber form standing wave
patterns. The energy in the chamber is then stirred to change the boundary
conditions. This, in turn, causes the field pattern to change [7]. If an RC is well stirred
it provides a uniform field throughout the chamber which has the same energy in all
field components with equal energy from all directions [7]. A great deal has been
written previously on the subject of field statistics in reverberation chambers. For full

information [7] should be consulted.

The metallic enclosure of an RC has a shielded door or access panel. A metallic stirrer
is connected to a motor and used to stir the energy in the chamber. Bulkhead
connections are made through the wall of the chamber in order to connect to

external test equipment.

The equipment under test (EUT) should be positioned in the working volume of the
chamber. The working volume is defined as an area within the RC where there is a
statistically uniform field. A quarter of a wavelength from the chamber walls is an
accepted approximation of where the working volume starts [8][10]. At distances
closer than a quarter of a wavelength, boundary effects cause poor field uniformity
close to the chamber walls [9]. A photo of the large reverberation chamber belonging
to the Applied Electromagnetics Group (AEG) at the University of York (UoY) is shown
in Figure 2.1.

One of the main standards which describe using reverberation chambers for EMC
measurements is |[EC 61000-4-21 [10]. This standard details both the measurement
methodology that should be used for testing and also the calibration requirements
and tests that need to be undertaken before using the chamber. A number of other

standards are starting to incorporate reverberation chambers as a possible test
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environment for EMC. These include military standards [11], [12] and airborne

equipment standards [13].

The next part of this chapter reviews important performance parameters of RCs
including resonances, lowest usable frequency, stirring, independent sampling, K

factor and Q factor. Full, detailed information on RCs can be found in [7][8] and [10].

L ¥

Figure 2.1: Photograph of the Applied Electromagnetics Group reverberation
chamber at the University of York. The mechanical stirrer is at the back of the
chamber and a polystyrene block is used to place equipment under test in the
working volume of the chamber.
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2.2.2. Resonances

Resonant frequencies of a rectangular cavity are calculated using (2.1).

(2.1)

In this equation i,j,k are integers (only one of which can be zero), co is the velocity of
waves in free space (3x108 m/s) and a, b and c are the dimensions of the enclosure.
Weyl’s Law [7] gives an approximate solution to the number of resonant modes in a
cavity below a given frequency and a more accurate version is available for a

rectangular cavity such as a reverberation chamber [7] as:

_87rf3abc_(a+b+c)f+l (2.2)

N. =
modes 3C§ Co 2

where f is frequency, a, b and c are the dimensions of the rectangular reverberation

chamber and ¢o is the velocity of waves in free space.

2.2.3. Lowest Usable Frequency
Equation (2.1) can be used to find the frequency at which the first resonance occurs
in a chamber. With only one or a low number of resonant modes active, not enough

modes can be excited in the RC to provide a statistically uniform environment.

It necessary to know the lowest useable frequency (LUF) of a reverberation chamber
to ensure measurements are made within the operating range of the chamber. There
are several rules of thumb that can be used to decide the LUF of a chamber. One
method to calculate the LUF, in Hz, is to use (2.3) where co is the velocity of waves in

free space and V is the volume of the chamber [7].

(2.3)

W=

90
fmin = Co (m)
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More common methods of calculating the LUF is to use a frequency between 3 and
6 times the first chamber resonance frequency [16] or use the frequency below which
60 modes exist [15]. Alternatively, the modal density or Q factor can be used [16] or

the LUF can be found experimentally.

2.2.4. Stirring

From the above it can be seen that the dimensions and volume of the chamber are
important parameters when considering how well the chamber will perform. In
addition to this the method of stirring the field in the chamber is important to get

good field uniformity.

2.2.4.1.  Mechanical Stirring

The majority of RCs use a mechanical paddle to stir the field. The mechanical paddle
inside the large RC chamber used for the work in this thesis can be seen at the back
of the chamber in Figure 2.1. There are two methods of using a mechanical paddle
to stir the field in an RC. For mode tuned operation, measurements are made with
the stirrer stationary at a number of different positions. The measurements are then
averaged over the stirrer positions at each frequency [8]. During stirred mode testing
the stirrer is moved continuously while a number of measurements are taken
[15][16]. The measurements are then averaged over the stirrer positions at each
frequency [8]. Although this method can be less time consuming obtaining
repeatable results is more difficult. Mode tuned stirring is used throughout the work

presented in this thesis unless otherwise stated.

2.2.4.2.  Frequency Stirring

Frequency stirring (also known as electronic stirring) is another method used to
improve the field uniformity in an RC and is applied by averaging the measurement
over a certain frequency bandwidth (BW) [17]. This technique is more useful at high
frequencies as the BW is related to mode density. At high frequencies a small BW is
required but at lower frequencies a large BW is needed. Both mechanical and
frequency stirring can be applied to one measurement in order to improve
uncertainty in results [18]. If frequency stirring is used, additional mechanical stirring

may still be needed in order to obtain good field uniformity [17].
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The minimum BW used for frequency stirring must be much greater than the right
hand side (RHS) of the following equation, as suggested by the IEEE standard 299.1
[22].

cd (2.4)
8V f?

BW >

In equation (2.4) co is the velocity of light, V is the volume of the enclosure being

tested and f is the centre frequency.

2.2.4.3.  Other Methods of Stirring

In addition to the methods described above the field within the chamber can be
stirred in other ways. When source stirring [23], the transmitting antenna in the RC
is moved to different positions in order change the boundary conditions. Similarly,
the receiving antenna can also be moved to different positions and then an average

taken at each frequency.

2.2.5. Independent Samples
In order to get a statistically average field in an RC it is important to have enough
independent samples [10]. This means that the samples at each stirrer position must
be uncorrelated i.e. the boundary conditions have changed sufficiently. The number
of independent samples can be found by autocorrelating the measured S;: (the
scattering parameters between two antennas, as measured by a VNA) with stirrer
position [10]. When the autocorrelation drops below 1/e (approximately 0.37) the
difference in stirrer positions is enough for samples to be independent. This can be
defined mathematically for a mechanical stirrer using (2.5).
N, = 2_71 (2.5)

c

Nmech is the number of independent samples and 6. is the stirrer movement angle

required for the autocorrelation to drop below 1/e.
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Figure 2.2 shows the autocorrelation against stirrer position for the small RC
discussed in Section 2.2.8.2. For this measurement 100 stirrer positions were used
(4800 were possible). The graph shows that at 1GHz the chamber is not well stirred
as it requires several stirrer position changes for the autocorrelation function (ACF)
to reduce below 1/e. However, at higher frequencies the chamber is working well as

each stirrer position is producing an independent sample.

Autocorrelation

1 .
—1GHz
5GHz
0.8 ——10GHz|-
06r i
04r I .
e

N/
Y/
|

Stirrer Position

Figure 2.2: Autocorrelation in a small reverberation chamber over stirrer position
For frequency stirring, the positions of mechanical stirrer are replaced by the number

of samples the data is being averaged over.

Af (2.6)

Nfreq = Bc

Here, Af is the frequency size of the average window applied to the data and Bc is the

frequency window required for 1/e drop in the autocorrelation. If both mechanical
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and frequency stirring are applied to one measurement the total number of

independent samples, N, is given by (2.7).

N = Nypech X Nfreq (2.7)

2.2.6. Rician K-Factor

The Rician K-factor is the ratio of unstirred to stirred energy in a chamber [18]. Energy
is unstirred when there is a direct path from antenna to antenna in a chamber and
energy is stirred when there is an indirect path from antenna to antenna. In order to
get good field statistics the unstirred energy in an RC should be reduced as much as

possible [21].

The Rician K-factor can be calculated using (2.8). This is one of the measures of
quantifying how well an RC is working; a low Rician K-factor indicates a well stirred
chamber. The numerator of the equation gives the unstirred component of S,;. This
is the magnitude of S,;squared, where S,;is measured between two antennas in a
RC averaged over a number of stirrer positions. The denominator gives the stirred
component of S,; by subtracting the unstirred component of S,; from the overall

S,1. The brackets indicate averaging over stirrer positions.

[(S,1) 2 (2.8)
(1S21 — (S21)1%)

K =

2.2.7. QFactor

The Q factor of an RC is the ratio of stored energy to lost energy in the chamber. It is

defined as follows:

_ maximum stored energy w(Uy) (2.9)

average power loss  (P,)

Where w is angular frequency (2nf), Us is stored energy and P4 is average power
dissipated. The brackets indicate averaging over stirrer positions. The following

simple equation can be used to calculate the Q factor of an empty, ideal RC [8]:
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_ 3 (2.10)
256

Q
In this equation, V is the volume of enclosure, S is the surface area and & is the skin
depth of the material. The skin depth of a material is the distance a wave has to travel

through a material to be reduced by a value of 1/e and can be calculated as follows:

1 (2.11)

nfou

Here, f is frequency, o is the conductivity of the RC wall material and p is the
permeability of the RC wall material. The actual skin depth value will be different as
the equation assumes that chamber is completely empty and has no apertures. This
method also assumes that the reverberation chamber has highly conducting walls.
The actual Q factor has several different contributions [5]. This is discussed in Section

2.5 where power balance modelling is introduced.
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2.2.8. University of York Applied Electromagnetics Group Reverberation

Chambers

There are two RCs used for the work described in this thesis.

2.2.8.1.  Large Reverberation Chamber

The large RC has dimensions of 4.7m x 3m x 2.37m and a large paddle stirrer. A
photograph of the large RCis shown in Figure 2.1. There are two bulkhead connection
panels which are used to connect the internal test equipment to the equipment
outside the chamber. The LUF of this chamber is approximately 180 MHz and the size
of this chamber means that it was only used for the shielding effectiveness

measurement of enclosures.

Measurements in the large RC were taken using a blade antenna. The blade antenna,
shown in Figure 2.3, has a frequency range of 200MHz to 26GHz [24]. The blade
antenna ground plane is mounted on the RC wall by several magnets and is
positioned facing a corner of the RC in order to minimise direct paths to other

antennas in the chamber.

Figure 2.3: Photo of blade antenna inside the large RC
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2.2.8.2.  Small Reverberation Chamber

The small RC is constructed from brass and has dimensions of 0.8m x 0.7m x 0.6m
and is located inside the large chamber. A photograph of the inside of the chamber
is shown in Figure 2.4. A small paddle stirrer can be placed in the bottom of the
chamber. It is accessed by top hatch and bulkhead connections are used to connect
to equipment outside of the chamber. The LUF of this chamber is approximately 900

MHz.

The antennas used with this chamber were small ‘snake’ broadband monopoles
which are shown in Figure 2.5 and mounted on sub miniature version A (SMA)
bulkhead jacks. The overall length of each antenna is 80mm and the width is 10mm.
The antennas have been folded in order to reduce their size and when folded have
dimensions of 60mm x 10mm x 6mm. The antennas are placed in different corners
of the RC and are cross polarised in order to reduce the unstirred component of the

scattering parameter between the antennas, Szi, in the chamber.
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Antenna

Figure 2.4: A photograph looking down into the small reverberation chamber. The
stirrer can be seen in the centre of the chamber, antennas nearer the walls and the
connector panel in the chamber wall. The four white struts are used to support a
sheet of polystyrene which the EUT is placed on.

Figure 2.5: A photograph of the monopole antennas used in the small reverberation
chamber
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2.3. Shielded Enclosures

The first part of this chapter discussed reverberant environments such as
reverberation chambers. The theory of reverberant environments is also applicable
to shielded enclosures as at high enough frequencies the EM environment inside the
enclosure will become reverberant. RCs and shielded enclosures can be similar in
construction and it is important to know the amount of EM energy the chamber or
enclosure is capable of attenuating. This attenuation is known as shielding
effectiveness (SE). Unlike RCs, shielded enclosures tend to have significantly more
areas where radiation can escape, such as apertures, cable connections and cooling
measures which reduces the SE. The second part of this chapter reviews the theory

of shielded enclosures and shielding effectiveness.

2.3.1. Shielding Effectiveness
Shielding effectiveness is the measure of how well an enclosure (or material) protects
equipment from EM fields. The most common and simplest equations used to

calculate SE are equations (2.12) and (2.13).

E
SE = 20  logy, (E_D dB (2.12)

H
SE = 20 * logy, (H—Z) dB (2.13)

In these equations E, and H, are the electric field and magnetic field without the
enclosure in place and Eg and Hg are the electric field and magnetic field with the

shielding in place. SE is almost always stated in decibels, dB.

The equations above are simple to calculate but they have several disadvantages.
The field may vary significantly throughout the enclosure due to it acting like a
reverberation chamber at high frequencies. As discussed previously (Section 2.2),
standing wave patterns can be produced in enclosures which mean the field strength
changes throughout the enclosure. In this case, the field at several positions inside

the enclosure needs to be measured and then averaged to get a more accurate SE
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value at each frequency. Another factor that may affect the SE is the polarisation of

any antennas inside the enclosure.

Generally, the SE of an empty enclosure is calculated. As contents inside an enclosure
may absorb some of the energy this could change the SE of that enclosure. It is
important to have an accurate value for the SE of an enclosure as if SE is either under
or overestimated then too little or too much shielding could be used. If too little
shielding is used then the equipment may not work in its required EM environment.
If too much shielding is used this will add unnecessary cost, space and weight to the

equipment.

2.3.2. Shielding of Materials and Enclosure Theory

Schelkunoff [25] developed a wave impedance theory which can be used to calculate
the SE of an infinite sheet. In this model, the reflections from the material surface
due to impedance mismatch and the absorption by the material due to the skin effect

are used to calculate the total transmitted wave.

Although the Schelkunoff model is useful for enclosures which are very large
compared to the wavelength, A, a model for an enclosure rather than a sheet of
material is of more practical use. Kaden [26] developed a model for the calculation
of a finite enclosure which shows the effect the size and shape of an enclosure has
on SE. This work assumed an ideal enclosure, however, practically it is necessary to

take into account apertures and joints when calculating SE.

At DC, the SE of a metallic enclosure is infinite for electric (E) fields and zero for
magnetic (H) fields. At low frequencies, an external E field will cause charges on the
enclosure to appear. These charges create an E field which then cancels out the
external E field. As the frequency increases, the charges find it more difficult to cancel
out the external field and the SE of the enclosure decreases. The SE of an enclosure
can be increased by using a thicker material to construct it from; a thicker material
will attenuate more of the field. The higher the conductivity of the material the

higher the SE will be.
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For an enclosure to have magnetic SE at low frequencies it must be made from
ferromagnetic materials. An external H field causes eddy currents to flow on the
enclosure. These currents create a H field which cancels out the external H field. As
the frequency of the field increases the SE of the enclosure also increases. Like E field
SE, at lower frequencies, the SE against H fields can be increased by increasing the
thickness of the enclosure material. The higher the permeability of the material the

greater the SE the enclosure will provide.

At high frequencies, the dimensions of the enclosure, and its apertures, start to
become comparable to the wavelength of the field. At these frequencies, the losses
through the apertures in an enclosure are much greater than those in the enclosure
material. The different loss mechanisms are explained in Section 2.5; Figure 2.12
shows the aperture losses for an enclosure are greater than the wall losses in the
frequency range 1GHz to 20GHz. At high frequencies, the skin effect (see section

2.2.7) is the mechanism by which the external E field is attenuated.

At high frequencies, shielded enclosures are reverberant environments, as described
in the above sections. The field at different positions in the enclosure will be
different; therefore the SE of the enclosure will be different depending on the

position in the enclosure.

2.3.3. Shielding Effectiveness Measurements
In this section, an SE measurement of a shielded enclosure is made in an RC.
Alternative methods of SE measurements are also presented, both using RCs and

other test facilities.

2.3.3.1.  Shielding Effectiveness Standards

There are a number of current standards for the measurement of shielding
effectiveness. IEEE 299 is the IEEE Standard Method for Measuring the Effectiveness
of Electromagnetic Shielding Enclosures [1]. This is the standard used for large
enclosures when the sides of the enclosure are greater than 2m in length. IEEE 299.1
is the IEEE Standard Method for Measuring the Shielding Effectiveness of Enclosures

and Boxes Having all Dimensions between 0.1m and 2m [22]. The original IEEE 299
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standard focuses on large enclosures such as RCs. As smaller enclosures have become
more prevalent IEEE 299.1 was developed so that accurate measurements could be
made of these smaller enclosures. As IEEE 299 looks at large shielded enclosures,
such as reverberation chambers, the effect of contents in these enclosures was not
considered as they took up such a small part of the overall chamber volume. This has
been carried on in IEEE 299.1 where the main part of the standard only accounts for

empty enclosures; there is, however, an annex on the effect of contents on SE.

2.3.3.2.  Reverberation Chamber Measurements

This section describes a SE measurement carried out in an RC. A photograph of the
enclosure under test is shown in Figure 2.6. The enclosure has dimensions of 0.3m x
0.29m x 0.12m and is constructed from brass. One side of the enclosure was fitted
with a plate with an aperture of dimensions 200mm x 200mm. The enclosure and its
lid are fitted with fingerstock to ensure a good EM seal around the lid of the

enclosure. A monopole antenna can be positioned in seven places on the lid of the

enclosure, Figure 2.6 shows the antenna in position 2.

Figure 2.6: Photograph of the enclosure under test inside the large reverberation
chamber
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Figure 2.7 shows the RC setup for measuring the SE of an enclosure. The
measurement was carried out in the UoY AEG large RC. The mechanical stirrer,
controlled by a PC external to the chamber, was rotated and stopped at 100 equally
stepped positions over one full rotation. No mechanical stirrer was used inside the
enclosure under test. A Vector Network Analyser (VNA) was used to collect a full set
of S-parameters between the blade and monopole antenna. The measurement was
carried out over the frequency range 1GHz — 20GHz at 10,001 measurement points.
The sweep time was 2.5s. A moving average filter with a BW of 100MHz was applied

to the data after it had been collected to provide frequency stirring.

Stirring inside a shielded enclosure can be used in addition to, or instead of, the main
mechanical stirrer in the chamber [18]. Frequency stirring has a useful advantage
over other stirring methods as it does not require a physical stirrer within the
enclosure under test. A mechanical stirrer takes up space in the enclosure which may

be a problem if the enclosure has contents.

Two measurements are required to calculate SE. One with the enclosure in place and
the monopole antenna positioned inside and a second, reference measurement with
the enclosure removed from the set up. The SE can be calculated using these two

sets of measurements using equation (2.14).

2
(|521 ref| >
(|321 enc|2>

SE = 2010g10 (2.14)

The results of the measurement are shown in Figure 2.8. At frequencies below 3GHz,
the results should be ignored. The LUF (see section 2.2.3) of the enclosure is 3GHz
and so as the enclosure is not properly reverberant the results are not credible.
Above 3GHz, the SE varies between 0dB and 8dB. The SE of this enclosure is low as
the enclosure is empty and has a large aperture. Section 2.4 of this chapter discusses
what happens to the SE of the enclosure when absorbing contents are included in

the enclosure.
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Figure 2.7: Diagram of the SE measurement setup of an enclosure in the large
reverberation chamber
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Figure 2.8: Graph of the measured shielding effectiveness of an empty enclosure
with a single aperture
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2.3.3.3.  Anechoic Chamber Measurements

Anechoic chambers can also be used to measure the SE of enclosures. An anechoic
chamber absorbs EM fields in the materials which line its walls. This is to simulate an
open area as there are no reflections from the absorbing walls. Armstrong [27]
discusses using an anechoic chamber to calculate the SE of an enclosure by
measuring its Q factor. This method has the advantage of requiring only one set of
measurements (rather than the two sets of measurements needed in other methods;
with and without the enclosure) and the author states it is most useful for enclosures
with dominant aperture loss. A comparison between RCs and anechoic chambers is

presented in [28].

Anechoic chambers are sometimes preferred to RCs as the results are easier to
repeat as small variations in RCs can cause large variations in the field. Disadvantages
of anechoic chambers are that they can be much more time consuming as multiple
test positions and polarisations are required as the waves only come from one
direction at a time. RCs are also capable of much greater field strengths and so higher

levels of shielding can be measured.

2.3.4. Analytical Calculations of Shielding Effectiveness

Performing measurements to obtain the SE of an enclosure can be time-consuming
and requires specialist test equipment. Analytical methods, such as those created by
Robinson in [29], are an alternative method of finding the SE of an enclosure.
Robinson’s method calculates the SE of an enclosure with a rectangular aperture
using a circuit model. This method was developed further in [30] to include circular
and multiple apertures and enclosure contents. Nie and Du [31] have produced a
more accurate circuit model for when the aperture is positioned centrally in the

enclosure.

Hill [5] was the first to describe the power balance model which can be used to
calculate SE of enclosures at higher frequencies. This technique is discussed in
Section 2.5. Solin [33] used Hill’s method as a comparison against his analytical
solution for the SE of an enclosure with an aperture. Solin has also published other

formulas which can be used to calculate SE [34][35].
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The methods described above have generally been used for empty enclosures with
no contents, such as PCBs, inside. The next section looks at how the contents can

affect the SE of an enclosure.
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2.4. Shielding Effectiveness of Populated Enclosures

The previous section discussed the measurement of shielding effectiveness for
empty enclosures. This section looks at how contents can affect the SE of enclosures
and the methods available that take this into account. This is an area of research
which is not as well understood and not as widely researched as the SE of empty
enclosures. Due to this when designing and buying enclosures for equipment, the

contents of the enclosure are not often taken into account.

Introducing contents, such as PCBs, into an enclosure reduces the EM field inside the
enclosure as they absorb energy. Decreasing the internal field increases the SE of the
enclosure. This could lead to over shielding the contents as the SE of the populated
enclosure has been underestimated. A measurement of SE is first described to show

the effect contents can have on the SE.

2.4.1. Measurements in Reverberation Chambers

The same set up, test equipment parameters and method described in Section
2.3.3.2 were used to make a measurement of the same enclosure with a reco inside.
The reco is a set of representative contents designed to have the same absorption as
a PCB. Recos are discussed in Section 2.4.2 below and the recos used in the work
described in this thesis are described fully in Chapter 5. The reco used for this

measurement is a single sided reco with eight pieces of absorber on one side.

When making the measurement of an enclosure the reco was placed on a block of
polystyrene in the centre of the enclosure. A photograph of this set up is shown in

Figure 2.9.
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Figure 2.9: Photograph of the reco inside the enclosure

Once the measurement had been carried out Equation 2.7 was used to calculate the
SE. The results of this measurement are shown in Figure 2.10 with the empty

enclosure SE result for comparison.

The SE of the enclosure with the reco inside varies between approximately 10dB and
18dB above 3GHz. The SE is between 12dB and 14dB for the majority of this
frequency range. Including the reco in the enclosure has increased the SE by
approximately 10dB compared to the empty enclosure. This is a very significant
difference which shows that the contents of an enclosure need to be considered

when designing equipment.
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Figure 2.10: Shielding effectiveness of an enclosure with and without a reco inside

2.4.2. Representative Contents

When making SE measurements of enclosures a set of representative contents
(recos) can be used as a test PCB or surrogate enclosure contents. They are designed
to have properties, such as absorption, of a general PCB of the type that is of interest.
Recos may also be useful for numerical and analytical techniques where simplified
contents can be used for ease of calculation. An advantage of having a well-designed
set of recos is that they can be used for a wide variety of testing rather than only for

one specific EUT.

The Applied Electromagnetics Group (AEG) at the University of York (UoY) has
considered the effect of enclosure contents on shielding in a number of different
papers. The shielding power ratio was defined to provide a measurement to show
the SE of an enclosure whilst also taking into account its contents [36]. A set of recos

were used and this measurement technique could be carried out in both an anechoic
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and reverberation chamber. The same authors also proposed the shielding aperture
which is defined as the ratio of power absorbed by the enclosure contents to the
power incident on them [37]. This means that the absorption of the enclosure
contents (in this case a set of recos) is included in the results. This method takes
longer to carry out than other methods and the paper presents results up to 1GHz
only. The AEG have used a set of instrumented recos to carry out SE measurements
of populated enclosures in both reverberation and anechoic chambers [28]. One set
of instrumented recos consisted of a groundplane and carbon loaded foam which
was instrumented with magnetic surface field probes. A second set of recos consisted
of a ground plane with carbon loaded foam but used a comb generator as an emission
source which could be moved around the board. In these papers they show that the

position of the contents within the enclosure has an effect on SE.

Section 2.3.4 alluded to using Hill’s power balance model (PWB) to calculate the SE
of an enclosure. As well as including factors such as enclosure wall losses and
apertures, the contents of an enclosure are also considered. The next section
describes PWB in detail and includes an example SE calculation of an empty and

populated enclosure.
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2.5. Power Balance Modelling

Hill's power balance method states that the energy that enters an enclosure must
equal the energy dissipated in the four loss mechanisms which are described below
[5]. Using this power balance method allows the field strength in a cavity to be

calculated. The SE can then be calculated using equation (2.15).

2V
t

In this equation:

o V enclosure volume
e O, transmission cross section of apertures (see Section 2.5.2)
e A wavelength

e ( Q factor

If there is a significant amount of absorption by the contents of the enclosure (or by
the other loss mechanisms) there will be a low Q factor. This will result in a higher
shielding effectiveness value which we have seen in the measurements carried out
earlier in this chapter. Hill [5] models the total Q factor of an enclosure as a

summation of the individual Q factors of each loss mechanism as shown in (2.16).

Q_l = Q\A_/(llll + Q;blject + le}erture + Qc;r}tenna (2.16)

Each of these individual Q factors relate to the following:

e Quan Q factor of the loss mechanism of the cavity walls
*  Qobject Q factor of the power absorbed in lossy objects in the enclosure
* Quperture Q factor of aperture leakage

Qantenna Qfactor of power dissipated in the loads of receiving antennas

Each of these Q factors can be calculated using equations provided in Hill’s paper [5].

However, it may be considered easier to consider these loss mechanisms in terms of
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absorptions rather than Q factors. In [46], Junqua provides equations for each of the

loss mechanisms in an enclosure, these are discussed in the next sections.

2.5.1. Wall Losses in a Metallic Cavity

To calculate the wall losses in a metallic enclosure the following equation [46] is used:

(2.17)

. nfur[ 314
Twalls = 30 [ o |t T 320

In this equation:

a . .
® O, . absorption lossinthe enclosure walls

o A surface area of the enclosure walls
e ¢ speed of light in a vacuum

o f frequency

° U, relative permittivity of the enclosure wall material
° U permittivity of free space

e 05" conductivity of the enclosure wall material

o A wavelength

o V enclosure volume.

2.5.2. Transmission Cross Section of Apertures

The losses due to the transmission cross sections (TCS) of any apertures are a
significant form of loss in the enclosure. An ONERA report [46] provides equations to
calculate the cross section of apertures in an enclosure. The equations are used
depending on whether the aperture is considered electrically large or small

compared to the wavelength.

2.5.2.1.  Low Frequency Transmission Cross Section of an Aperture

For electrically small apertures a low frequency transmission cross section is used.
The ONERA report provides a number of different equations for different shapes of
apertures. For this thesis, only rectangular apertures are considered. The equation

for the transmission cross section of an aperture is given in(2.18).
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2 2m\* (2.18)
O-tsperture = W (7) ((lg + arznxx + arznyy)

For a rectangular aperture, the polarizability tensors in an infinite ground plane are

given by @, , @pxx aNd Ay,

S% b (2.19)
Y T3 VmE(e)a
) 32 ol (2.20)
fmex = 3 7r(K(e) — E(e)) )
3
g ey (2.21)
Amyy = 2
VT (8 E(e) ~ K(e)
The equations for e, E(e) and K(e) are given in (2.22), (2.23)and (2.24).
(2.22)
b 2
e=1-(3)
z (2.23)
1
K(e) = f(l —e?sin?0) 2.do
0
(2.24)

Vs
2
1
E(e) = f(l —e?sin?0)2.do
0

2.5.2.2.  High Frequency Transmission Cross Section of an Aperture
The high frequency TCS of an aperture is calculated using equation (2.25). The
enclosure aperture used in the work covered in this thesis is electrically large at the

frequencies of interest. Therefore, this equation is used for all PWB calculations.
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t Aaperture (2-25)

O-aperture - 4

In equation (2.25):

t

® Gaperture

transmission cross section of the aperture

o Agperture area of the aperture

2.5.3. Antenna Losses

When carrying out a measurement an antenna will need to be located in the
enclosure. Therefore, to be able to compare a measurement with a PWB the losses

for a receiving antenna need to be included in the model.

Equation (2.26) is used to calculate the loss due to the antenna in the enclosure [46].

2

Oant = =— (1 — |S111?
ant = g ( 15111%) (2.26)
In this equation:

® Ount Coupling cross section of the antenna

e Si1 reflection coefficient of the antenna

e (1-15;11%) Thisterm is the mismatch factor for the antenna

The reflection coefficient, S;;, used is the measured S;; collected when carrying out
the SE measurements described in this thesis. The reflection coefficients have been
interpolated using the interpl Matlab function as the data points in the measured

frequency range are different to those in the modelled frequency range.

2.5.4. Absorption Cross Section of Objects

The absorption cross section (ACS) of objects is left to the last section as this subject
is the main focus of this thesis. Knowledge of the ACS allows the energy absorbed by
an object to be quantified. The ACS of a lossy object is the surface area of a perfectly

absorbing object which would absorb the same amount of energy as the object being
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considered. As it is a measurement of surface area the unit of ACS is m2. Alternatively,
it can be defined as the power absorbed by the object under test divided by the
power density in the incident field. The ACS of a lossy object can be measured using
a RC [4]. As this thesis considers the contents of shielded enclosures the lossy objects

that will be considered are PCBs.

Usually ACS is measured or calculated for one object at a time. In real enclosures it is
probable that there will be several PCBs stacked together in different parts of the
enclosure. In this case, it is possible that the absorption of objects in the enclosure
may change due to the proximity of other objects and the walls of the enclosures
itself. In [4], Carlberg showed that the ACS of lossy objects is different when
measured individually and in groups. Melia also comments in his thesis [42] that he
observed changes in human body ACS when measuring in different positions (stood
up, sat down etc). He attributes this to a shadowing effect as surface area is reduced

and to using chairs made from different materials.

2.54.1.  Measured ACS in a Reverberation Chamber Calculation

As the PCBs are being measured in a reverberation environment the average ACS
shall be used. When measured in an RC the average ACS of an object is defined as
the ratio of the average power absorbed to the average power density of the incident

field and is calculated using (2.27),

(0q) = g(;o - G,lw> (2.27)

Where:

e (0,) average ACS of the object

o A wavelength,

e G,, mean nettransferfunction with the PCB

e G,, mean net transfer function without PCB (the reference

measurement).
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Gwo and Gno are calculated using equation (2.28):

(1S211%) (2.28)

e (I TRTD [ CETINEY

S,1 is the transmission coefficient measured between two antennas in the
reverberation chamber and S;; and S,, are the reflection coefficients of the two
antennas. Since here we are interested in relative ACS measurements the radiation

efficiencies of the antennas are assumed to be unity.

The brackets <...> in these equations indicate that averaging using mechanical or
frequency stirring (or both) has been used during the measurement. In this thesis,
the details of the stirring used for each measurement will be included in the relevant

measurement descriptions.

2.5.4.2.  Accuracy of ACS Measurements in a Reverberation Chamber
It is important to consider the accuracy of an ACS measurement in a RC. Carlberg’s
original paper [4] assumes a small relative error between Gwo and Gno Which are also

independent. This gives a measurement accuracy of:

8(o,) _ V2G. 6G (2.29)
(o) (G, —1)G

With 6G/G = k/VN, where k equals the number of standard deviations in the error
and N is the number of independent samples in the averaged measurement. G, is
Gno/Gwo- This equation shows that the smaller the amount of energy absorbed by

the EUT the greater the error as the difference between Gwo and Gy, is smaller.

Flintoft et al [43] developed this calculation by including the loading effect of the
object in the RC and the effect of the Rician K-factor. The K-factor is a measure of the
non-stochastic energy in the measurement i.e. the energy which has not been stirred;
either by the mechanical stirrer in the chamber or electronically using frequency

stirring.
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The equation used to calculate the uncertainty of an ACS measurement including the

RC being loaded by an object is given in (2.30)

1 (2.30)
a=——- >+ = |—=
L—1 12 Nilrtlr‘;loaded
L is the chamber loading factor and is given by
L1+ (0350) (2.31)
(010)

N is the number of independent samples in the measurement without an object in

the RC. This was discussed in Section 2.2.5 of this thesis.

The effect of unstirred energy in the RC is calculated using (2.32).

i + Kjyagea + Iz <W + Kz%adea>
mn
In this equation K is the Rician K factor discussed in Section 2.2.6. This can be

calculated using equation (2.33).

1(S21)1? (2.33)

K= 5 =0

2.5.5. Power Balance Model of an Enclosure

The previous sections explained how to consider individual parts of an enclosure. This
section will use these parts together to model a simple, single cavity enclosure with

and without contents.
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2.5.5.1.  Single Cavity Enclosure
The first model presented is a simple single cavity enclosure. Although unlikely to be
encountered in real engineering problems it is an important starting point to show

how including a single PCB in an enclosure can affect the SE.

Empty Enclosure Model

A diagram of an empty metallic enclosure with a single aperture in one wall of the
enclosure is shown in Figure 2.11. For the models presented it is assumed that the

walls of the enclosure are metallic and have a small amount of loss.

S1 So
— P t
< —> P
<  Pp
Pfwau
/
Figure 2.11: Empty metallic enclosure with a single aperture
In Figure 2.11, the symbols refer to the following:
e 5 power density external to the enclosure
e 5 power density internal to the enclosure
o Ploau power absorbed by the inside of the enclosure wall
e Pl power transmitted from the inside to outside of the enclosure
through the aperture
e P, power transmitted from the outside to inside of the enclosure

through the aperture

The power balance equation for cavity 1 is given in equation (2.34). This equation

states that the power absorbed by the wall, P{*, ,;;, and the power that leaves the
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enclosure through the aperture in the enclosure, P{,, is equal to the power that

enters the enclosure through the aperture, Pf,,.

Pf:wall + Pla:ant + P(gl = Plto (2.34)

The power absorbed by the walls is given in equation (2.35). In this equation o{*,,.u

is the ACS of the enclosure walls.

la:wall = O-la:wallsl (2.35)

The power absorbed by the antenna inside the enclosure is given in equation (2.36).

In this equation o7 4,; is the ACS of the antenna.

Plant = Of:antS1 (2.36)

Equations (2.37) and (2.38) define the power transmitted through the aperture in
each direction. The transmission cross section (TCS) of the aperture, o, is assumed

to be the same in each direction.

P51 = 0105, (2.37)

Plto = O-lt()SO (2.38)

Substituting the three equations for loss, (2.35), (2.36) and (2.37), into the power
balance equation, (2.34), gives the equation in (2.39). As the SE of an enclosure can
be defined as the ratio of the power density internal to the enclosure to the power
density external to the enclosure the SE of the enclosure can then be calculated using

equation (2.40).

0-1a:wallSI + 0faneS1 + 0'1toS1 = O'foso (2.39)
SE = i — O_la:wall + O_lazant + Ulto (2.40)
So I1o
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Equation (2.40) shows that as the absorption of the walls increases the SE of the

enclosure increases.

Empty Enclosure Calculation

Equation (2.40) can be used to calculate the SE of an enclosure. The parameters of
this enclosure have been chosen to match the enclosure described and measured in

Section 2.3.3.2. The results of the two methods can then be compared.

To calculate the SE of the enclosure using equation (2.40) the TCS of the aperture

and the ACS of the enclosure walls are calculated using equations (2.17) and (2.23).

To calculate the surface area of the walls for use in equation (2.17) the area of the
aperture in the enclosure was subtracted from the total surface of the enclosure. The
conductivity of brass is approximately 1.67x10’S/m. However, a value of
1.67x10°%S/m was used in the calculation. Past experience of measurements made in
metallic enclosures has shown that the wall conductivity can be reduced by a factor
of 10. The conductivity is adjusted to fit the cavity wall loss result. The reason for this
discrepancy has not been widely researched but it is suspected that surface effects,
such as surface roughness, could be the cause in the differences in the conductivity.
Benson [44] has previously shown that surface roughness can affect the attenuation

seen in waveguides.

Figure 2.12 shows the calculated values for the individual losses due to the wall, the
antenna and the aperture in the example enclosure. As the enclosure walls are
metallic they have a much lower loss than the aperture. As the high frequency TCS
approximation is used for the aperture the TCS remains constant throughout the
frequency range at 1.25 x 10*m?. The loss due to the antenna is small compared to

the enclosure walls and antenna.

Figure 2.13 compares the SE calculated using the PWB equations above and the

measured SE results presented in Section 2.3.3.2.

The SE of the modelled enclosure is between 2dB and 5dB. Over the frequency range

the SE increases; this is due to the absorption of the walls increasing over the
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frequency range, as shown in Figure 2.12. As the losses in the model are relatively
small the SE is correspondingly small. Although the measured SE shows more

variation the two methods of obtaining the SE show good agreement above 5GHz.
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Figure 2.12: Wall, antenna and aperture losses in an empty brass enclosure with
single aperture.
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Figure 2.13: Comparison of PWB modelled and measured SE of a single cavity empty
enclosure with an aperture.
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Enclosure Containing a PCB

The next configuration builds on the previous empty model by including a single reco
positioned centrally in the enclosure away from the enclosure walls. A diagram of the
PWB is shown in Figure 2.14. In this model P, ., is the power absorbed by the reco

and a1, is the ACS of the reco.

S S
! Pla:reco 0
Pf-ant
. 9 t
/ O-lcfreco Pox
< «—
a
1:wall

Figure 2.14: Power balance model of an enclosure with aperture and single, central
reco positioned centrally

Using the same method of substituting the equations for the loss mechanisms in the
enclosure into the power balance equations used in the previous section, the
absorption cross section of the reco is summed into the numerator of the expression.

_ ﬁ _ O-la:wall + O-la:ant + Ula:reco + O-lto (2'41)

= t
So 010

SE

Equation (2.41) shows that adding a reco into the model increases the numerator
giving a greater SE. As the ACS of the reco increases the SE of the enclosure will also
increase. In order to calculate the SE using this equation, the ACS of the reco, PCB or
object inside the enclosure needs to be found. The following chapters of this thesis,
investigate the ACS of PCBs and recos and how the ACS is used to predict the SE of

an enclosure with contents in using the PWB.

The two models presented in this chapter are very simple. Junqua et al. [46] use a

power balance method to model multiple cavities. Their work shows that a network
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formulation of the power balance method is a useful tool for high frequency analysis
of enclosures with more than one cavity. Hill’s original work considered single cavity
problems. However, a more realistic enclosure may be separated into different
cavities by enclosure contents, such as PCBs, or by partitions which form the internal
structure of the enclosure itself. The multi-cavity power balance model can be used

to calculate the SE of these more complex enclosures.
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2.6. Summary

This chapter provided background information on the subject of reverberant
environments and shielded enclosures. The chapter introduced the theories and

concepts that will be used throughout this thesis.

The SE of an enclosure with and without contents was measured and the results
presented. Including a reco in the enclosure increased the SE by 10dB. A PWB of this
enclosure was also created. The SE of the empty enclosure calculated using the PWB
showed good agreement with the measured SE. In order to calculate the SE of an

enclosure with contents, further information on the ACS of objects is required.

In the measurement described in Section 2.4.1 the reco was positioned in the centre
of the enclosure. In a ‘real’ equipment enclosure, PCBs and other contents may be
positioned stacked together and close to the enclosure walls. The next chapter of this
thesis investigate the measurement of ACS of PCBs and how the ACS changes in
different situations, for example, when the PCB is positioned next to a wall. This
information is then used in Chapter 7 to determine the SE of complex enclosures

using the multi-cavity power balance model.
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Chapter 3

Absorption Cross Section of Printed

Circuit Boards
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3.1. Overview

Chapter 2 discusses the SE of enclosures and shows why it is important to quantify
the effect of contents on SE. Chapter 2 also explains how the ACS of contents, such
as PCBs, is a method of doing this. This chapter discusses ACS and how it is measured
in a reverberation chamber. ACS measurement results are presented for a set of PCBs
which are measured individually and a subset measured in a number of stacked

configurations.
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3.2. Printed Circuit Boards under Test

Four information and communication technology (ICT) cabinet enclosures were
provided to the AEG by Huawei for use in a research project [47]. Two of the
enclosures have dimensions of 440mm x 305mm x 85mm (size 2U enclosures). One
of the enclosures is fully populated with PCBs, shown in Figure 3.1, and the other is
unpopulated and has blanking plates to cover the PCB slots. The other two enclosures
have dimensions of 440mm x 235mm x 265mm (size 6U enclosures). Again, one is
populated and one is unpopulated with blanking plates. PCBs from both sizes of

enclosure were used throughout this work.

Figure 3.1: Photograph of the 6U enclosure populated with PCBs. The photograph
has been blurred, at the request of Huawei, to preserve design confidentiality.

The 6U enclosure contains 12 PCBs and the 2U enclosure contains 11 PCBs. Table 3.1
lists the dimensions and type of each PCB. The PCBs are a variety of sizes and range
from having a few components and little shielding to having a significant amount of
components and shielding covering the PCB. The dimensions, component coverage
and shielding coverage are used to classify the PCBs. The depth of the PCBs is
measured as the depth of the front plate not the depth of the PCB substrate or its
components. Figure 3.2 shows photos of each type of PCB.
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High component, low shielding Low component, low shielding coverage

coverage — 6U PCB1 —6U PCB11
High component, high shielding Low component, high shielding
coverage — 2U PCB3 coverage, double sided PCB — 2U PCB9

Figure 3.2: Photographs of each classification of PCB. The photograph has been
blurred, at the request of Huawei, to preserve design confidentiality
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Table 3.1: Details of the PCBs used for ACS measurements in the RC

C t
Name Dimensions (mm) omponen Shielding Coverage
Coverage
6U_PCB1 365x210x 20 High Low
6U_PCB2 365x210x 23 High Low
6U_PCB3 365x210x 20 High Low
6U_PCB4 365x210x 20 High Low
6U_PCB5 365x210x 20 High Low
6U_PCB6 365x 210 x 20 High Low
6U_PCB7 365x210x 10 High Low
6U_PCBS8 365 x 210 x 25 High Low
6U_PCB9 210x 170 x 25 High Low
6U_PCB10 210x 170 x 25 High Low
6U_PCB11 210x 170 x 25 Low Low
6U_PCB12 210x 85x 25 Low Low
6U_PCB13 210 x 150 x 25 High Low
2U_PCB1 283 x145x 20 High Low
2U_PCB2 283 x145x 20 High Low
2U_PCB3 283 x 145 x 20 High High
2U_PCB4 283 x 145 x 20 High High
2U_PCB5 283 x 145 x 20 High Low
2U_PCB6 283 x 145 x 20 High Low
2U_PCB7 283 x 145 x 20 High Low
2U_PCB8 283 x 145 x 20 High Low
2U_PCB9* 283 x 75 x 40 Low High
2U_PCB10* 283 x 75 x 40 Low High
* These PCBs consist of two PCBs, separated 40mm apart with spacers.
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3.3. Measuring ACS in a Reverberation Chamber

The small AEG reverberation chamber described in Section 2.2.8.1 was used to carry
out all ACS RC measurements described in this thesis. The ACS measurement setup
is shown diagrammatically in Figure 3.3; a photograph from the open top of the
chamber with no PCB is shown in Figure 3.4 and a photograph with the PCB inside in
Figure 3.5. A stepped mechanical stirrer, controlled by a PC external to the
reverberation chamber, was used to stir the chamber using 100 positions uniformly
spaced over one rotation. A VNA was used to collect a full set of S-parameters
between two monopole antennas. 10,001 points were taken over the frequency
range of 1GHz to 20GHz with a sweep time of 4.5 seconds. Frequency stirring, using
a bandwidth of 50MHz, was applied to the measurement data. A polystyrene sheet
was used to support the PCBs in the working volume of the chamber above the

stirrer.

Two sets of measurements are required to calculate the ACS; one with the object in
the reverberation chamber and a second reference measurement with the
reverberation chamber empty. One reference measurement was carried out on each

day measurements were being made.

74



VNA

PC

PCBs

Polystyrene

e

Motor

"
Port 2 Antenna

=

Port 1 Antenna

Figure 3.3: Side view of the ACS measurement set up in the small RC
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Figure 3.4: View from above the RC set up showing the stirrer in the centre,
supports for the polystyrene and antennas in the bottom left and top right

Figure 3.5: View from above the RC set up showing the PCB under test supported
in the working volume of the chamber on a polystyrene sheet through the chamber
access opening
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3.4. ACS of Individual PCB Measurement Results

3.4.1. Validation of ACS Measurement

A validation of the ACS measurement was carried out using the object shown in
Figure 3.6. It consists of a sheet of metal with a sheet of LS22 radio absorbing material
(RAM) [47] placed on it. A number of waveguides were taped together in order to
make ACS of the validation object frequency dependent. Each waveguide had
dimensions of 22mm x 22mm x 76mm and are positioned vertically on the LS22
sheet. The maximum size of the wavelength that can propagate down the waveguide
determines the cut-off frequency, f;, of the waveguide (3.1) [49]. In this case, this

frequency is 6.8GHz.

c
fo =5 = 68GHz (3.1)

Below this frequency the area of RAM covered by the waveguides does not absorb

any energy as the wavelength becomes too large to travel through the waveguide.

Above this frequency the majority of the RAM can absorb and the ACS will increase.

Figure 3.6: Photograph of the LS22 cube used for the ACS validation measurement
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Figure 3.7 shows the result for this validation test. It can be seen that at
approximately 7GHz the ACS increases. This is what is expected from the calculation
in (3.1) which gives a cut-off frequency of 6.8GHzand so provides confidence in the

measurement.

..........................................................................................

—
D|

Average Absorption Cross Section (n‘?)

Frequency (GHz)

Figure 3.7: ACS of the LS22 cube as measured in the small RC
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3.4.2. Absorption Cross Section of Individual PCBs

Each of the 23 PCBs described in Section 3.2 were measured individually in the small
RC. This is to aid understanding of how ACS varies with frequency for a PCB and to

see if there are any noticeable trends depending on the type of PCB.

During the measurements, each PCB is placed in the centre of the polystyrene

support in the same orientation each time, as shown in Figure 3.5.

Figure 3.8 shows the measured ACS of a selection of individual PCBs. The ACSs of all
the PCBs can be found in [48]. Table 3.2 lists the details of these PCBs. For the
majority of the PCBs the ACS ranges from 2x103 m? to 8x103 m?. The surface area of
the PCBs with dimensions of 283mm by 145mm is approximately 0.082mm?.
Therefore, the ACS of these PCBs is between 3% and 10% of the physical area of the
PCBs.

6U_PCB12 has smaller dimensions than the other PCBs and so has a smaller ACS of
between 3x103 m? to 5x10“ m?. It also has a greater variation in ACS with frequency
which could be due to its smaller size. The ACS of 6U_PCB12 is between 1% and 9%
of its physical area. The PCBs that have little shielding and those with a high
component density have the highest ACSs. 2U_PCB3 has more shielding on its surface
and has a slightly lower ACS than the other PCBs of the same size. The results show

that the type of PCB, its components and dimensions greatly affect the ACS.

Measuring the ACS of individual PCBs has shown that, as expected, the amount of
energy absorbed by the PCBs is heavily dependent on the size of the PCB. The type
of PCB (for example whether it has a high amount of component or metallic
coverage) is also a good indicator of whether the PCB will have a higher or lower ACS.
The results for a single PCB measured in the centre of a reverberation chamber have
been shown. However, in more realistic situations, it is unlikely that a single PCB
would be sitting alone in the centre of an enclosure. The next section looks at stacked

PCBs and how this affects the amount of energy absorbed by the PCBs.
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Table 3.2: Summary of PCB types shown in Figure 3.8

Component Shielding

PCB Dimensions, mm
Coverage Coverage

2U_PCB2 283 x 145 x 20 High High

2U_PCB3 283 x 145 x 20 High High

2U_PCB5 283 x 145x 20 High Low

2U_PCB9 283 x75x 40 Low High

6U_PCB12 210x 85x 25 Low Low

10—

T

—
o
T T
—3=

|—2UPCB2 |
—2U PCB3
= 2UPCBS |
| | | 2UPCB9

” | ; | 6UPCBI2

102 3 4 5 6 7 8 910 20

Frequency (GHz)

Average Absorption Cross Section m)

Figure 3.8: Measured ACS of a selection of the individual PCBs under test
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3.5. ACS of Stacked PCB Measurement Results

3.5.1. PCB Configuration

The ACSs of four PCBs in different stacked configurations have been measured. The
PCBs used in these measurements are 2U_PCB5 to 2U _PCB8 and have been
described in Section 3.2. Each of these PCBs has dimensions of 283mm x 145mm and
is classed depending on its shielding and component coverage. The ACS of each

individual PCB has been measured and described in [48].

The ACS of the following stacks of PCBs was measured. The PCBs in each
configuration were grouped together as they would be when installed in the ICT

enclosure.

e All four PCBs

o 2U_PCBS5,2U_PCB6, 2U_PCB7, 2U_PCBS8
e Two sets of three PCBs

o 2U_PCB5,2U_PCB6, 2U_PCB7

o 2U_PCB6,2U_PCB7, 2U_PCBS
e Three sets of two PCBs

o 2U_PCB5,2U_PCB6

o 2U_PCB6,2U_PCB7

o 2U_PCB7,2U_PCBS8

A plastic backplane was used to hold the stack of PCBs together. The spacing between
the PCBs was 20mm; the same as when installed in their enclosure. The backplanes
of the PCBs were not connected together during these measurements; however the
front plates of the PCBs were in contact. Again, the stack of PCBs was placed in the
centre of the RC and measured in the same position each time. All four PCBs are

shown stacked together in Figure 3.9.
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Figure 3.9: Photograph of all four PCBs stacked together with the plastic backplane.
The photograph has been blurred, at the request of Huawei, to preserve design
confidentiality

3.5.2. Measured ACS of Stacked PCBs

Figure 3.10, Figure 3.11 and Figure 3.12 each show three different sets of ACS

measurements. Each graph shows:

e the ACS of each PCB measured individually
e the sum of the individual PCB ACSs

e the ACS of the PCBs when measured stacked together.

Figure 3.10 shows the results for two of PCBs, 2U_PCB5 and 2U_PCB6, stacked
together. In the figure it can be seen that the ACS of the stacked PCBs is less than the
summed ACSs of the individual PCBs. With a stack of two PCBs, below 10 GHz the ACS
is reduced to approximately 75% of the sum of individual ACSs, a difference of
2.5 x 10°* m2, Between 10 GHz and 20 GHz the difference between the measured and

summed ACS reduces to about 103 m?, a reduction to 85% of the summed value.

Figure 3.11 and Figure 3.12 show a similar outcome for stacks of three and four PCBs.
Figure 3.11 shows that for a stack of three PCBs there is a difference of approximately
5 x 103 m? between the summed and measured cases. This is a reduction to around

80% of the summed value. For the stack of four PCBs shown in Figure 3.12 the ACS is
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reduced to approximately 75% of the summed ACS value with a difference of

approximately 5 x 103 m?, which reduces slightly as frequency increases.

The reduction in ACS shows that there is a ‘shadowing’ effect reducing the ACS when
the PCBs are stacked together. The proportion it is reduced by increases as the
number of PCBs in the stack increases. In the case of two PCBs, there are a total of 4
sides (each PCB has two sides). When the PCBs are stacked together two of the four
sides are close together (are ‘shadowed’) which is 50% of the total PCB surface area.
The two outer PCB sides have nothing shadowing them. When four PCBs are
considered there are 8 sides in total and 75% of the surface area is shadowed.

Therefore, the ACS is reduced more when there are more PCBs in a stack.

r ! ! ! ! T
: | : ‘ - P 2UPCB5
i | 2UPCBe
.|~ 2UPCB5 +PCB6
— i |~ 2UPCBS5 and € Stacked
E H !
e S B ii il i _
2
3
|
o
£
1
<]
4
%
2 E
< s
. z z s o
10 | | | | | | | |
2 3 4 5 6 7 8 9 10 20
Frequency (GHz)

Figure 3.10: Measured ACS of two stacked PCBs showing ACS of each individual
PCB, the summation of these and the measured ACS of both PCBs when stacked
together
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Figure 3.11: Measured ACS of three stacked PCBs showing ACS of each individual
PCB, the summation of these and the ACS of the PCBs when stacked together
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Figure 3.12: Measured ACS of four stacked PCBs showing ACS of each individual
PCB, the summation of these and the ACS of all PCBs when stacked together
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Figure 3.13 shows the measured ACS of all six configurations of stacked PCBs. The
ACSs are grouped together depending on the number of PCBs stacked and it can be
seen that as the number of PCBs in the stack increases the ACS also increases. This is
to be expected as the greater the number of PCBs the greater the surface area there
is to absorb energy. However, as observed in Figure 3.10 to Figure 3.12, as the

number of PCBs in the stack increases the greater the reduction in ACS is.
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Average Absorption Cross Section (nf)
=

. ; SN N S N N
Frequency (GHz)

Figure 3.13: Measured ACS of all stacked configurations of the PCBs

The ACSs of four individual PCBs and six configurations of stacked PCBs have been
measured in a RC over the frequency range of 2GHz to 20GHz. The results shown in
this section show that stacking PCBs close together reduces the total ACS. This effect
is increased with a greater number of PCBs. The results show a ‘shadowing’ effect

occurs which reduces the ACS of stacked PCBs.
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3.6. Absorption Efficiency of Individual and Stacked PCBs

Not all of the energy incident on the PCB or object inside the RC will be absorbed,
even when the PCB is measured on its own. Unless it is a perfect absorber, some of
the energy will be reflected from the surface of the PCBs or objects being measured.
The average absorption efficiency, <Q.>, is the proportion of the energy incident on
the object which is absorbed [47]. The parameter is an averaged quantity as it is being
calculated from a reverberation chamber measurement. Knowing how absorption
efficiency changes with different PCBs allows us to see what type of PCBs absorb

different amounts of energy as the dimensions of the PCBs have been normalised.

The average absorption efficiency can be calculated from the ACS using equation

(3.2).

_{og) (3.2)
(Qq) = 2

N

(Q,) is the average absorption efficiency and A is the average silhouette area of the

PCB calculated using equation (3.3).

(3.3)

In (3.3) Sis the surface area of the object under test. For individual PCBs, the surface
area is simply taken as 2 x (length x width). The depth of the PCB and its components
are not taken into account in order to simplify the calculation. It would be
significantly time consuming to calculate the surface area of the PCB and all its

components.

Figure 3.14 shows the absorption efficiency of the set of PCBs whose results are
shown in Section 3.4.2. The absorption efficiency has been calculated using equations
(3.2) and (3.3) and the PCB dimensions stated in Table 3.2. For this set of PCBs the

absorption efficiency ranges from approximately -12dB to -4dB.
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PCBs 2U_PCB2, 3 and 5 have similar absorption efficiency which lies between -8dB
and -6dB for the majority of the frequency range. As frequency increases the
absorption efficiency is slowly decreasing. For these PCBs, the only difference is that
2U_PCB5 has low shielding coverage; all three of these PCBs have the same

dimensions and a high coverage of components.

PCBs 2U_PCB9 and 6U_PCB12 have an absorption efficiency of approximately -4dB
to -2dB, lower than the other three PCBs. 2U_PCB9 is smaller in width than the first
three PCBs and is made up of two stacked PCBs. As absorption efficiency is being
considered the smaller dimensions are not the cause of the lower absorption
efficiency. The reduction in absorption efficiency indicates some shadowing between
the two PCBs where the power is not able to be absorbed as efficiently as the
individual PCBs. 6U_PCB12 is significantly smaller than the other PCBs. This could
explain why it shows a greater variability in absorption efficiency; it could be almost
too small to measure in the RC. It also has a very low amount of components
compared to the other PCBs. The three PCBs with higher absorption efficiency all
have high component coverage. This could show that a lot of the energy is being

absorbed into the components which increase the PCB’s absorption efficiency.
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Figure 3.14: Measured absorption efficiency of the individual PCBs whose ACS
results are shown in Section 3.4.2
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Figure 3.15 shows the absorption efficiency of each set of stacked PCBs. The
absorption efficiency of the stacked PCBs has a much smaller spread than the
individual PCBs as the size of the PCB has been normalised. Figure 3.16 shows the
absorption efficiency of the stacked PCBs in more detail. The stacks of PCBs have an
absorption efficiency between -10dB and -5dB and have a similar structure to each
other throughout the frequency range. In Figure 3.16 it is possible to see that the
absorption efficiency decreases as the number of PCBs in the stack increases. The
difference between the highest and lowest absorption efficiency is approximately
1.5dB which is a small but still noticeable difference. This indicates that that as a
greater total surface area is being shadowed in the stacks of PCBs, less power than
expected can be absorbed. This is similar to 2U_PCB9 having a smaller absorption
efficiency in Figure 3.14. The next section explores the ‘shadowing’ effect in more

detail.
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Figure 3.15: Measured absorption efficiency of all stacked configurations of the
PCBs
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Figure 3.16: Detailed measured absorption efficiency of all stacked configurations
of the PCBs
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3.7. Shadowing Factor of Stacked PCBs

The ACS results for the stacked PCBs showed a reduction in ACS compared to the sum
of the individual PCBs. It is clear that stacking the PCBs causes a ‘shadowing’ effect
to occur where less energy is absorbed between the PCBs. This is because the

average silhouette area of the stacked PCBs has been reduced.

A shadowing factor, y, has been defined in [47] and shown in equation (3.4). A; is
the average silhouette area of the PCB and S is the surface area of the PCB. In (3.4),
Ay is being reduced by the shadowing factor, y. The shadowing factor is the factor
which Ag is reduced by when PCBs are situated close together. In most cases, y will
be >0and < 1. As y approaches zero a greater amount of shadowing is occurring. As
it approaches one, the proximity between the PCBs has less effect. In the case of y
being greater than one this could either indicate a problem with the measurement
or that the shadowing is having an adverse or unusual effect on the measurement,

such as resonances forming between the PCBs.

12 (3.4)

The shadowing for each set of PCBs was calculated using equations (3.5) to (3.7). The
full derivation of the shadowing factor can be found in [47]. These equations assume
that, as the PCBs are the same size, the shadowing factor is the same for each PCB. If
the PCBs were different sizes different shadowing factors would need to be

calculated; this is outside the scope of this thesis.

In equations (3.5) to (3.7) (o, ) is the absorption cross section of a single PCB or of a
stack of PCBs. The x can refer to either a single PCB or a stack of PCBs. For example,

(05.6,7) is the ACS of a stack of three PCBs consisting of PCB5, PCB6 and PCB7.
For a stack of two PCBs:

_ 2(07,8) 1 (3.5)
r= (07) + (0g)
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For a stack of three PCBs

_ 2(“5,6,7) —(05) — (07) _
~ {os) + 2(06) + (07)

For a stack of four PCBs

_ 2(05678) — (05) — {(0g) _
~ (05) + 2(06) + 2(a7) + (0s)

(3.6)

(3.7)

The shadowing factor has been calculated for each stack of PCBs and the results

shown in Figure 3.17. Figure 3.17 shows the shadowing factor for each set of stacked

PCBs calculated from (3.5), (3.6) and (3.7). Generally, the shadowing factors show

similar structure to each other throughout the frequency range and the values are

between 0.5 and 0.9. These values mean that 10% to 50% less power is being

absorbed in the stacks of the PCBs compared to the individual PCBs.
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Figure 3.17: Shadowing factor of each set of stacked PCBs
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3.8. Summary

In this chapter, the measurement and calculation of the ACS of individual and stacked
PCBs has been looked at in detail. Measuring the ACS of a PCB in an RC, although time
consuming, is a relatively easy measurement to make. It is important to consider the
installation of the PCBs within their equipment enclosure. The results in this chapter
have shown that when PCBs are stacked together, the ACS is reduced from what
might be expected. Therefore, it is important to take factors such as this into account

when calculating the SE of an enclosure populated by PCBs.

From looking at the individual PCB measurement results it can be seen that ACS is
very dependent on the size of the PCB as well as the amount of components and
metallic coverage the PCB has. When the PCBs are stacked together, as they may be
in a real enclosure, the ACS is reduced from what might be expected. This is due to a
shadowing effect. As the number of PCBs in the stack increases there is a greater
reduction in ACS. This is because a larger proportion of the total PCB surface area is

covered.

The next chapter of this thesis explores the changes in ACS when PCBs are placed in
different positions inside an enclosure. This information will allow a more accurate

prediction of SE.
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Chapter 4

Changes in Absorption Cross Section
due to Position in a Reverberant

Environment
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4.1. Overview

In the previous section, it is shown that stacking the PCBs together to better
represent a realistic enclosure reduces the ACS. This is due to a ‘shadowing’ effect
which is created as PCBs are positioned closer together. A similar situation to this is
when the PCBs are close to the enclosure walls or in different positions throughout

the enclosure.

In this chapter, it is shown how the ACS of PCBs changes depending on the location
in a reverberant environment. As technology progresses enclosures are getting
smaller and the contents, such as PCBs, are filling up a greater proportion of the
enclosures. Therefore, in addition to looking at stacked PCBs it is also necessary to
look at what happens when the PCBs get closer to the enclosure walls. Shielded
enclosures and reverberation chambers are both reverberant environments; as
discussed in Chapter 2. Therefore, it is possible to look at the effects of position in an

enclosure by measuring the ACS in different positions in a RC.
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4.2. Changes in ACS due to Position in Reverberation Chamber

Measurements

The PCBs under test have been placed in several different locations in the RC
including some with the PCBs close to the reverberation chamber walls, in both
parallel and perpendicular orientations. If the ACS of the PCBs changes when
positioned in different locations, this will change the internal EM field in an enclosure

which will correspondingly change the enclosure SE.

4.2.1. Position of PCBs in the Reverberation Chamber

Three PCBs were measured and photographs of each are shown in Figure 4.1. The
PCBs used were 6U_PCB1, 6U_PCB5 and 6U_PCB11 and they have been described
previously in Section 3.2. In this chapter they will be referred to as PCB1, PCB5 and
PCB11 for brevity. As a reminder, PCB1 and PCB5 have dimensions of 365 mm x
210 mm x 20 mm and 283 mm x 145 mm x 15 mm respectively. These two boards
have a good coverage of components and metallic parts on them, including
connectors, integrated circuits, passive components and heat sinks. PCB11 is a
smaller board and has dimensions of 210 mm x 80 mm x 20 mm. It also has fewer

components than the other two boards.

A number of measurements were made with the PCBs in different positions and
orientations. These are shown in Figure 4.2. Each PCB was measured lying flat, with
the component side of the board facing up, in the centre of the polystyrene. These
measurements were used as reference measurements for comparison to the

locations close to the walls and other measurement positions and orientations.

PCB1 was used for the majority of the measurements. It was measured lying flat on
the polystyrene in different positions including component side up, component side

down, rotated 90° and positioned with one of its edges next to the wall.
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PCB1 PCB5

PCB11

Figure 4.1: Photographs of each of the PCBs tested. The photograph has been
blurred, at the request of Huawei, to preserve design confidentiality.
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Figure 4.2: Plan view of the different PCB positions in the reverberation chamber
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PCB11 was measured balanced on one edge in the centre of the polystyrene, away
from the chamber walls in the centre of the RC. Two small pieces of polystyrene were
placed either side of the board to keep it upright. This board was used rather than
PCB1 as it could be balanced on its side without falling over due to the front plate’s

larger size.

PCB5 was used for the measurements where the PCB was placed parallel to the wall.
This board was used as it has lower profile components on one side which allows the
board to be slotted into a piece of polystyrene to keep the board in position during
the measurements. PCB5 was measured positioned parallel to the chamber wall
10 mm from the wall and 20 mm from the wall. This was carried out with both the
back of the PCB (flat side with fewer and smaller components) and front of the PCB

(component side) facing the reverberation chamber wall.

A full list of measurement positions is given in Table 4.1; the positions are given

relative to the central reference position described above.
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Table 4.1: PCB measurement positions

Position Number Position PCB
PCB1
1 Centre PCB5
PCB11
2 Centre 90° clockwise PCB1
3 Centre upside down PCB1
4 50 mm left PCB1
5 50 mm right PCB1
6 100 mm right, PCB edge against wall PCB1
7 220 mm down, PCB edge against wall PCB1
8 Centre on side, perpendicular to polystyrene sheet | PCB11
10 mm away from wall, back facing PCB5
9
10 mm away from wall, front facing PCB5
20 mm away from wall, back facing PCB5
10
20 mm away from wall, front facing PCB5
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4.2.2. Changes in Measured ACS due to PCB Positioning

The measured ACS of PCB1 in different positions and orientations in the
reverberation chamber is shown in Figure 4.3, Figure 4.4 and Figure 4.5. For the
central reference measurement shown in these figures the ACS rises from 5 x 103 m?
at 2 GHz to 8 x 10* m? at 3 GHz and then decreases to 5 x 103 m? at 5 GHz. From

5 GHz to 20 GHz the ACS remains relatively flat.

Figure 4.3 shows the ACS when the PCB is in different positions in the centre of the
chamber; lying flat with the front side (component side) facing upwards, rotated 90°
and lying flat with the back of the PCB facing upwards. The graphs show that there is
minimal change in ACS between the central, reference position and the other

measurement positions.

Figure 4.4 shows the ACS when the PCB is positioned lying flat on the polystyrene in
the centre position and then in two positions with one edge just touching the
reverberation chamber wall. For the position where the PCB is 100 mm to the right
from the centre position, one short edge of the PCB is touching the wall. For the
220 mm down from the centre the front panel of the PCB is touching the wall. Again,
it can be seen that there is little difference between the measurement positions even

when the PCB is close to the reverberation chamber wall.

Figure 4.5 shows the ACS when the PCB is moved to the left of the centre position by
50 mm and to the right of the centre position by 50 mm and 100 mm, the latter in
the touching the wall position. As before, the ACS does not vary significantly between

measurement positions.
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Figure 4.3: Measured ACS of PCB1 placed in the centre of the polystyrene, rotated
90° and turned upside down
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Figure 4.4: Measured ACS of PCB1 placed in the centre of the polystyrene and
moved 100 mm right from the centre position so that the edge of the board is
touching the reverberation chamber wall and 220mm down from the centre
position so the front panel of the board is touching the chamber wall
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Figure 4.5: Measured ACS of PCB1 placed in the centre of the polystyrene and
moved left 50 mm and right 50 mm and 100 mm
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Figure 4.6 shows all results for PCB1 on one graph for comparison. The graphs show
that putting this PCB in different measurement positions in the chamber produces
little change in ACS even when moved against the chamber wall; the ACS is
independent of position and orientation in the chamber when this PCB is

perpendicular to the chamber walls.

This is because the PCBs are being measured in a reverberant environment. When
mechanical and frequency stirring is used the EM field should be uniform in the
working volume of the RC and the ACS would not be expected to change. However,
when the PCBs are against the wall the part of the PCB nearest the wall is outside of
the working volume. Therefore you might expect to see some change but this is not
the case. This could be because only a small section of the PCB is outside the working

volume and this is not enough to make a change.
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Figure 4.6: Measured ACS of PCB1 in all positions
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Figure 4.7 shows the measured ACS of PCB11 when the PCB is stood on one of its
long edges in the centre of the working volume of the chamber. The ACS for PCB11
in the centre position varies between 102 m? and 3x103 m2. The ACS of this PCB is
smaller than that of PCB1 as the size PCB is smaller. Again, the ACS of the PCB does

not change significantly when positioned balanced on its side.
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Frequency (GHz)

Average Absorption Cross Section (rﬁ)

Figure 4.7: Measured ACS of PCB11 placed in the centre of the polystyrene
horizontal (flat on polystyrene) and when the PCB is balanced vertically on its edge
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Figure 4.8 shows the measured ACS of PCB5 in each of its measurement positions.
The board was measured in the centre of the working volume of the reverberation
chamber and then in four positions close to and parallel to the wall of the
reverberation chamber. These positions were 10 mm and 20 mm from the wall with

the back and the front (component side) of the PCB facing the wall.

For the case where the front of the PCB is facing towards the wall at a distance 20 mm
away, the ACS is generally between 3x103 m? and 5x103 m? from 2 GHz to 4 GHz.
This compares to between 3x103 m? and 8x103 m? when the board is in the centre
position or with the back facing the chamber wall. This is a reduction in ACS of 10%
to 50% in this frequency range. After 4 GHz the ACS is generally 10% less than the

centre position.

When the PCB is 10 mm away from the chamber wall and with the front facing it the
ACS is significantly lower than that of the centre and back facing positions from 2 GHz
to 8 GHz. Between 2 GHz and 3 GHz it is reduced by between 20% to 50%. After 8 GHz
the ACS becomes closer to the reference ACS but is still 10% to 20% lower. In both
cases, the ACS is reduced by approximately 40% at 3 GHz and between 3 GHz and
8 GHz the 20 mm case is reduce by 30% from the ACS measured in the centre

position.

Between 2 GHz and 3.5 GHz the front facing PCB ACS is approximately the same when
the PCB is both 10 mm and 20 mm distance from the wall. After 3.5 GHz and up to
around 8 GHz the difference between the ACS at 10 mm and 20 mm distance from
the wall becomes more significant. A distance of 10 mm is a quarter wavelength at
7.5 GHz and a distance of 20 mm is a quarter wavelength at 3.75 GHz. These two
frequencies are when the difference between the 10 mm and 20 mm ACS is greatest.
It might be expected that this would actually occur at a difference of half a
wavelength. As the reverberation chamber wall is a good conductor and the PCB side
is absorbing this can be explained by image theory [50]. These results might be
expected that as the measured ACS of a board changes as it is brought closer to the
chamber walls. This is due to the change in field distribution and possible shadowing

of one side of the PCB from the chamber. Usually it is advised to keep objects under
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test at least a quarter wavelength (37.5 mm at 2 GHz) away from the chamber walls

in order to remain within the working volume of the reverberation chamber [9].
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Figure 4.8: Measured ACS of PCB5 placed in the centre of the polystyrene and when
board is parallel to the reverberation chamber wall at different distances from the

wall and with different faces of the PCB facing the wall
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4.3. Summary

The ACS of three different PCBs in a number of different positions and orientations
in a reverberation chamber has been measured over the frequency range 2 GHz to
20 GHz. Generally, it has been found that when the PCB is perpendicular to the
reverberation chamber walls different measurement positions have little effect on
the ACS, even when the PCB is positioned close to the wall. However, placing the PCB

parallel to the chamber wall did show some differences in ACS.

When the back of the PCB was facing the wall little difference was seen in ACS
compared with the ACS in the centre positions for both the 10 mm and 20 mm
distances from the wall. However, when the front of the PCB was placed facing the
reverberation chamber wall the ACS was observed to be lower than both the centre
and back facing measurements. In this situation the ACS is reduced up to 30% of the
ACS of the board when placed in the centre of the chamber working volume. The
distance between the PCB and RC wall also affected the measured ACS. At
frequencies below which the distance between the PCB and the chamber wall is a
qguarter of a wavelength the ACS is most reduced. At frequencies above this the ACS

becomes closer to the centre position PCB ACS.

In the previous chapter, stacks of PCBs were shown to have a lower ACS than
expected due to ‘shadowing’. This has been looked at in more detail in this chapter
by looking at the effect of placing PCBs in different locations in a reverberant
environment. The ACS does not change except when positioned close to, and with
the components facing, the RC wall. As the ACS of one side of the PCB is reduced it is
important to know the ACS of each, individual side of the PCB. The next chapter looks

at how to measure and calculate the ACS of one side of a PCB.
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Chapter 5

Absorption Cross Section of One Side of

a PCB
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5.1. Introduction

The previous chapter shows that when a PCB is not large enough to segment an
enclosure into smaller cavities generally the ACS does not change depending on the
PCB position inside the enclosure. However, when the PCB is close and parallel to an
enclosure wall the ACS can change significantly. In this case, the ACS of one side of
the PCB is greatly reduced and the side facing away from the wall is the predominant
absorber. It is important to know the ACS of one side of a PCB so the reduction in ACS
can be taken into account in any calculations carried out to predict the overall SE of
an enclosure. The one sided ACS is also required if PCBs are stacked together or if
considering an enclosure segmented into smaller cavities by PCBs. When considering
the absorption in each cavity, the ACS of the side of the PCB in each cavity is needed,
not the total ACS of the PCB.

This chapter investigates methods that could be used to extrapolate the ACS of a
single side of a PCB by carrying out ACS measurements in the small RC. A set of
representative contents (recos) have been measured as well as a selection of the
PCBs previously measured (shown in Chapter 3). The single sided ACS of a PCB can
then be used to model the PCB as an absorbing wall in a power balance model, or if

PCBs are stacked together or close to an enclosure wall.
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5.2. Using Representative Contents

A simplified representation of a PCB was required in addition to the actual PCBs.
Previous work carried out by the AEG has developed sets of representative contents
(referred to as ‘recos’) which have been both instrumented and un-instrumented
[51][52]. A simplified version of a PCB is used in analytical models, such as a PWB
model, as the structure of a real PCB is too complex to model easily. For example,
due to the components that cover a PCB, the total surface area of a PCB would be

time consuming to calculate.

The reco used for the work described in this thesis was developed by the AEG as part
of the Huawei project [51]. The absorption of this reco was designed to be as close
to the absorption of the majority of the PCBs from the 6U enclosure. The reco is
shown in Figure 5.1. It consists of a sheet of aluminium with dimensions of 283mm x
144mm x 1mm and 16 pieces of LS22 RAM with dimensions of 40mm x 22.5mm x
9.5mm. A piece of polystyrene sheet, of depth 10mm, is taped to each side of the
aluminium sheet. The polystyrene sheets have holes cut into them and are used to
hold the RAM in place. The reco can be used with one absorbing side; with 8 pieces
of RAM in place on one side of the aluminium sheet. The reco can also be used with
two absorbing sides with 8 pieces of RAM on both sides of the aluminium sheet. The
RAM can then be removed or replaced so the reco can be used either one or two
sided. The two sheets of polystyrene on either side of the thin aluminium sheet also

allow the reco to be placed on its edge when required for measurements.
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Photo of one face of the reco with some RAM removed showing the aluminium

sheet beneath

Photograph showing the two layers of polystyrene with the aluminium sheet

sandwiched between

Figure 5.1: Photographs of the reco
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5.3. Measuring ACS Close to the RC Wall

Chapter 4 presented the ACS results of a PCB when positioned close to a RC wall. The
following sections expand on these results by using a reco and measuring a greater
number of distances from the wall. The results provide more detail about how ACS is

reduced when close to the RC wall and the frequencies at which these changes occur.

5.3.1. Changes in ACS of a One Sided Reco Positioned Close to Wall

5.3.1.1. Measurement Methodology

The first ACS measurements described in this chapter were made using the same
methodology as the previous measurements (see Chapter 2, Section 2.5.4). The S-
parameters are measured between the two snake monopole antennas in the small
RC with and without the object under test. The measurement parameters remain the

same:

e Two port calibration

e Frequency range 1GHz — 20GHz
e Number of measurement points 10,001

e Number of stirrer positions 100

e Frequency stirring 50MHz

The ACS is calculated in the same way as previously. The equations used are shown

again in equations (5.1) and (5.2).

ey o 2( 1 1 ) (5.1)
% 7= 81\Gpy Gy
< |8y > (5.2)

G

A <SH>P)A <85> )
In these equations (g, ) is the average ACS of the object, A is wavelength, G,,,is the

mean net transfer function with the PCB and G, is the mean net transfer function

without PCB (the reference measurement). S,; is the transmission coefficient
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measured between two efficient antennas in the reverberation chamber and S;; and

S,, are the reflection coefficients of the two antennas.

These measurements were taken with one side of the reco populated with absorber.
The reco is positioned standing on its long edge parallel to the RC wall with the
absorber facing the wall. Measurements were made with the reco at different
distances from the wall. The distance is measured from the chamber wall to the
aluminium sheet. At a distance of 10mm the polystyrene (with a depth of 10mm) is
touching the RC wall; a distance 10mm is the closest measurement that can be made.

The reco has also been measured in the centre of the RC as a reference.

A diagram showing the reco reference position and the reco in two different positions
parallel to the RC wall is shown in Figure 5.2. The arrows in the diagram show that
the distance between the RC wall and the reco is measured between the wall and the
aluminium sheet in the centre of the reco. The measurements made are listed in

Table 5.1.

Reverberation Chamber

Recos positioned
parallel to RC wall

Polystyrene Support

IS
Reco also . ---- P.olystyrene
measured in side of reco
central, reference| |||} I I IR
position =

—>
Arrows indicate where the
distance from the wall is
measured from

Figure 5.2: Diagram showing a top down view into RC with the reco in the central,
reference position and two locations parallel to the RC wall. One of these is the
closest positions to the wall, defined as 10mm position. The arrows show the
distance between the RC wall and the reco is measured between the wall and the
aluminium sheet in the centre of the reco.
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Table 5.1: List of the ACS measurements of the one sided reco made at different
distances from the RC wall.

Measurement | Distance from Wall Comment

1 Empty chamber Required for ACS calculation
2 Centre Reference measurement

3 10mm Against RC wall, shown in Figure 5.2
4 20mm

5 30mm

6 40mm

7 50mm

8 100mm

9 200mm

10 300mm
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5.3.1.2.Results
The changes in ACS observed by moving the reco away from the RC wall are shown

in Figure 5.3 and in more detail in Figure 5.4.

Figure 5.3 shows the ACS of the different measurement positions over a frequency
range of 1GHz to 20GHz. Below approximately 3GHz the measurement can be
ignored as the RC is not working correctly at these frequencies, as has been seen
previously. Figure 5.4 shows the same graph with the ACS results below 103m?
removed from the graph. The ACS results at 10mm, 20mm and 30mm have been
significantly reduced from the reference ACS result at the centre of the chamber. As
the reco is moved further away from the wall the ACS increases up to the centre
reference value. At 10mm the ACS is reduced to below 2x103m? at approximately
8.5GHz compared to the reference ACS of approximately 5x103m? at this frequency.

Section 5.3.1.3 discusses this in more detail.

Figure 5.4 also shows that the minimum ACS is at different frequencies. The closer
the reco is to the wall the higher the frequency the minimum ACS is at. This is

discussed further in Section 5.3.1.4.
In

Figure 5.5 the ACS against the distance away from the RC wall is plotted for different
frequencies. A general trend of a higher ACS for higher frequencies can be seen.
When the reco is close to the RC wall the ACS is at its lowest. The black circle on the
graph highlights that from 10mm to 20mm the ACS at these frequencies does not
change significantly. At 30mm and above the change in ACS is greater. The
frequencies which tend to change less are the lower frequencies. This could be
because at these frequencies the RC is below its LUF and because there is less
difference due to the wavelength (see Section 5.3.1.4). At the distances which are
closer to the wall it is probable that any error in the position of the reco makes a

bigger difference than at the positions further away from the RC wall.
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Figure 5.3: ACS of one sided reco measured at different distances from RC wall
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Figure 5.4: ACS of one sided reco measured at different distances from RC wall with
spurious data below 10*m?removed from the graph
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Figure 5.5: Graph showing how the ACS of the one sided RAM reco, with RAM facing
towards the wall, changes with frequency at different distances from the wall
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5.3.1.3.Reduction in ACS

Table 5.2 lists the approximate ACS above 5GHz for each measurement position away
from the RC wall. Each of these ACSs has then been calculated as a percentage of the
central reference value. For example, at 10mm the ACS levels out at approximately
2.45x103m? above 15GHz and for the reference ACS it is 4.5x103m?. Therefore, the
ACS at 10mm from the RC wall is 55% of the ACS in the centre of the RC. As the recos
distance from the wall increases the ACS increases until above 50mm when it
becomes comparable to the reference ACS. A graph of this increase is shown in Figure
5.6. Figure 5.4 shows that at approximately 8.5GHz the 10mm position ACS is 1.5x10°
3m?2. This is 33% of the highest ACS.

Table 5.2: List of the measurement distances, the approximate ACS above 15GHz
and this value as a percentage of the centre, reference ACS

Distance from Wall ACS above 15GHz (m?) Percentage of Full ACS
Centre 4.50x 103 100%

300mm 4.50x 103 100%

200mm 4.50x 103 100%

100mm 4.50x 103 100%

50mm 4.25x 103 94%

40mm 4.00 x 103 88%

30mm 3.75x 103 83%

20mm 2.75x 103 61%

10mm 2.45x 103 55%
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Figure 5.6: Graph showing the percentage of the highest ACS against the distance
of the reco from the RC wall
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Surface Area of the RAM

The reco has eight RAM pieces which have dimensions of 40mm x 20mm x 9mm. Each

piece has a total exposed surface area of:
(40mm x 20mm) + 2 x (40mm x 9mm) + 2 x (20mm x 9mm) = 0.0019m?.

This exposed surface area value does not include one of the large faces of each RAM
piece as this will be facing the aluminium sheet. The total exposed surface area of all

eight pieces of RAM is 0.015m?2.

When the reco is next to RC wall the exposed surface area of the RAM is reduced as
the front faces of the RAM are blocked by the wall. In this case the surface area for

each piece of RAM is:

2 * (40mm * 9mm) + 2 * (20mm * 9mm) = 0.0011m?.

For all eight pieces of RAM this is a surface area of 0.0086m?. This value is 57% of the

total surface area when the RAM is away from the wall.

Table 5.2 gives the reduction of ACS at 10mm as 55% of the ACS when the reco is in
the centre of the RC. It is probable that the amount the ACS is reduced by is directly

proportional to the reduction in exposed surface area.

5.3.1.4.Frequency Dependency
Figure 5.4 shows that the ACS of a reco positioned at different distances from the

chamber wall differs from the centrally positioned reco as follows:

e At lower frequencies the ACS is significantly reduced from the ACS of the
centrally positioned reco
e The ACSis at a minimum at a frequency which is dependent on how far away

it is from the chamber wall

The ACS then increases until it levels out at a reduced ACS from the central position.
The frequency at which the ACS levels out is also dependant on how far away the

reco is from the chamber wall.
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Table 5.3 shows various frequencies of interest that can be seen in Figure 5.4 and

each column gives the following information:

The first column is the distance from the reco to the RC wall.

The second column is the wavelength frequency that each distance
corresponds to (using f = co/A).

The third column is the frequency of the half wavelength of each distance
The fourth column is the approximate frequency where the ACS levels out at
its maximum ACS

The final column is the frequency where the ACS is at its minimum.

At distances greater than 50mm these points become more difficult to read as they

become similar to the reference value. At distances closer to the wall the ACS levels

out at around the point where the frequency would be half a wavelength. The

frequency at which the ACS is at its minimum corresponds to a wavelength of a

guarter of the distance to the wall.

The reduction in ACS is minimal above 50mm. 40mm corresponds to a half

wavelength of 3.75GHz. As seen in Figure 5.4, and in previous graphs of ACS, the

results below 3GHz are unreliable. Therefore it makes sense that there is no

observable reduction at 50mm and above as any reduction would be lost in the

‘noise’. If this was to be investigated further an RC with a lower LUF would be

required.
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Table 5.3: Frequencies of interest for the ACS of the reco at different distances from

the RC wall

Distance Frequency Frequency/2 Rejoining Frequency

(mm) Point on Graph | of Minimum
ACS

10 30GHz 15GHz 15GHz 8.5GHz

20 15GHz 7.5GHz 6-7GHz 3.5GHz

30 10GHz 5GHz 5GHz 2GHz

40 7.5GHz 3.75GHz ~3GHz n/a

50 6GHz 3GHz ~2GHz n/a

100 3GHz 1.5GHz n/a n/a

200 1.5GHz 750MHz n/a n/a

300 1GHz 500MHz n/a n/a

5.3.2. Two Sided Reco

The ACS measurements on the one sided reco at different distances from the RC wall

have given an initial idea of how the ACS changes as the reco is moved away from

the wall. In this section both sides of the reco are populated with RAM so that both

the reco side facing the wall and the side facing away from the wall are absorbing.

This is more representative of a PCB, although a PCB would have the different

absorptions on each side.

5.3.2.1.Initial ACS Measurement of a Two Sided Reco

The first measurements using the double sided reco were carried out using the same

method described in Section 5.3.1.1. Figure 5.7 shows the results for the one sided

and two sided reco in two positions in the RC. Above 2GHz the measurements taken
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with the reco in the centre of the RC have the same shape but are separated by a
factor of two. As the two sided reco has twice the absorber of the one sided reco this
is the expected result. When the recos are placed 10mm from the RC wall the ACS of
the one sided reco is approximately a third of the two sided reco. The two sided reco
has one side of absorber exposed and both recos have some absorption on the side

facing the wall. This is why there is a greater difference in ACS.

From Figure 5.7 and the previous ACS results it can be seen that reducing the
measurement error would allow smaller differences and changes to be seen in the
results. A new method of measuring ACS in an RC was developed during the course
of this work by another member of the AEG at the UoY [53][54]. This method reduces
the error in the ACS measurement. The next section describes this method and how

it is used in the work described in this thesis.

R

—Centre

—As close as possible, ~10mm
One sided, centre

—One sided, ~10mm

i | :

ACS (m?)

Frequency (GHz)

Figure 5.7: Comparison of the ACS of the one sided and two sided reco in two
positions in the RC

5.3.2.2.Improved ACS Measurement Methodology
The new method was developed so that ACS measurements in a reverberation

chamber can be made more quickly than with existing techniques [53][54]. This
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makes ACS measurements of humans easier to carry out as the subject needs to be
as still as possible during the measurement. The new technique calculates the energy
decay time constant in the time domain by using a non-linear fitting method on the
power delay profile [54]. Previously, linear fitting methods were used to do this but
by using a non-linear method the number of samples required is reduced (a
segmented sweep can be performed by the VNA) as well as removing the effect of
the noise floor on the measurement and the effect of the window function used to

select the frequency bands [54].

The physical set up of the experiment remains the same as shown in Figure 3.3 in
Chapter 3. A two port calibration is carried out before beginning the measurement
and the stirrer is stopped at 100 equally spaced positions in one full rotation of the
stirrer. However, the VNA analyser is set up to do a segmented sweep from 1GHz to
20GHz. 189 segments were used with 51 points in each and 100MHz spacing between
each segment. A reference measurement is made without an object in the RC and

then with the object under test in the RC.

The data is processed by finding the Power Delay Profile (PDP) by carrying out the

following functions:
PDP = (|IFFT(S,, - W)|?) (5.3)

Here, IFFT is an inverse fast Fourier transform and W is the window function that
selects the required frequency bands. The chamber time constant can be found from
the slope of the PDP by using the non-linear curve fitting technique [54]. This part of
the analysis was carried out by Matlab code obtained from the author of [53][54].
Once the time constant has been obtained the Q-factor of the loaded and unloaded

chamber can be calculated using (5.4).

Q=wt (5.4)

The ACS of the loaded and unloaded chamber is then calculated using (5.5). The ACS

of the object under test can then be found by subtracting the unloaded chamber ACS
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from the loaded chamber ACS. A comparison between the old and new method of
measuring the ACS is shown in Figure 5.8.

2V
(o) = W (5.5)

5.3.2.3.Results

Figure 5.9 and Figure 5.10 show the ACS results of the two sided reco at different
distances from the RC wall using the new method of measurement. Both logarithmic
and linear scales have been included so that differences in the structure of the plots
can be seen. Above 3GHz, the ACS is showing similarities to the results seen with the
one sided reco in Figure 5.4. The closer the reco is to the wall the more the ACS is
reduced. At distances greater than 40mm it is difficult to distinguish the results from
the reference ACS. When the reco is close to the wall the ACS is reduced until it
eventually levels out at a value closer to the reference ACS. This happens at different
frequencies depending on the distance of the reco to the RC wall. The most obvious

difference is the two sided reco’s greater ACS, which was seen in Figure 5.7.
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Figure 5.8: Comparison between the original ACS measurement method and the
new, non-linear curve fitting method.
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Figure 5.9: ACS of the two sided reco at different distances from the RC wall using
the new method of measurement — logarithmic scale
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Figure 5.10: ACS of the two sided reco at different distances from the RC wall using
the new method of measurement - linear scale

Figure 5.11 plots the ACS against the distance away from the RC wall for different
frequencies. No results have been included for frequencies lower than 5GHz as this
is lower than the LUF of the small RC. For the two sided reco the results seem to have
less dependence on frequency compared to the one sided reco and the ACSs are all
between 6.5x103m? and 8x103m? once the ACS is no longer affected by the RC wall

(after 50mm).
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Figure 5.11: ACS of the two sided reco at different distances from the RC at different
frequencies

5.3.2.4.Reduction in ACS

Table 5.4 lists the approximate ACS above 5GHz for each measurement position. Each
of these ACSs has then been calculated as a percentage of the central reference
value. For the 10mm position, the ACS levels out at approximately 5.5 x10m? above
15GHz and for the reference ACS it is 9x103m?. This makes the ACS at the RC wall
75% of the ACS in the centre of the RC. As the reco is moved further away from the
RC wall the ACS increases and at a distance greater than 50mm the ACS is

approximately the same as the reference value.

A graph showing the reduction as a percentage (calculated for each frequency point
from the actual measurement data) is shown in Figure 5.12. The data is fairly uniform

showing that the structure of the reference and wall position ACSs are similar.

Figure 5.13 plots the reduction as a percentage against the distance away from the

RC wall. This graph shows that the reduction is independent of the frequency it is
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being measured at. It is apparent that between 10mm and 50mm from the wall the

ACS is reduced quickly. When the reco is positioned 75mm and above from the wall

there is little difference between those positions and the central, reference position.

Table 5.4: List of the ACS above 5GHz and as a percentage of the reference ACS at
different distances from the wall

Distance from Wall

ACS above 5GHz (m?)

Percentage of Full ACS

Centre 7.25x 103 100%
100mm 7.25x 103 100%
75mm 7.25x 103 100%
50mm 7x 103 96%
40mm 6.75x 103 93%
30mm 6.5x 103 90%
20mm 6x 103 83%
10mm 5.5x 103 75%
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Figure 5.12: Reduction in ACS for the reco in different measurement positions
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Figure 5.13: Graph showing the reduction of ACS as a percentage of the centre ACS
against the distance of the reco from the RC wall
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Surface Area of the RAM

The two sided reco has 16 pieces of RAM with a total exposed surface area of 0.03m?.

When the reco is next to the wall the total exposed surface area is
0.015 + 0.0086 = 0.0236m?

When next to the wall the exposed surface area is 78% of the total surface area of
the exposed RAM. From Table 5.4 the ACS is reduced to 75% of the reference ACS.
Like the one sided reco, the ACS has been reduced in line with the reduction in

exposed absorbing surface area.

When the two sided reco is placed next to the RC wall the ACS is reduced to 75% of
the total ACS. The one sided reco is reduced to 55% of the total value. This is to be
expected as the absorbing RAM on the side facing away from the wall is still exposed

and able to absorb energy.

5.3.2.5.Frequency Dependency
As there is a smaller reduction in ACS than for the one sided case, it is more difficult

to see frequency points of interest in Figure 5.9.
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5.4. Measuring ACS of Part of an Object

This section looks at the ACS of each individual side of two different PCBs. One side

of the PCB is covered with foil and then the PCB is measured in the RC.

5.4.1. Methodology

The new method of measuring ACS, described in Section 5.3.2.2, was used for the
measurements in this section. The same set up and test equipment parameters were
used. For each measurement a sheet of foil was placed over one side of the PCB and
the foil carefully pressed around the components. Due to the complexity of the PCB
shape it was not possible for the foil to fit perfectly around all the components; there
are some small gaps between the PCB and the foil. The foil was secured around the
edge of the board using copper tape. The PCBs had various connectors which
overlapped the edge of the board and some small gaps remained between the foil
and the edges of the PCB. Photographs of the PCBs covered in foil are shown in Figure
5.14.

Figure 5.14: Photographs of a PCB its top side covered in foil (left) and its bottom
side (right). The photograph has been blurred, at the request of Huawei, to
preserve design confidentiality
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5.4.2. Reco Measurements

The first measurements carried out using foil to cover one side of the object under
test were performed on the double sided reco. Figure 5.15 shows the ACS of the two
sided reco with no foil on it, the reco with one side covered in foil and the result with
the reco 10mm from the RC wall. The majority of the ACS measurement with no foil
falls between 7x103m? to 8x10>m2. When one side is covered by foil the result is
between 4x103m? and 5x10°3m? and when positioned next to the wall between

5x103m?Z and 6x103m?.

Figure 5.16 shows the two measurements with a reduction in ACS as a percentage of
the total ACS. When the reco is half covered in foil the ACS is reduced to nearly half
of the total ACS compared to the result next to the wall which is reduced to between
60% and 80% of the total. If covering one side of the reco with foil worked perfectly
it might be expected that the ACS would be reduced to 50% of the total value. The
reasons why it is slightly above this value could be errors in the measurement, the
ACS could be different on each side or the foil is not covering the side of the reco fully

so some energy is still getting absorbed on the covered side.

There is a difference of up to 30% between the foil and RC wall measurement. When
measuring close to the RC wall the sides of the RAM pieces are still exposed and so
more energy is absorbed so the ACS is reduced less. See Section 5.3 for the full

explanation.
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Figure 5.15: ACS of the two sided reco, one side of the reco covered in foil and the
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Figure 5.16: The reduction in ACS for the foil and RC wall measurement as a
percentage of the total two sided reco ACS

5.4.3. PCB Measurements

The next sections describe the ACS measurements of PCBs partially covered in foil.
The measurements show how the different sides of the PCBs have different levels of
absorption. Chapter 6 presents a method to measure the transmission through a
PCB. Two PCBs have been measured in this section; one with low transmission

through it and one with higher transmission through it.

5.4.3.1.High Transmission PCB

The first results presented are for the PCB with higher transmission (6U_PCB2). The
corrected transmission through this PCB was measured and will be described in
Chapter 6; it was found to be between -50dB and -25dB. The top side and bottom

side of the PCB are shown in Figure 5.17.

Figure 5.17: The top and bottom sides of 6U_PCB2. The photograph has been
blurred, at the request of Huawei, to preserve design confidentiality.
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The following measurements were carried out:

e The top of the PCB (with the majority of components on) covered in foil
e The bottom of the PCB (with a minimal amount of components on) covered

in foil

Figure 5.18 and Figure 5.19 show each of the measurements listed above with a
reference measurement where the PCB has no foil covering it. It is clear that the ACS
of the top of the PCB (measured with the bottom of the PCB covered in foil) is greater
than the ACS of the bottom of the PCB. The difference between the two sides is
approximately 0.003m? but varies over the frequency range. The top of the PCB is
covered in components. This means there is far more surface area than the bottom
side and that the different materials may absorb more energy than the mainly
component-less bottom side. The graph also shows a plot of the ACS with the top
covered and ACS with the bottom covered summed together. If the measurement
was perfect and the foil allowed the individual sides to be measured completely
separately then the sum would equal the reference measurement with no foil.
However, the summed ACS is significantly higher than the reference value. Figure
5.19 shows that it is between approximately 120% and 150% of the reference ACS.

There could be a number of different reasons for this:

e Due to the components on the PCB the foil isn’t perfectly fitted around the
PCB. Gaps around the foil might allow energy to be absorbed on the covered
side

e The PCB might transmit energy through the substrate which can then be
absorbed on the covered side

e The foil is absorbing a significant amount of energy

e Errors in the measurement — but not to the extent of the difference we see

here.

Figure 5.20 shows the results with a measurement of the foil used to cover the PCB.
The foil has a very low ACS which does not need to be taken into account; it is below
4x10*m? throughout the frequency range. The foil is not causing the summed ACS of

the individual sides to be higher than the total ACS of the PCB.
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Figure 5.18: High transmission PCB ACS when it is uncovered, has each side covered
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Red
200 I T —\ : s T

180 - B

160~ | 4

N
N
o
I
|

Reduction (%)
=
o

\ A
/ e“\/ VA VYA
|

|

(0%

©
o

(o2}
o

N
o

——Top covered in foil
20 ——Bottom covered in foil| |
~— Top + bottom
O | | | | | 1 | | |

2 4 6 8 10 12 14 16 18 20
Frequency (GHz)

Figure 5.19: The reduction in ACS as a percentage of the partial and summed ACS
compared to the reference ACS

138



0.015 \
—No foil
— Top covered/bottom exposed
—Bottom covered/top exposed
—Foil for PCB top
Foil for PCB bottom
0.01H | 1
(. i
—_ “ “\ | | h A
o | [ VA RAYA
‘ “\‘ I \ !/ | ‘ / \\
£ f J\/W\\‘e Vo
3 \“\ A \ VW ! Mpa A/
' | ! ” \‘uH‘f\“ A \s“\ “‘A A AMA N T A'ia ,.“\“/v‘x /
< I U Lq % /V\f\wm/\vng | \\\//\v/\,/\ YAVl //\ \ J'\/ !
|
0.005 - n
0 L L 1 1 [ T N -
2 4 6 8 10 12 14 16 18 20

Frequency (GHz)

Figure 5.20: ACS of the PCB covered in foil measurements including the foil only

ACS

139



5.4.3.2.Low Transmission PCB

The next results presented are for the PCB with lower transmission (6U_PCB1). The
corrected transmission of this PCB was measured in Chapter 6 and is generally below
-50dB. This is 25dB lower than the higher transmission PCB discussed in the previous

section. The top side and bottom side of the PCB are shown in Figure 5.21.

Figure 5.21: The top and bottom sides of 6U_PCB1. The photograph has been
blurred, at the request of Huawei, to preserve design confidentiality.

The same measurements as for the high transmission PCB were carried out:

e The top of the PCB (with the majority of components on) covered in foil
e The bottom of the PCB (with a minimal amount of components on) covered

in foil

Figure 5.22 and Figure 5.23 show each of the measurements listed above with a
reference measurement with the PCB uncovered. As with the high transmission PCB,
it is clear that the ACS of the top of the PCB (with components on) is greater than the

ACS of the bottom of the PCB. The measured ACS of the top of the PCB is between
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0.003m? and 0.005m? and the bottom of the PCB is between 0.002m? and 0.003m?.
In the frequency range of 10GHz to 20GHz the difference is approximately 0.001m?;
the ACS bottom of the PCB is around 70% of the top of the PCB.

Again the graph shows a plot of the ACS of the individual sides summed together. As
before, this summed value of ACS is greater than the ACS of the PCB when measured
uncovered with no foil. For the low transmission PCB the summed value is generally

between 140% and 160% of the reference value.
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5.4.3.3.Comparison between High and Low Transmission PCB

Figure 5.24 compares the reduction in ACS of each side of each of the PCBs to each
PCB measured uncovered. When the top side of the PCB is uncovered then both the
high and low PCB have been reduced to between 60% and 90% of the total ACS of
each PCB and this reduction is similar for both PCBs. When the bottom of the PCB is
measured both PCBs show a much greater reduction of generally between 30% and
60%. However, there is a difference of approximately 10% to 20% between the high
and low transmission PCBs. The high transmission PCB has been reduced by a greater

amount than the low transmission PCB.

The difference between the reductions in ACS of the bottoms of the PCBs could be

explained by:

e Differences in how the foil was fitted around the PCB
o If this was the case then it may also be likely that a difference would
also be seen in the reductions in ACS of the tops of the PCB
e Differences in the components on the PCBs

e The difference in the transmission through each of the PCBs

Figure 5.25 shows the reduction in ACS when the individual sides of the PCB are
summed together as a percentage of the ACS with the PCB measured as a whole.
When each side of the low transmission PCB is summed there is a greater difference
to the PCB measured uncovered result than that observed for the high transmission
PCB. As the bottom of the low transmission PCB is reduced by less this is why the

result in Figure 5.25 is seen.
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5.5. Summary

If a PCB divides an enclosure into two cavities, only one side of the PCB should be
considered in each cavity. Two sets of measurements have been presented in this

chapter to attempt to measure the ACS of a single side of a PCB or reco.

The first set of measurements used a reco which was placed at different distances
from the RC wall. When the reco was placed next to the RC wall its measured ACS
was reduced by the same amount the surface area of the absorber was reduced by.
As the reco was moved further away from the wall the ACS increased until being

closer to the RC wall had no effect. This occurred at around 50mm from the wall.

The second set of measurements taken was of a PCB with one side covered in foil.
The measurements showed that the top and bottom of the PCBs have different levels
of ACS; this is expected as there are different components covering each side of the
PCB. Covering one side of the PCB in foil reduced the ACS of the PCB but not as much
as expected. When summed together the ACS of the individual sides of the PCB were
greater than the ACS of the PCB measured without foil. There are a number of
different reasons this is the case and these need investigating further to understand

the results.

The next chapter looks at how the transmission through a PCB can be measured and

whether it is significant enough to be considered when modelling enclosures.
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Chapter 6

Transmission through Printed Circuit

Boards
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6.1. Overview

The previous chapters investigated the ACS of PCBs. In this chapter, the transmission
through PCBs is considered. If a PCB segments an enclosure into different cavities the
transmission through the PCB may need to be considered. This is in addition to the
energy being transmitted through the apertures around the PCB and the energy that
the PCB absorbs.

This chapter describes a method of measuring the transmission through PCBs. The
problem is similar to that of measuring the SE of a planar sheet. Various techniques
are available for the SE measurement of a planar sheet [55] but many require the
edges of the sample to be quite flat and conductive. This is not possible with real
PCBs as components are often mounted quite close to the edge of the PCB. Even
when there are no components close to the edge, the surface of the PCB may not be
conducting. The method of measuring the transmission through a PCB discussed in
this chapter is based on a method developed by the AEG at the UoY. The SE of planar
samples is measured using a piece of test equipment that minimises the requirement

for edge conductivity; this is known as the absorber box method [57].
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6.2. PCB Transmission Measurement Methodology

6.2.1. PCB Transmission Measurement Set Up

The absorber box measurement set up is shown in the diagram in Figure 6.1 and in

the photographs in Figure 6.2.

PC

VNA

Antenna Coax
Absorber Gap
7
PCB
Antenna/
Coax
Absorber

Figure 6.1: Diagram of the absorber box measurement set up

Figure 6.2: Photographs showing the absorber box with the top horn antenna on
the left and the absorber box with the coaxial connections to the VNA on the right
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The absorber box has dimensions of 600mm x 600mm x 330mm. The aperture in the
absorber between the antennas is 140mm x 150mm. The sample is placed over the
aperture between two blocks of layered absorber. The top absorber is made from
AN79 layered absorber and the absorber inside the box is layered LS22 carbon loaded
absorber. Two commercially available ridge horn antennas, ETS 3115 [55], are
positioned above and below the sample under test which are connected to an Agilent
E4404b VNA using coaxial cables. The absorber around the sample acts to terminate
the sample so that the energy that would normally be diffracted around the sample

is absorbed.

The VNA was used to collect a full set of S-parameters between 500MHz and 8GHz.
The sweep time used was 5 seconds and 1601 frequency points were measured over
this frequency range. The S-parameter data was collected and saved using the AEG
measurement software. A moving average filter with a window covering 200MHz was

applied to the data during post-processing.

The sample under test was placed between the two blocks of absorber material. The
sample was placed so that the gap in the absorber was positioned centrally on the
sample. As the height of the PCB causes the top block of absorber to be lifted away
from the bottom block a gasket, using pieces of LS22 absorbing material, was placed
around the sample. This is to ensure that the leakage around the sample is reduced

as much as possible.

6.2.2. Calibration Measurement
In addition to the measurement of the sample under test a calibration measurement
is required. This is in order to remove the effect of standing waves which may be set

up in the absorber box cavity due to sample reflection coefficients being close to -1

[57].

The reference measurement is carried out with the circular brass plate shown
positioned in the absorber box set up in Figure 6.3. The plate has an array of circular
holes spaced 10mm apart each with a 3mm diameter to create a sheet of material

with a known SE [57].

150



Figure 6.3: Photograph of the brass reference sample in the absorber box

6.3. Calculation of Corrected Transmission

The transmission of each measured sample can be calculated using Equation (6.1)

[57].
Tref
sample _ ~sample
T¢ =551 Szrlef (6.1)

Where T"¢/ is the known transmission through the reference sample, Szrlef is the

_— sample .
measured transmission through the reference sample and S,;" * © is the measured

transmission through the sample under test. The known transmission of the

reference sample is calculated using Equation (6.2),
SE =117 — 20 x log(f) dB (6.2)

where f is frequency in MHz.
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6.4. Samples under Test

The transmission of three types of sample has been measured using the absorber
box. The first sample was a plain sheet of aluminium with dimensions of 395mm x
240mm and thickness of 1Imm. The second was a sheet of plain, undeveloped PCB
substrate with a layer of copper on one side. This sample has dimensions of 300mm

x 227mm and thickness of Imm. These samples are shown in Figure 6.4.

Figure 6.4: Photographs of the aluminium sheet on the left and the PCB substrate
with the copper facing up on the right.

Three PCBs taken from the 6U Huawei enclosure were measured. These PCBs are
shown in Figure 6.5 and are 6U_PCB1, 6U_PCB2 and 6U_PCBS. For brevity, the ‘6U_’
will be removed throughout this chapter. Each PCB has dimensions of 365mm x
210mm and has a variety of different components on them including heat sinks,
connectors, ICs and passive components. PCB1 and PCB5 have the largest amount of
metal on their surface. PCB2 has significantly less metal on its surface and also has a
larger amount of ceramic and plastic components on it. The underside of each PCB
also has some low profile components on which cause the board to be lifted slightly

from the surface the PCB is lying on. This distance was measured using a pair of
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callipersas 3mm + 0.05mm. This distance varies only slightly around each of the PCBs.

All three of these PCBs have had their ACS measured in the RC.

Figure 6.5: The photograph shows each of the PCBs under test. From the top: PCB5,
PCB2, PCB1. The photograph has been blurred to preserve design confidentiality at
the request of Huawei.
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6.5. Measured Transmission through the Sheet Materials

The aluminium and substrate sheet were each measured in four different
configurations. The sheets were measured flat on the block of absorber and then
lifted 2Imm, 2mm and 3mm from the block using 1mm plastic spacers. This is to see
the effect the 3mm gap under the PCB has. The aluminium sheet should have
negligible transmission. Therefore, measuring the aluminium sheet flat on the
absorber will show the minimum transmission, or maximum SE, that can be

measured using this set up.

Figure 6.6 and Figure 6.7 show the corrected transmission measurements of the

aluminium and substrate sheet respectively.

Figure 6.6 shows that the minimum measurable transmission is approximately -70dB
from 2GHz to 8GHz. As the aluminium sheet is lifted further from the absorber the
transmission increases to a maximum of around -55dB above 2GHz but still has
approximately the same structure as when there is no gap between the absorber and
sample under test. As the sheets are lifted above the absorber the size of the gap
increases which causes more leakage around the sample thus increasing the

measured transmission.

Figure 6.7 shows a similar result for the PCB substrate. In this case the transmission
is higher at the lower end of the frequency range but decreases to roughly the same
transmission as the aluminium sheet between 6GHz and 8GHz for the Omm case. The
reason for this is most likely due to the slightly smaller sample size. This causes more

leakage around the sample at the lower frequencies.
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Figure 6.6: Measured corrected transmission of the aluminium sheet flat on the
bottom of the absorber block and lifted 1mm, 2mm and 3mm from it
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Figure 6.7: Measured corrected transmission of the substrate sheet flat on the
bottom of the absorber block and lifted 1mm, 2mm and 3mm from it
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6.6. Transmission through the PCBs

Figure 6.8 shows the measured corrected transmissions for the three PCBs. PCB1 and
PCB5 have a transmission of between approximately -70dB and -45dB over the
frequency range 2GHz to 8GHz. This corresponds to a transmission cross section (TCS)
(see Section 2.5.2), (aztl,pcb ), between 3x10°° m? and 5.3x10“ m?2. This TCS can now
be used in the PWB. There are a number of different minima that are below -80dB,
which reach the minimum measurable transmission for this set up. PCB2 has a
significantly higher transmission than the other two PCBs and is between -25dB and
-55dB between 2GHz and 8GHz. This corresponds to a TCS between 5.3x103m? and
1.6x10*m?2. As discussed in Section 6.4 of this chapter PCB2 has a smaller number of
metallic components on compared to PCB1 and PCB5. This additional shielding on

PCB1 and PCB5 may be causing their decreased transmission compared to PCB2.

0 . . .
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Figure 6.8: Measured corrected transmission of PCB1, PCB2 and PCB5 using the
absorber box
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Figure 6.9 shows the measured ACS of the three PCBs which have previously been
presented in Chapter 3. The figure shows that PCB1 and PCB5 have a similar ACS in
addition to similar transmission through the PCBs. As these two PCBs have the most
metallic components on, it could be reasoned that the metal is causing a significant
amount of energy to be reflected from the surface of the PCB rather than be
transmitted or absorbed. PCB2 has a higher transmission through it and also has a
higher absorption. As there are fewer metallic components on this PCB, less energy
may be reflected away and so more energy is available to be absorbed or transmitted

through the PCB.
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Figure 6.9: Measured ACS of PCB1, PCB2 and PCB5
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Figure 6.10 compares the main corrected transmission results in this chapter. The
aluminium sheet lying flat on the absorber demonstrates the limits of this
measurement. The aluminium sheet lifted 3mm, PCB substrate lifted 3mm, PCB1 and
PCBS5 all have a similar corrected transmission of around -60dB above 3.5GHz. This
likely indicates that the measurement is limited by the 3mm distance that the
samples are lifted from the absorber block. The amount of energy being transmitted
through these two PCBs is similar to that of the aluminium sheet and is at the limit

of the measurement method.

The low transmission through these PCBs is likely to be insignificant compared to the
transmission through any apertures between cavities in the enclosure. In this case,
this transmission mechanism may not need to be included in the PWB. However,
PCB2 has a higher TCS which is comparable with the ACS of a typical PCB and so this

would need to be included in the PWB. This is explored further in the next chapter.

The size of PCB2 is the same as PCB1 and PCB5 and they all have the 3mm gap
between the board and absorber block. The main difference between them is the
smaller amount of metal and a greater amount of ceramic components on PCB2. As

previously discussed this accounts for the difference in transmission.
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Figure 6.10: Comparison of the measured corrected transmission of the aluminium
sheet flat on the absorber block (0mm), lifted 3mm from the absorber block, the
substrate lifted 3mm from the block, PCB1, PCB2 and PCB5
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6.7. Summary

In this chapter, a measurement has been described which allows the transmission
through PCBs to be calculated using the absorber box method. By measuring an
aluminium sheet and PCB substrate sheet it can be seen that the measurement is
limited by a 3mm gap underneath the PCBs. A minimum transmission of -60dB for
these PCBs can be measured at frequencies over 2GHz. Of the three PCBs measured,
two of the PCBs had a transmission low enough to be limited by this factor. This may
mean that the transmission through these PCBs does not need to be considered in
the PWB. The third PCB has a higher measured transmission of between -20dB and -
50dB which is high enough that that its effect may need to be considered in any PWB

model. A possible reason for this is that PCB2 has significantly less metal on it.

Using the absorber box method is a quick and efficient way to measure the
transmission through PCBs. The data collected using this method can be used in
methods such as computational modelling as well as the PWB method [58][59]. As
with the other work described in this thesis, this information allows a more accurate
prediction of the SE of an enclosure with contents such as PCBs in. The next chapter
shows how the ACS and TCS of PCBs can be used to predict the SE of a populated

enclosure.
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Chapter 7

Predicting Shielding Effectiveness using

Power Balance Models
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7.1. Overview

In this chapter, the absorption and transmission cross sections of PCBs and recos are
used in power balance models (PWB) to show that this method can be used to predict
the SE of an enclosure. The PWB models use the information on PCB and reco ACS
and TCS detailed in the previous chapters including the ACS of stacked PCBs and one
sided PCBs and recos. The results from the PWB models are compared with SE

measurements made in an RC.

The first set of models is of a single cavity enclosure with and without PCBs inside.
These models are then expanded on by showing how the SE of an enclosure split into
two cavities can be measured and calculated. For each enclosure configuration, a

comparison is made between the SE results of the model and of the measurement.
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7.2. Shielding Effectiveness Measurements of an Enclosure in a

Reverberation Chamber

7.2.1. Methodology

In Chapter 2 of this thesis, the measurement methodology and example
measurement of enclosure SE in a RC was described. The same enclosure and
measurement method was used to produce the results discussed in this chapter. The
next paragraphs summarise the methodology and confirm the measurement

parameters used. The setup of each measured enclosure configuration is described.

The measurement set up is shown diagrammatically in Figure 7.1 and Figure 7.2

shows a photograph of the set up taken from inside the RC.

The measurement was carried out in the UoY AEG large RC. The mechanical stirrer,
controlled by a PC external to the chamber, was rotated and stopped at 100 equally
stepped positions over one full rotation. A VNA was used to collect a full set of S-
parameters between the blade and monopole antenna. The measurement was
carried out over the frequency range 1GHz to 20GHz at 10,001 measurement points.
The sweep time was 2.5s. A moving average with a BW of 100MHz was applied to the

data after it had been collected.

At the beginning of each measurement day, a reference measurement was carried
out with the enclosure removed from the set up; the antenna remained attached to

the enclosure lid. Measurements with the enclosure were then made.

The S-parameter data is then used to calculate the SE using the following equation.

2
|(521 ref>|

SE - 20 10g10 |(521 enc>|2

(7.1)
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Reverberation Chamber
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Antenna (port 2
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Figure 7.1: Diagram of the SE measurement setup of an enclosure in the large
reverberation chamber

Enclosure under test

Figure 7.2: Photograph of the enclosure SE measurement set up in the large
reverberation chamber
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7.2.2. Enclosure under Test

The enclosure under test is same enclosure described in Section 2.3.3.2 and is shown
inthe RCin Figure 7.2. For all measurements described in this chapter, the front plate
used on the enclosure is with a large aperture with dimensions of 200mm x 20mm.
The aperture was positioned at the bottom of the front plate when attached to the

enclosure. The front plate is shown in Figure 7.3.

Figure 7.3: Front plate with large aperture.

In addition to being used as a single cavity enclosure, the enclosure has been used as
a two cavity enclosure for some measurements detailed in this chapter. To create a
two cavity enclosure two dividers were manufactured from a sheet of aluminium
with a thickness of 1mm. The dividers have dimensions of 290mm x 104mm and
290mm x 114mm. When the larger divider is positioned in the enclosure there is a
gap of 3mm between the top of the divider and the wall of the enclosure and the
bottom of the divider and the wall of the enclosure. The smaller divider gives a gap

of 8mm either side. This is shown diagrammatically in Figure 7.4.

The dividers can be used as a reco and are shown in Figure 7.5. These reco dividers
can be used to show what happens to the enclosure SE if divided by an absorbing
object, such as a PCB. Two sheets of polystyrene (of thickness 10mm) have been
fitted to the divider sheets. The divider can be used with no absorber (referred to as

metallic divider) or absorber can be placed in the polystyrene sheet to convert it into
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a reco as described in Chapter 5. This is referred to as the reco divider and can be

made one sided or two sided. The absorber used is the same as in Chapter 5.

Divider

Enclosure Lid /

3mm or 8mm gap
between divider

and enclosure

il

Enclosure

Polystyrene supports

Figure 7.4: Diagram of the cross section of the enclosure to show the gap of 3mm
between the top of the divider and the wall of the enclosure and the bottom of the
divider and the wall of the enclosure
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Figure 7.5: The reco divider with absorber in position in the top photograph and
without absorber in the bottom photograph
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7.3. Single Cavity Enclosures

7.3.1. Empty Single Cavity Enclosure
In Chapter 2 a PWB of an empty single cavity enclosure was presented along with
measurements of the enclosure for comparison. The model, SE equation and results

are presented here as a reminder.

7.2.1.1.  Empty Single Cavity Enclosure Model

The power balance model of the empty single cavity enclosure was shown
diagrammatically in Figure 2.11 and repeated in Figure 7.6 for convenience. The walls
of the enclosure are metallic with a small amount of loss and there is an aperture in
the centre of one wall of the enclosure. An antenna is located inside the enclosure as

this is the case when performing the measurement.

S, So
</ Pliant t
é POl
< P
a
1:wall

Figure 7.6: Power balance model of an empty metallic enclosure with a single
aperture

InFigure 7.6, the symbols refer to the following:

e S power density external to the enclosure

o 5 power density internal to the enclosure

o P!, .u power absorbed by the inside of the enclosure wall

e Pl... powerabsorbed by the antenna

e Pt powertransmitted internal to external of the enclosure

e Pf, power transmitted external to internal of the enclosure
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The full derivation of the equation used to calculate the SE of the enclosure is given

in Section 2.5.5.1. The equation is repeated here:

S_O _ o_la:wall + O_la:ant + Glto (7-2)

SE =
Sy U1t0

The parameters used in the model are based on the enclosure discussed in Section
7.2.2. The equations used to calculate the losses for the wall, antenna and aperture

are discussed in Chapter 2 Section 2.5 and are repeated below.

4A |nfu, 314
Wall losses in a metallic cavity: Owalls = 3¢ 100 [1 + 327 (7.3)
0%w

Transmission Cross Section of an Agperture
t
o =0 7.4
Aperture: aperture 4 (7.4)
Absorption Cross Section of an 2
Oant = =— (1 — [S141/? )
Antenna: ant 87T( 1S111 ) (7.5)

7.2.1.2.  Empty Single Cavity Enclosure Measurement

As discussed in the introduction section of this chapter a measurement of an
equivalent enclosure for each model has been carried out. Photographs of the empty
single cavity enclosure with large aperture are shown in Figure 7.7. The SE of the

enclosure was measured using the method described in Section 7.2.1.

7.2.1.3.  Empty Single Cavity Results

Figure 7.8 shows the PWB and measured SE results for the empty single cavity
enclosure. These results have been discussed previously in Chapter 2 Section 2.5.5.
The results will not be discussed further in this section but are repeated for

comparison to the following PWBs.
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Figure 7.7: Photographs of the empty enclosure taken from the top (left photo) and
from the front (right photo)

30 . . .
—PWB
——Measurement

SE (dB)

RN
o

O | I
0 5 10 15 20

Frequency (GHz)

Figure 7.8: Comparison of modelled and measured SE of a single cavity empty
enclosure with an aperture
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7.3.2. Single Cavity Enclosure with Single Reco

In Chapter 2 Section 2.5.5 a model was presented of a single cavity enclosure with a
single reco positioned in the centre of the enclosure. A summary of the model and
the SE equation is given below. The modelled SE can now be calculated as more is

now known about the ACS of PCBs and recos.

7.2.1.4.  Single Empty Cavity with Central PCB Model
A diagram of the PWB is shown in Figure 2.14 and repeated in Figure 7.9 for
convenience. In this model P}, is the power absorbed by the reco and a1, is

the ACS of the reco.

S S
! Pla:reco 0
Pla:ant .
</ Gﬁreco POl
< P
Pla:wall

Figure 7.9: Power balance model of an enclosure with aperture and single, central
reco positioned centrally

The SE of this configuration can be calculated using the following equation. The ACS

of the reco is summed into the numerator of the equation.

a a a t
_ ﬁ _ O1wail + Ot:ant T Otreco + 010 (7'6)

SE

= t
So 010

The ACS of the recos measured in Chapter 5 are used to calculate the SE of the
enclosure; although the size of the aluminium sheet is different the absorber used is

the same. Equations (7.3), (7.4) and (7.5) were used to calculate the absorption of
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the enclosure walls, TCS of the aperture and absorption by the antenna. Like the
antenna reflection coefficients, it was necessary to interpolate the measured ACS of

the PCB in order to match the PWB frequency points.

The losses due to the enclosure walls, antenna and reco and the TCS of the aperture
are shown in Figure 7.10. Above 5GHz, the ACS of the reco is between approximately
4x103m? and 6x103m?2. This is around three times greater than the next biggest loss
mechanism, the aperture. The reco is the dominant loss mechanism in this

configuration and this will have a significant effect on the enclosure SE.

0.01 ' ' '

—Cavity
0.008 | ——Antenna | 1
Aperture
0.006 | Reco 1

é
& 0.004
<

0.002; -

ol"
0 5 10 15 20
Frequency (GHz)

Figure 7.10: Losses in a metallic enclosure with a single aperture and containing an
antenna and a single PCB in its centre
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7.2.1.5.  Single Cavity Enclosure with Reco Measurement
Photographs of the enclosure with the reco in are shown in Figure 7.11. The reco was
placed 40mm from the bottom of the enclosure on four sheets of polystyrene of

10mm thickness. This was to keep the reco away from the enclosure walls.

The SE of the enclosure was measured using the method described in Section 7.2.1.

Figure 7.11: Photographs of the single cavity enclosure with the reco inside taken
from the top (left photo) and from the front (right photo)

7.2.1.6.  Single Cavity Enclosure with Reco Results
Figure 7.12 shows the PWB and measured SE results for the single cavity enclosure

with reco inside.

The SE of the modelled enclosure increases from approximately 5dB to 12dB from
1GHz to 5GHz. Above 5GHz, the SE remains at 12dB. The greater variation in SE,
compared to the empty enclosure configuration, over the frequency range is caused
by using the measured ACS of the reco. The measured SE of the enclosure lies

between 10dB and 16dB above 5GHz.
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The measured and modelled results are of a similar magnitude and lie between 10dB

and 15dB over most of the frequency range.

The SE of the enclosure with the reco in has increased by approximately 10dB to over

10 times the SE of the enclosure without the reco inside, shown in Figure 7.8.

—PWB
——Measurement

O I ! L
0 5 10 15 20
Frequency (GHz)

Figure 7.12: Comparison of modelled and measured SE of a single cavity enclosure
with a reco inside
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7.3.3. Single Cavity Enclosure with Reco Close to Enclosure Wall

The final model in the single cavity enclosure section is that of an enclosure with a

reco positioned parallel to and close to the enclosure wall.

This configuration is important as it shows the need to know the separate ACSs of
each side of a PCB as discussed in Chapter 5. Depending on which side of the PCB is
facing the wall (either the front, component side or the back of the PCB) the SE of the

enclosure will be changed.

7.2.1.7.  Reco Close to Enclosure Wall Model

A diagram of the PWB model of an enclosure with a single reco positioned parallel to
and close to the enclosure wall is shown in Figure 7.13. In this configuration a smaller
cavity is formed between the reco and the wall it is positioned next to. This cavity will

be ignored in order to simplify the model for this initial work.

The SE equation (equation (7.6)) used for the enclosure with the reco positioned
centrally can be used for this model. However, the value used for the ACS of the reco
will be based on the ACS of the recos measured next to the wall of the small RC which
were described in Chapter 5. Equations (7.3), (7.4) and (7.5) were used to calculate

the absorption of the enclosure walls and antenna and TCS of the aperture.
Three versions of this configuration will be measured and modelled:

e Double sided reco positioned 10mm from the bottom of the enclosure
e Double sided reco positioned 20mm from the bottom of the enclosure
e Single sided reco positioned 20mm from the bottom of the enclosure with

the absorber facing towards the enclosure wall.
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Figure 7.13: Diagram of an enclosure segmented by a PCB including methods of
absorption and transmission.

Double Sided Reco

Two values of ACS are used to calculate the SE; one with the metal plate of the reco
10mm from the chamber wall and one with the metal plate of the reco 20mm from
the chamber wall. These measurements were taken with the double sided reco and

presented in Figure 5.3 in Chapter 5.

Single Sided Reco

In this configuration a single sided reco is positioned 20mm from the bottom of the
enclosure with the absorber facing towards the enclosure. The ACS of this reco was

presented in Figure 5.10 in Chapter 5.

7.2.1.8. Reco Close to Enclosure Wall Measurement

Double Sided Reco

The double sided reco placed close to the bottom of the enclosure is shown in Figure
7.14. Two measurements were made with the reco close to the bottom of the
enclosure. One with the reco placed on a sheet of polystyrene of thickness 10mm.
The other is with the reco placed on the bottom of the enclosure on a piece of paper
to stop the absorber coming into contact with the wall. The SE of the enclosure was

measured using the method described in Section 7.2.1.
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Figure 7.14: Photographs of the enclosure with the double sided reco 10mm from
the bottom of the enclosure taken from the top (left photo) and from the front
(right photo)

Single Sided Reco

The measurement was carried out with the single sided PCB in the 20mm position

facing away from the enclosure wall and facing towards the enclosure wall.

7.2.1.9.  Single Cavity with Reco Close to Enclosure Wall Results

Double Sided Reco

Figure 7.15 compares the results from the PWB and the measured results in the RC
for the single cavity enclosure with a double sided reco 10mm and 20mm from the

bottom enclosure wall.

The modelled results show that positioning the reco closer to the enclosure floor
causes a reduction in SE. In the two results shown here the difference is greatest
between 7GHz and 15GHz. In the 10mm position the ACS of the reco has been
reduced more than when it is in the 20mm, this is why a slightly greater reduction in

SE is seen in Figure 7.15.

The measured SE results are of a similar magnitude. Above 5GHz the SE varies

between 11dB and 20dB.

Above 15GHz the SE of the PWB results and measurement results is similar;

approximately between 14dB and 16dB. Below 15GHz there are significant
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differences between the PWB and measurement results. This is particularly apparent

between 7GHz and 15GHz where there is a difference in SE of up to 6dB.

Previous measurements (Chapter 5) have shown that the ACS of the reco is reduced
the closer it is positioned to the RC wall. This causes the PWB results to show a
smaller SE when the reco is positioned close to the enclosure wall. Unlike the PWB,
the SE measurement results do not show a similar difference between the two
positions for this double sided reco. The main difference that could be causing this is
that the reco is now being measured in an enclosure rather than next to the small RC

wall. This could be investigated further in future work.

Overall, the SE measurement is not as affected by the reco being close to the

enclosure wall as might be expected.

30 m ' '
ho
.
25 . ': 1 |
I ,:/‘f'
20 | lukhi
)
Z15;
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—PWB - 10mm
! —PWB - 20mm
o - - -Measurement - 10mm| |
- - -Measurement - 20mm
0 | .
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Frequency (GHz)

Figure 7.15: Comparison of modelled and measured SE of a single cavity enclosure
with a double sided reco positioned 10mm and 20mm from the enclosure wall
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Single Sided Reco

Figure 7.16 compares the results from the PWB and the measured results in the RC

for the single sided reco facing the enclosure wall.

For the PWB result, positioning the single sided reco close to the enclosure floor
causes a reduction in SE of between 7dB and 4dB compared to the reco positioned
centrally. This is because the ACS of the reco has been reduced as has been seen in

Chapter 5. The measured SE shows a similar result to the modelled SE.

20 . . :
15+ 1
J M
— 10 +F n ) all | LA
Z it PIIE A
5 - .
—PWB - facing wall
——Measurement - facing wall
O | | 1
0 ) 10 15 20

Frequency (GHz)

Figure 7.16: Comparison of modelled and measured SE of a single cavity enclosure
with a reco positioned with the absorber facing towards the enclosure wall
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7.4. Two Cavity Enclosures

In some situations, various contents divide the enclosure into multiple cavities. The
next examples look at how to model an enclosure divided into two cavities and

calculate the resulting SE in each cavity.

7.4.1. Simple Two Cavity Enclosure

The most basic example of a multiple cavity enclosure is an enclosure which has been

split into two cavities by a metallic dividing wall.

7.2.1.10. Simple Two Cavity Enclosure Model
This two cavity enclosure can be modelled as shown in Figure 7.17 including the

methods of power absorption and transmission.

The antennas are not considered in this model. Including the antennas complicates
the model, as when measuring the SE the antenna is placed in one cavity but not the
other. Two models would be required to consider the antennas; one with the
antennain cavity 1 and one with the antenna in cavity 2. For each model, the SE from
the cavity with the antenna is used and the results from the other cavity ignored.
Figure 7.10showed that the antennas are the least dominant loss mechanism;

therefore, removing the antennas will have a negligible effect on the SE.

—> P, —> Py
<— pt <— P

21
Pa

2:wall 1a;wall

/ /

Figure 7.17: Diagram of an enclosure segmented by a cavity wall with an aperture.
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The additional symbols in this model are:

e S Power density in cavity 2

e PJ ., .u Powerabsorbed by cavity 2 wall

o Pl Power transmitted from cavity 2 to cavity 1 through the gaps either
side of the metallic divider

o PL Power transmitted from cavity 1 to cavity 2 through the gaps either
side of the metallic divider

e Transmission through the dividing wall is not considered as the wall is metallic

with no apertures in the divider itself.

The power balance equations for the two cavities are (7.7) for cavity 1 and (7.8) for

cavity 2.
S1:
Pt au + P3y + P§y = Pf, + Pfy (7.7)
S2:
PZa:wall + P1t2 = Pztl (7.8)

The powers transmitted through the apertures are given by the TCS multiplied by the
power density in the cavity. Again, the TCSs are assumed to be the same in each

direction.

Substituting the relevant equations in to the power balance equations gives (7.9) for

cavity 1 and (7.10) for cavity 2.
ot wanSt + 05,51 + 0, S; = 01,5, + 0105, (7.9)

05 wauSa + 0518, = 05,5 (7.10)
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Collecting the terms together gives equations (7.11) and (7.12)(7.12).
(0fwau + 021 + 010)S1 — (012)S2 = 01050 (7.11)

—(0'2t1)51 + (O'Za:wall + 02t1)52 =0 (7.12)

(7.11) and (7.12) can be written in matrix form as:

afOSO] _ [(ofwau + 021 + 010) —(o13) [51]
0 —(034) (0% wan + 031)] 152 (7.13)
Therefore the shielding effectiveness of each cavity is given by:
S1
a -1
1So| _ [(0fiwau + 031 + 01o) —(o12) [alto]
|S_2| _(0—51) (O-Za:wall + O-Ztl) 0 (7.14)
So

The transmission cross sections of the apertures and the absorption of the enclosure
walls are calculated using equations (7.3) and (7.4). The SE of each cavity is then
calculated using (7.14). The following points were considered when calculating the

different loss mechanisms in this configuration of the enclosure.

o o, andas, ; —absorption of walls in each cavity
o The segmenting wall is 0.15m from the back of the enclosure and
0.14m from the front of the enclosure
o Cavity 1 has a smaller surface area as it contains the aperture in the
enclosure as well as the gaps either side of the divider
e ol —TCS of the gaps either side of the divider
o The total TCS of the gaps is obtained by calculating the individual TCSs

of each gap and then adding them together
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7.2.1.11. Two Cavity Enclosure Measurement

Photographs of the two cavity enclosure set up are shown in Figure 7.18. The divider
used has the gap of 8mm between the divider and wall, as described in Section 7.2.2.
The divider was positioned 0.15m from the back of the enclosure and 0.14m from

the front of the enclosure.

The SE of each cavity was measured using the method described in Section 7.2.1. The
antenna was placed in position 2 for the SE measurement in cavity 1 and in position
6 for the SE measurement in cavity 6 (see Section 2.3.3.2 for a description of the

enclosure).

Figure 7.18: Photographs of the two cavity enclosure

7.2.1.12. Two Cavity Enclosure Results
Figure 7.19 compares the SE of each cavity calculated using the PWB and measured

in a reverberation chamber.

The modelled SE of cavity 1 increases from between 1dB to 3dB over the frequency
range of 1GHz to 20GHz. Cavity 2 has a higher SE which increases between 3dB and

7dB over the frequency range. At 1GHz, there is a 2dB between cavity 1 and cavity 2.
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At 20GHz, there is a difference of 4dB. At this frequency, the SE of cavity 2 is over

twice that of cavity 1.

From approximately 7GHz to 10GHz, the measured SE of cavity 1 increases from 2dB
to 1dB. From 10GHz to 20GHz the SE decreases to between 2dB and 3dB. The SE of
cavity 2 has a similar structure to the SE of cavity 1 but is approximately 1dB — 2dB
higher. The maximum SE is around 14dB at just under 10GHz and is around 5dB at

the end of the frequency range.

Cavity 1 has two apertures; one which links it to the external field and one that links
it to cavity 2. Cavity 2 only has the aperture between itself and cavity 1. As less field
is able to penetrate to cavity 2 its SE is higher. Additionally, because cavity 2 has
fewer apertures it has a higher surface area. This means that more energy is absorbed
in the cavity walls. However, as the apertures are the dominant loss mechanism this

effect would be limited.

The SE of the measured and modelled cavities are similar from 15GHz to 20GHz.
Below 15GHz the measured SE is much greater than the modelled SE. The reason for
this could be due to the smaller cavities changing the frequency at which these

models become useful. This needs to be investigated further.
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Figure 7.19: Comparison of modelled and measured SE of a two cavity enclosure
with a metallic divider

7.4.2. Single Reco forming Two Cavity Enclosure

In the previous section the enclosure was divided by a metallic wall. In this section, a
reco is used to divide the enclosure into two cavities. Three different configurations
have been considered; a double sided reco, a single sided reco with the absorber

facing into cavity 1 and a single sided reco with the absorber facing into cavity 2.

7.2.1.13. Single Reco forming Two Cavity Enclosure Model

The two cavity enclosure divided using a reco can be modelled as shown
diagrammatically in Figure 7.20. Chapter 6 presented results that showed some PCBs
have significant transmission through them which needs to be considered as an

aperture. This is in addition to the transmission around the edges of the board.
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Figure 7.20: Diagram of an enclosure segmented by a PCB including methods of
absorption and transmission.

The additional symbols in this model are:

o Plocg Power absorbed by PCB in cavity 1
o Plpcg Power absorbed by PCB in cavity 2
* Phap Power transmitted from cavity 2 to 1 through the aperture

around the reco

. Pztl:ap Power transmitted from cavity 1 to 2 through the aperture

around the reco

o PLpcg Power transmitted from cavity 2 to 1 through the reco divider
o Plocg Power transmitted from cavity 1 to 2 through the reco divider
o 0lpch ACS of PCB in cavity 1
° 05pcg ACS of PCB in cavity 2

The power balance equations for the two cavities are:
S1:

Pl yvan + Pipce + Piipce + Piiap + Pé1 = Plapcs + Plaap + Plo (7.15)
S2:

PS au + Pipcs + Plapcs + P1t2:ap = P}ypc + P2t1:ap (7.16)
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The power absorbed by the PCBs is given by (7.17) where n is the cavity and o)}.pcpis
the ACS of the PCB.

Pppcs = On:pceSn (7.17)

It is important to remember that the ACS of the reco in this model is the ACS for the
part of the reco that is in that cavity. In the next section, the one sided measurement

results of Chapter 5 are used to take this into account.

The power transmitted through the aperture around the PCB is given by the TCS
multiplied by the power density in the cavity. Again, the TCS are assumed to be the
same in each direction. Chapter 6 measured the power transmitted through three

PCBs and calculated a TCS from these results.

Substituting these equations in to the power balance equations gives (7.18) and

(7.19).

0t wanS1 + 0LpceS1 + 031.pc8S1 + 031.0pS1 + 01051 (7.18)

— t t t
= 012:pcS2 T O12:apS2 + T1050

0FwauS2 + 05:pceSa + 031.pcS2 + 031.4pS> (7.19)

_ ¢ ¢
= 031.pc8S1 T 021:0pS1

Collecting the terms together gives (7.20) and (7.21).

(0fwau + 0fpcs + 31.pc8 + Od1.ap + 0t0)S1 (7.20)

¢ t _ t
- (0'12:PCB + 0'12:ap)52 = 01050

(01.pc5 + 02t1:ap)51 — (0% wau + 0fpce + Ohipcs + Uztl:ap)SZ =0 (7.21)
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Equations (7.20) and (7.21) can be written in matrix form as:

[Jfoso]
0
_ (0twau + Otipcs + aztl:PCB + Uztl:ap + 1) _(Ultz:PCB + Ultz:ap) [51] (7'22)
(O_Ztl:PCB + 02t1:ap) —(02:wau + 92:pcp + UZtl:PCB + 02t1:ap) S2
Therefore the shielding effectiveness of each cavity is given by:
[51]
[So |
5,|
15, ] (7.23)
-1
_ (0fwan + 0t:pce + Uztl:PCB + 0-2’:1:ap + a1p) _(altZ:PCB + 0-1t2:ap) [Ulto]
_(O-Ztl:PCB + Uzt1:ap) (0% wau t 05ipce + 031.pc8 + Uztl:ap) 0

Chapter 6 showed that not all PCBs have significant transmission and any
transmission they do have may be insignificant compared to losses in the absorber
or through the apertures around the PCBs. Therefore, at this stage, the transmission
through the recos will be ignored in order to simplify the model. In future work the

transmission could be considered.

The equation for calculating the SE is repeated below, without the transmission

through the PCBs included:

B
S> (7.24)

-1
a a t t t
_ |(0twan *+ 01ipce + 021:0p T+ 010) _(alz:ap) l [Jfo]

_(O-Ztl:ap) —(0zwau + 92:pcp + J2t1:ap) 0
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The transmission cross sections of the apertures and the absorption of the enclosure
walls are calculated using equations (7.3) and (7.4). The ACS of the reco used in the

calculation for each configuration is discussed in the relevant sections below.

Double Sided Reco Divider

In this configuration the reco divider has absorber on both sides. There is an equal
amount of absorber on each side (eight pieces) so the ACS used in each cavity is half

of the total ACS of the double sided reco measured in Chapter 5 Section 5.3.2.

Single Sided Reco Divider - Absorber Facing into Cavity 1

In this configuration the reco divider has absorber on one side and no absorber on
the other side. The side of the reco with the absorber faces into cavity 1. The ACS
used for cavity 1 is the ACS of the single sided reco measured in Chapter 5 Section

5.3.1. As there is no absorber in cavity 2, g5 pcp is set to zero.

Single Sided Reco Divider - Absorber Facing into Cavity 2

In this configuration the reco divider has absorber on one side and no absorber on
the other side. The side of the reco with the absorber faces into cavity 2. The ACS
used for cavity 2 is the ACS of the single sided reco measured in Chapter 5 Section

5.3.1. As there is no absorber in cavity 1, a{p5 is set to zero.

7.2.1.14. Two Cavity Enclosure with Reco Divider Measurement

Photographs of the two cavity enclosure with a reco divider are shown in Figure 7.21.
The divider used has the gap of 8mm between the divider and wall. The divider was
positioned 0.15m from the back of the enclosure and 0.14m from the front of the
enclosure. The measurement was carried out with the double sided reco, with the
single sided reco with absorber facing cavity 1 and the single sided reco with absorber

facing cavity 2.

The SE of each cavity was measured using the method described in Section 7.2.1. The
antenna was placed in position 2 for the SE measurement in cavity 1 and in position

6 for the SE measurement in cavity 6.
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Figure 7.21: Photographs of the two cavity enclosure with a reco divider. The left
photograph shows the double sided reco and the right photograph shows the single
sided reco with the absorber side facing cavity 1.

7.2.1.15. Two Cavity Enclosure with Reco Divider Results

Double Sided Reco Divider

Figure 7.22 compares the SE of each cavity of the enclosure divided by the double

sided reco for the PWB model and the measurement in the RC.

For the PWB, the SE of cavity 1 increases from a minimum of 6dB at 2GHz to 12dB at
5GHz. There are small variations in SE between 12dB to 13dB from 5GHz to 20GHz.
The SE of cavity 2 shows a similar structure but its SE is between 29dB and 31dB from
5GHz to 20GHz. There is a difference of approximately 18dB between the two

cavities.

Above 5GHz, the measured SE of cavity 1 varies between 10dB and 20dB and the SE
of cavity 2 varies between 21dB to 31dB. Both measured graphs show a similar
structure; the SE increases from around 6GHz to a maximum at 10GHz and then
gradually decreases to 20GHz. The difference in SE between the two cavities remains

the same throughout the frequency range about approximately 10dB
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There is a difference between the PWB and measurement results for both cavities.
For cavity 1 the PWB result is less than the measurement result. At higher
frequencies, between 15GHz and 20GHz this difference is less significant. For cavity
2 the PWB result is greater than the measurement result. There is also a bigger
difference than for the cavity 1 result. In this configuration the SE of both cavities is
increased by the inclusion of the absorber. This also then gives a more pronounced

difference in SE between the two cavities.
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Figure 7.22: Comparison of modelled and measured SE of a two cavity enclosure
with a double sided reco divider.

Single Sided Reco Divider - Absorber Facing into Cavity 1

Figure 7.22 compares the SE of each cavity of the enclosure divided by the single
sided reco with the absorber facing cavity 1 calculated using the PWB and measured

inan RC.
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The modelled SE of cavity 1 increases from a minimum of 5dB at 2GHz to 13dB at
5GHz. There are small variations in SE between 12dB to 13dB from 5GHz to 20GHz.
The SE of cavity 2 shows a similar structure but its SE is between 14dB and 17dB from
5GHz to 20GHz. There is a difference of approximately 3dB to 4dB between the two

cavities.

For this configuration both cavities have a similar measured SE of between 10dB and
20dB from 5GHz to 15GHz and then settling down at approximately 12dB from 15GHz
to 20GHz. Even though the absorber is only in cavity 1 the SE of both cavities has

increased.

Although the results for cavity 1 show good agreement with each other the modelled

result for cavity 2 is approximately 4dB higher than the measured result.
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Figure 7.23: Comparison of modelled and measured SE of a two cavity enclosure
with a single sided reco divider facing into cavity 1.
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Single Sided Reco Divider - Absorber Facing into Cavity 2

Figure 7.24 compares the SE of each cavity of the enclosure divided by the single
sided reco with the absorber facing cavity 2 calculated using the PWB and measured
in an RC. The modelled SE of cavity 1 lies between 2dB and 4dB over the majority of
the frequency range. The SE of cavity 1 increases from a minimum of 10dB (excluding
the spike 2GHz) at 1GHz to approximately 22dB at 5GHz. There are variations in SE
between 19dB to 24dB from 5GHz to 20GHz. There is a difference of approximately
20dB between the two cavities. There is much less variation in cavity 1 as there is no

absorber in this cavity and it is less affected by the absorber in cavity 2.

For this configuration cavity 1 has a measured SE of between 5dB to 10dB over the
majority of the frequency range. The SE of cavity 2 varies between 17dB and 23dB.
The SE of cavity 1 has increased by a small amount; approximately 2dB compared to

the metallic divider case. The SE of cavity 2 has increased by approximately 15dB.

The differences between the PWB and measured results are similar to the differences
seen in the double reco divider configuration shown in Figure 7.22. The modelled
results are lower than the measured results for cavity 1 and higher than the

measured results for cavity 2.
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Figure 7.24: Comparison of modelled and measured SE of a two cavity enclosure
with a single sided reco divider facing into cavity 2.
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7.4.3. Two Cavity Enclosure formed by Stacked Recos

The next example is of an enclosure divided into two cavities by two recos in a stack.

7.2.1.16. Two Cavity Enclosure with Stacked Recos Model

The model can be drawn as shown in Figure 7.25 including the methods of power
absorption and transmission. In this model the two PCBs are considered as one
stacked object, as they were measured in the work presented in Chapter 3.
Transmission through the divider will not be considered as the transmission through
two PCBs is low enough to be considered insignificant. The main consideration in this

configuration is how to take into account the ACS of two stacked PCBs.

a a
4 PZ'P(‘B 4 P‘I'P(‘B
SZ O_a Sl SO
1:PCB|
—> Py
< P
P; P&
2:wall t 1:wall
> P12:ap
% t
PZl-av \/

Figure 7.25: Diagram of an enclosure segmented by a PCB including methods of
absorption and transmission.

The PWB matrix has been formulated by carrying out the same steps as the previous

examples.
The power balance equations for the two cavities are:
S1:
PLwau + Pipce + P2tl:ap + Pgy = P1t2:ap + Pf (7.25)
S2:

Pza:wall + P3pcp + P1t2:ap = Pgl:ap (7.26)
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The power absorbed by the PCBs is given by the equation where n is the cavity and

0% pcpis the ACS of the PCB.

Ppce = On.pceSn (7.27)

Substituting these equations into the power balance equations gives:

OtwauS1 + 01 pcpS1 + Uzt1:ap51 + U1t051 = O-1t2:ap52 + 01t050 (7.28)

OpwauS2 + 02:pceS2 + Uzt1:ap52 = 02t1:ap51 (7.29)

Collecting the terms together gives:

(Ula:wall + 0fpce + 051.ap + Ufo)51 - (Ufz:ap)sz = 01,50 (7.30)

(02t1:ap)51 — (0% wan + 0%pcs + 02t1:ap)52 =0 (7.31)

This can be written in matrix form as:

[Ufoso]
0
(7.32)
_ (O-la:wall + G{I:PCB + Gztlzap + O-lto) _(altz:ap) l [51]
_(O-Ztl:ap) (0Zwan + 02pce + aztl:ap) S2
Therefore the shielding effectiveness of each cavity is given by:
[>1]
S0
|52 |
|5, (7.33)
-1
_ (0fowau t 0tpcp + O-Ztl:ap + ofp) _(Ultz:ap) [glto]
_(Uztl:ap) (05 wau + 05pce + 031.ap) 0

In fact, this looks like a simpler formation than the previous example as the

transmission through the recos (or PCBs) no longer needs to be considered. However,

as there are now two recos stacked together the values of {5 and 05 p-5 need to

be carefully thought out. The example calculation looks at how to determine these

values.
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Double Sided Stacked Reco Divider

In this configuration the two stacked recos have absorber on both sides. Each reco
has eight pieces of absorber, four on each side. The ACS of each individual reco with
four pieces of absorber on each side is half of the reco with eight pieces of absorber
on each side that has been measured previously. A diagram of this configuration is

shown in Figure 7.26.

In order to take into account the recos being stacked together, the absorption of the
left reco is considered in cavity 2 and the absorption of the right reco is considered
in cavity 1. As the recos are stacked, the area of the absorber on each reco is reduced
by 75%. From the result shown in chapter 5, the absorption of each reco is therefore
reduced to 75% of the total absorption of each reco. As the recos are considered as
being stacked together the TCS of the aperture around the PCBs is that of the 3mm

gap as this is the smallest gap.

110mm 20mm 160mm
Cav. 2 Cav. 1
3mm gap 8mm gap

Figure 7.26: Two cavity enclosure divided by double sided stacked recos
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Single Sided Stacked Reco Divider - Absorber Facing into Cavity 1

In this configuration the two stacked recos have eight pieces of absorber on one side

facing into cavity 1. A diagram of this configuration is shown in Figure 7.27.

For this case, cavity 2 is considered to be empty. The metallic side of the reco forms
the final side of the cavity. The absorber from both recos is located in cavity 1. The
ACS of the reco on the right hand side is the ACS of a one sided reco. The ACS of the
reco on the left hand side is considered to be the same as a one sided reco facing a
wall, as measured in Chapter 5. This is 55% of the total ACS of a single sided reco. As
the recos are considered as being stacked together the TCS of the aperture around

the PCBs is that of the 3mm gap as this is the smallest gap.

110mm 20mm 60mm
Cav. 2 | Cav.1
3mm gap 8mm gap

Figure 7.27: Diagram of the two cavity enclosure divided by single sided stacked
recos with the absorber facing into cavity 1

Single Sided Reco Divider - Absorber Facing into Cavity 2

In this configuration the two stacked recos have eight pieces of absorber on one side

facing into cavity 2. A diagram of this configuration is shown in Figure 7.28.

For this case, cavity 1 is considered to be empty and the metallic side of the reco
forms the final side of the cavity. The absorber from both recos is located in cavity 2.
The ACS of the reco on the left hand side is the ACS of a one sided reco. The ACS of

the reco on the right hand side is considered to be the same as a one sided reco facing
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a wall, as measured in Chapter 5. This is 55% of the total ACS of a single sided reco.
As the recos are considered as being stacked together the TCS of the aperture around

the PCBs is that of the 3mm gap as this is the smallest gap.

110mm 20mm 60mm

Cav. 2 - - Cav. 1

3mm gap 8mm gap

Figure 7.28: Diagram of the two cavity enclosure divided by single sided stacked
recos with the absorber facing into cavity 2
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7.2.1.17. Two Cavity Enclosure with Stacked Recos Measurement
Photographs of the two cavity enclosure with a stacked reco divider are shown in

Figure 7.29.

The back of the enclosure is 11cm from the centre of the back reco. The front of the
enclosure is 16cm from the centre of the front reco. There is 2.5cm between the
centres of the recos. The front reco is the 8mm gap reco and the back reco the 3mm

gap reco.

The SE of each cavity was measured using the method described in Section 7.2.1. The
antenna was placed in position 2 for the SE measurement in cavity 1 and in position

6 for the SE measurement in cavity 6.

Figure 7.29: Photographs of the two cavity enclosure with a stacked reco divider.
The enclosure aperture is at the bottom of the photograph and the back of the
enclosure at the top of the photograph. The distance between the back of the
enclosure and the centre of the back reco is 110mm and the distance between the
front of the enclosure and the centre of the front reco is 160mm. There is 25mm
between the centres of the recos.
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7.2.1.18. Two Cavity Enclosure with Stacked PCBs Results

Double Sided Stacked Reco Divider

Figure 7.30 compares the SE of each cavity of the enclosure divided by the double
sided stacked reco for the PWB model and the measurement in the RC. For the PWB,
the SE of cavity 2 increases from a minimum of around 15dB at 2GHz to 28dB at 6GHz.
There are small variations in SE between 27dB to 30dB from 6GHz to 20GHz. The SE
of cavity 1 shows a similar structure but its SE is approximately 10dB from 6GHz to
20GHz. There is a difference of approximately 18dB between the two cavities. Above
5GHz, the measured SE of cavity 1 varies between 9dB and 15dB and the SE of cavity
2 varies between 28dB to 38dB. The difference in SE between the two cavities is
approximately 20dB. The measured and PWB results for cavity 1 show very good
agreement with each other. The measured result for cavity 2 is greater than the PWB
result by up to 9dB. At higher frequencies, between 15GHz and 20GHz this difference

is less significant.
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n —PWB - Cavity 2
PR - - -Measurement - Cavity 1
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Figure 7.30: Comparison of modelled and measured SE of a two cavity enclosure
with a double sided stacked reco divider
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Single Sided Stacked Reco Divider - Absorber Facing into Cavity 1

Figure 7.31 compares the SE of each cavity of the enclosure divided by the single
sided stacked reco, with the absorber facing into cavity 1 for the PWB model and the
measurement in the RC. For the PWB, the SE of cavity 2 increases from a minimum
of around 10dB at 2GHz to 18dB at 6GHz. There are small variations in SE between
16dB to 20dB from 6GHz to 20GHz. The SE of cavity 1 shows a similar structure but
its SE is approximately 15dB from 6GHz to 20GHz. There is a difference of
approximately 4dB — 5dB between the two cavities. Above 5GHz, the measured SE of
cavity 1 varies between 10dB and 20dB and the SE of cavity 2 varies between 20dB
to 30dB. The difference in SE between the two cavities is approximately 10dB. The
measured and PWB results for cavity 1 are reasonably well matched. There is a
difference of 2dB to 3dB over most of the frequency range. The measured SE result
for cavity 2 is around 5dB to 10dB higher than the PWB result. In previous results,
when a cavity has no additional absorber in the measured results is seen to be greater

than the PWB result. This needs to be investigated further.
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Figure 7.31: Comparison of modelled and measured SE of a two cavity enclosure
with a single sided reco stacked divider facing into cavity 1.
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Single Sided Stacked Reco Divider - Absorber Facing into Cavity 2

Figure 7.32 compares the SE of each cavity of the enclosure divided by the single
sided stacked reco, with the absorber facing into cavity 2 for the PWB model and the
measurement in the RC. For the PWB, the SE of cavity 2 increases from a minimum
of around 20dB at 2GHz to 28dB at 6GHz. There are small variations in SE between
25dB to 29dB from 6GHz to 20GHz. As there is no absorber being considered in cavity
1, the SE is correspondingly low. The SE of cavity 1 increases slightly from around 2dB
to 3B. There is a difference of approximately 25dB between the two cavities. Above
5GHz, the measured SE of cavity 1 varies between 3dB and 11dB and the SE of cavity
2 varies between 30dB to 40dB. The difference in SE between the two cavities varies
over the frequency range. At 20GHz the difference is around 25dB, and at

approximately 13GHz it is over 30dB.

The measured cavity 1 result is between 1dB to 7dB higher than the modelled result.
Above 15GHz, the results are closer. The measured result for cavity 2 is significantly
higher than the modelled result; there is a difference of over 10dB at some

frequencies.
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Figure 7.32: Comparison of modelled and measured SE of a two cavity enclosure
with a single sided reco stacked divider facing into cavity 2.
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7.5. Summary

This chapter presented PWB models of different configurations of an enclosure. The
results of each model were compared with a SE measurement of the same
configuration. The models used information detailed in the previous chapters of this
thesis; including how ACS changes depending on position in an enclosure or whether

the transmission through PCBs needs to be considered.

Results for an empty single cavity enclosure and a single cavity enclosure with a reco
in two different positions were presented. Although the measured and modelled
results for the empty enclosure and the enclosure with the reco positioned away
from the enclosure walls showed good agreement, the results for the enclosure with

the reco close to the enclosure wall were not as good.

The enclosure was divided into two cavities using a metallic divider, a single reco
divider and a stacked divider formed by two recos. There were significant differences
between the measured and modelled results for the two cavity enclosures. However,

the modelled results could still be used to give an approximate SE of an enclosure.

This results presented in this chapter have shown that PWB modelling can be used
to give an indication of the likely SE of an enclosure but more research needs to be
carried out in order to develop the PWB and increase the accuracy of the modelled
results. The next and final chapter of this thesis discusses the limitations of the work

presented in this thesis and further work that could be carried out.

205



Chapter 8

Conclusions
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8.1. Summary

Chapter 1 Section 1.2 states that the aim of the research presented in this thesis is to
investigate the absorption cross section of PCBs and how it can be used to predict
the SE of shielded enclosures populated with PCBs. This aim is split into three smaller

goals:

e Obtain the ACS of a set of PCBs measured individually and in stacks. Changes
in ACS due to the position of the PCB in the enclosure and changes in ACS due
to other PCBs in the enclosure are investigated

e Investigate how the ACS of the PCBs vary depending on the position inside
the enclosure and in relation to other PCBs and consider whether these
factors are a significant influence on the SE of an enclosure

e Develop a method of predicting the SE of a shielded enclosure. An example
of the SE of a realistic populated enclosure model should be compared to the

SE of an actual populated enclosure.

The next sections summarise the work carried out to investigate these aims. The
second part of this chapter discusses further work that could be carried out to

develop and improve the research carried out so far.

8.1.1. Absorption Cross Section of Printed Circuit Boards
Chapters 3 to 5 detailed ACS measurements of PCBs in various different
configurations. The PCBs were measured individually, stacked together and in

different positions in the RC. An attempt was made to measure the ACS of a single

side of a PCB.

The individual PCB results show how the ACS varies depending on the type and
amount of components on each board as well as the size of each board. The ACS of

the majority of the PCBs measured ranges from 2x103 m? to 8x10°3 m?2.

Four PCBs were measured stacked together in different configurations. The stacks
consisted of two, three or four PCBs. The measured ACS of the stacked PCBs is lower

than the ACS of the PCBs added together. The ACS of a stack of two PCBs is reduced
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to between 75% and 85% of the total ACS of the individual PCBs. The ACS of a stack
of four PCBs is reduced to 75% of the total ACS of the individual PCBs.

Measuring the PCBs in stacks shows that ACS is reduced when the PCBs are
positioned close to other objects. The PCBs were measured in a number of different
positions in the RC. Generally, changing the position of the PCB does not change the
ACS of the PCB. However, when the front of the PCB is positioned close to and parallel
to the RC wall the ACS is reduced to 55% of the total PCB ACS at some frequencies.
These results are important as they apply to shielded enclosures if they are acting as
a reverberant environment. This result, along with the stacked PCB measurement
results, showed that further investigation was required to see the change as the PCB

is moved closer to the wall and to find the ACS of a single side of a PCB.

In chapter 5, results from attempting to measure the ACS of one side of a reco are
presented. Two sets of ACS measurements were carried out. The first set used a reco
which was positioned at different distances from the RC wall. As the reco moved
closer to the wall information about how the ACS changed was found. When the reco
was positioned next to the chamber wall the results showed that the reduction in
ACS is related to the reduction in the surface area of the absorber on the reco. The
surface area of the absorber on a single sided reco is reduced to 55% when it is
positioned next to the RC wall. The ACS of the reco in this position is also reduced by
approximately 55%. The second set of measurements was of a PCB with aluminium
foil covering one side. The ACS of the individually measured top and bottom of the
PCB was added together and shown to be significantly higher than the ACS of the PCB
measured as a whole. This could be due to a number of factors which should be

investigated further (see Section 8.2.1.1 below).

8.1.2. Transmission through Printed Circuit Boards

The transmission through three PCBs was investigated using the AEG absorber box.
No information was available on the transmission through PCBs but it is necessary to
know the transmission when formulating a power balance model. The
measurements divided the PCBs into two groups, two PCBs with a low TCS and one

PCB with a higher TCS. The transmission of the low transmission PCBs was measured
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as a minimum of -60dB. However, this was the noise floor of the measurement. The

high transmission PCB has a measured transmission of between -20dB and -50dB.

8.1.3. Shielding Effectiveness of Enclosures with Contents

The final chapter of this thesis presents several models of an enclosure with and
without contents in. The purpose of these models is to show that power balance
modelling can be used to predict the SE of an enclosure with contents in. To create
the model, the research into PCB ACS and the transmission through PCBs detailed in
the previous chapters was used. The PWB models are compared to SE measurements

of a shielded enclosure made in a reverberation chamber.

The measured and modelled results for the empty enclosure and the enclosure with
the reco positioned away from the enclosure show good agreement. However, the
results from the enclosure with the reco close to the enclosure wall need more

investigation.

Differences between the measured and modelled results for the two cavity
enclosures were observed. The modelled result gives a rough approximation of the
SE of the enclosure, compared to the measured results. Section 8.2 discusses how

the PWB models can be developed to improve the results.

8.1.4. Overall Conclusions

The hypothesis in Chapter 1 Section 1.2 of this thesis states that:

The shielding effectiveness of a simple enclosure populated by PCBs can be predicted

using the PCB’s absorption cross section and transmission cross section.

Overall, the work in this thesis shows that PWB models can be used to predict the SE
of an enclosure with contents in. However, for more accurate results and for the
models to become useful further work needs to be carried out. This is discussed in

Section 8.2.

Including the contents of an enclosure can significantly change the shielding

effectiveness of the enclosure. For shielding effectiveness, the enclosure and its
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contents should be considered as a single system rather than as separate equipment.
When designing equipment and systems, an accurate SE is important to know. Not
having an accurate idea of the SE of a system may lead to increased weight and cost
and also increase the time of the design process if the shielding is underestimated. If
overestimated, the enclosure may not provide enough protection from EM sources

leading to damage or malfunction of the equipment.

8.2. Further Work

This section discusses improvements that could be made to the work detailed in this
thesis and what can be carried out to develop this work. Wider areas of interest are

also discussed.

8.2.1. Improvements and Developments to Current Work

8.2.1.1.  Absorption Cross Section of Printed Circuit Boards

Two different methods of calculating the ACS of PCBs were used during the course of
this work. The second method, using inverse Fourier transforms [53], is a more
precise method but was developed part way through this work and so was only
applied to a small number of measurements. A small set of PCBs taken from two
similar pieces of communication equipment were measured throughout this work.
By measuring PCBs with a greater range of sizes, shapes, components and technology
more information on PCB ACS can be gathered and then used in the PWB models. In
future the inverse Fourier transform technique method should be used for ACS
measurements. At the lower frequencies measured in the work presented here, the
results were unusable. By measuring PCBs in a larger chamber with a lower LUF the
ACS at lower frequencies may be found. However, there is a limit to how small the

PCBs can be.

The method of finding the ACS of one side of a PCB, or reco, should be improved. The
foil measurements showed a difference between the total ACS of the PCB and the
sum of the two sides. Finding out why this is the case would improve the results. This
could be done by exploring the transmission through the PCB and by looking at the

reflection from the PCB and the foil covering it.
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8.2.1.2.  Transmission through Printed Circuit Boards

Only three PCBs were measured for this work and it would be very beneficial to
measure a greater range of PCBs to find out how transmission through the boards
varies PCB to PCB. In order to do this it would be useful to improve the measurement
method and equipment, as currently it can only be carried out on larger PCBs. The
transmission of the PCBs was also limited to a smaller frequency range (500MHz to
8GHz) and being able to measure the transmission up to 20GHz would improve the

results for use in the power balance models.

8.2.1.3.  Shielding Effectiveness of Enclosures with Contents

The previous two sections discuss improving the knowledge of the absorption and
transmission of PCBs. Using this improved knowledge in the models will improve the
results of the models. The measurements and models use recos as the contents.
Using PCBs may be more representative of real enclosures and allow any differences

between using recos and PCBs to be shown.

There are differences between the measured and modelled results, particularly for
the two cavity enclosures. It would be useful to investigate what happens in the small
cavities which are formed between a reco placed next to the enclosure wall or
between recos stacked together. One method of doing this could be to divide an
enclosure into three cavities using two recos and then decreasing the distance
between the recos. This information may also help to find the ACS of one side of a
PCB and show how the ACS of a stack of PCBs should be considered in different
cavities. When the more basic configurations have been refined, more complex

configurations can be calculated.

It may worth looking into including the transmission through single PCBs in the model
to see what effect this has on SE. If measurements of a greater number of PCBs show

a higher transmission, then this may need to be considered.

8.2.2. Future Work

The focus of the research in this thesis is the ACS of PCBs. In real equipment, PCBs

will not be the only contents found inside enclosures. Other items, such as fans or
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cabling, will also need to be considered when using PWB models to predict SE. Cables
may be of particular interest as they could act as antennas inside the enclosure. The
ACSs measured have been of the whole, or one side of, the PCBs. Measuring the ACS
of different types of components individually would be very useful information to
have. This may allow an estimate of the ACS of a PCB to be made by considering the

types of components on it.

The measurements carried out have been of unpowered PCBs. An initial ACS
measurement of a powered FPGA development board showed no difference
between the ACS of a powered and unpowered PCB. Further work in the AEG

confirmed this initial result [58].

Knowing the reflection coefficients of a PCB may aid the understanding of what
happens when a PCB is close to a wall or another PCB. An attempt to calculate these
values was made using the data obtained from the absorber box measurements.
However, it proved too difficult to separate the effect of the absorber box itself from

the PCB information.

In addition to calculating the SE of an enclosure using RC measurements and PWB
modelling, full wave modelling such as using Finite Difference Time Domain (FDTD)
techniques could be used. Results from full wave modelling could be used to validate
the PWB and measured results. Techniques such as FDTD would be useful to find the
field at different points in small cavities, such as between an object and the enclosure
wall, as making a real measurement would be difficult due to the space constraint. It
could also be useful for investigating the reflection coefficients of PCBs. Additionally,
models of enclosures and their contents could be used as an alternative to measuring

the system as equipment such as RCs may not be available for engineers to use.

Finally, the SE of an enclosure with contents in, compared to an empty enclosure, is
different because the PCBs are absorbing the energy inside the enclosure. It is
important to know where the energy is being absorbed in the PCB. If it is being

absorbed into the PCB substrate this is less concerning than if the energy is coupling
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onto the PCB tracks or into the components themselves. Finding out what is

happening to the energy could have important implications for PCB susceptibility.
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Symbols

Symbol

<>

Q x T M ETE QA o » U

Nomenclature

Meaning

Average

ACS

Wavelength

pi

Percentage

Power density

Power

Efficiency

Speed of light in a vacuum
frequency

Volume

angle

Number of independent samples
S-parameter

K-factor

Q-factor

Angular frequency

Stored energy

Average power dissipated
Surface area

Skin depth

Conductivity
Permeability

Electric field

Magnetic field
Wavenumber

Mean net transfer function
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L Chamber loading function
y Shadowing factor

w Window function

T Time constant

T Transmission

Acronyms and Abbreviations

Acronym/Abbreviation In Full...

ACS Absorption Cross Section
AEG Applied Electromagnetics Group
BW Bandwidth
Co Speed of light in a vacuum
CEM Computational Electromagnetics
dB Decibels
E Electric Field
EM Electromagnetic
EMC Electromagnetic Compatibility
EUT Equipment Under Test
f Frequency
FDTD Finite Difference Time Domain
G Giga
GHz Gigahertz
Gno Mean net transfer function without PCB
G, Relative mean net transfer function given by Gno/Gwo
Gwo Mean net transfer function with PCB
H Magnetic Field
Hz Hertz
ICT Information Communication Technology
IEEE Institute of Electrical and Electronic Engineers
LUF Lowest Usable Frequency
m metre
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M Mega

MHz Megahertz
mm Millimetre
n/a Not applicable
ouT Object Under Test
PCB Printed Circuit Board
PDP Power Density Profile
PWB Power Balance Model
Q Factor Quality Factor
RAM Radio Frequency Absorbing Material
RC Reverberation Chamber
Reco Representative Contents
RHS Right Hand Side
s second
SE Shielding Effectiveness
SMA Sub Miniature version A
S-parameter Scattering Parameter
TCS Transmission Cross Section
tx Transmission
UoY University of York
USOM Unknown, Short, Open, Matched
\Y Volume
VNA Vector Network Analyser
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