


TEM cell, only plane wave (far-field measurement) can be provided during the 

measurement.

The �*� ��  and � �  of the coaxial TEM cell defined in ASTM D4935 are, respectively, 

33 mm, 76 mm and 128 mm. According to Equation (1.13), the test frequencies of 

such cell should not exceed 1.7 GHz, which is actually limited in range from 30 MHz 

to 1.5 GHz in ASTM D4935. The main disadvantage of the fixture used in ASTM 

D4935 is the narrow frequency band of operation. However, this limitation may be 

overcome by the smaller coaxial TEM cells proposed in [11] or [12] which may 

allow the measurement frequencies ranging up to around 10 GHz.

Fig. 1.5 Measurement set-up of ASTM D4935 for a flat material sample.

• IEC61000-4-21: Annex G

Due to the fast development of reverberation chamber techniques, reverberation 

chambers are widely used in the measurements concerning EMI and EMC problems. 

The document IEC61000-4-21 [4] issued by the International Electrotechnical 

Commission (IEC) involves a series of reverberation chamber test methods for 

radiated immunity, radiated emissions and screening effectiveness testing, where
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Annex G is specified for the SE measurement of gaskets and materials and Annex H 

is specified for enclosures, in both of which, a “nested chamber” approach (e.g., a 

small reverberation chamber within a large reverberation chamber) is used to 

determine the SE. The lowest usable frequency (LUF) of the nested chambers is 

determined by the smaller one, being generally around 1 GHz. Thus, only radiated 

phenomena (far-field) are considered. In other words, the nested chamber method is 

specified to determine the SE against a plane wave, i.e. the radiating power.

In IEC61000-4-21: Annex G, to test the SE of material, the material flat sample 

should be mounted over the aperture of the cover plate of the test fixture. The test 

fixture acts as a small reverberation chamber and a receive antenna and a paddle 

wheel tuner/stirrer are installed inside to detect any radio frequency energy that 

“leaks” into the fixture. See Fig. 1.6 for the typical measurement set-up of SE of 

gaskets/materials in a reverberation chamber. The SE of the material sample is 

determined by the ratio of the power coupled to the reference antenna to that coupled 

to the test fixture.

Fig. 1.6 Measurement set-up (IEC61000-4-21: Annex G) for SE of gaskets/materials in a

reverberation chamber.

The main limitation of this method is that it does not account for the effects of the Q- 

factors of the chambers, which may result in different SE values if there is any
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1.1.2 Shielding Effectiveness of Enclosures and Measurement 

Techniques

E�E�L�E���������	�����(��0������) ����(�)�*$��

The concept of SE can be applied to enclosures as well as materials. Unlike a flat 

material sheet, of which the SE is determined only by the material and the sheet 

thickness, the shielding performances of enclosures are generally determined by [14]:

• The material realizing the enclosure

• The geometry and dimensions of the enclosure

• The presence of apertures

• The characteristics of the incident electromagnetic field

• Orientation and polarization of the source outside the enclosure

• Position and orientation of the contents inside the enclosure

It is also emphasized here that the field within an enclosure varies with orientation 

within the enclosure and if the enclosure is electrically large, the field is also position 

dependent due to resonance. That is, the SE of an enclosure also depends on the 

position and polarization of the measurement antenna inside the enclosure.

E�E�L�L���������	�����(��0������D� �*$�/����.�(���U*����)$�6 $	���($�����  

��(�)�*$��

Although SE is the currently acceptable measure for assessing the effectiveness of 

either a material or enclosure to attenuate electromagnetic (EM) fields, the 

measurement techniques for an enclosure are different from those for materials 

mainly because the enclosure structure is different from that of a planar material 

sample.

Traditionally, during the SE measurement of an enclosure, the enclosure is 

illuminated by an EM wave from an external antenna and the attenuated signal is 

measured by a receive antenna at a certain point inside the enclosure. As the 

enclosure is absent, the reference signal is obtained by the receive antenna at the
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an equipment enclosure usually occupies a high fraction of the internal volume, 

disturbing the internal field distribution and absorbing the internal electromagnetic 

(EM) energy, the shielding performance of the enclosure also partially depends on 

the PCB. This has been verified by the measurement results given in [17], [18], [19]. 

Thus it is suggested here during the shielding measurement of an equipment 

enclosure, the contents inside should be considered. This is in direct contrast to the 

traditional SE measurement of a larger shielded room during which the contents 

inside the enclosure are not considered due to the contents usually having a small 

volume fill. For example, an Agilent spectrum analyser E4404B with dimensions of 

0.4 m x 0.35 m x 0.2 m only occupies 0.35% internal volume of a screened enclosure 

with dimensions of 2 m x 2 m x 2 m, the smallest possible dimensions meeting the 

applicability of IEEE STD 299. However, in terms of a desktop computer chassis, 

generally 20% ~ 40% of its internal volume is filled by the equipment contents.

Because both the apertures and the PCB may have great effects on the shielding 

performance of an equipment enclosure, both of them will be concerned in the 

configuration of the dummy EUT. Considering the component populations and 

dimensions of the PCBs are varied, the idea using a representative conte ; (RC) [18] 

to represent a typical PCB has also been used here. The reason for using a single RC 

is the same principle as vehicle crash testing, during which a crash dummy with 

comparable mechanical properties to a real human is employed, but standardised and 

repeatable.

The organization of this chapter is as follows. In section 2.2 the configurations of the 

dummy EUT are detailed. In section 2.3 a new measure called “width of 

autocorrelation” (WA) is proposed, which can be used to compare approximately, the 

absorption ability of different PCBs or RCs in an equipment enclosure over a 

specified frequency range. The associated measurement technique is described and 

the measurement results are presented. Based on the calculation results of ���  a new 

method to find a suitable RC at frequencies above 1 GHz is illustrated. In section 2.4 

the main contents in this chapter are summarized.
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Fig. 2.1 Geometry o f the front panel with different slot arrangements. All dimensions in millimeters. 

Configurations o f slots in the front panel: (a) two rectangular slots, (b) one CD slot with width o f 5 

mm and (c) one CD slot, 6 vertical slots and 10 horizontal slots, all o f which are 5 mm wide.

The picture o f the dummy EUT with one 100 mm x 5 mm CD slot in the front panel 

is given in Fig. 2.2.

Fig. 2.2 The dummy EUT with one CD slot in the front panel.
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It has been shown in [21], [28] that for computation modelling purposes, a typical 

circuit board which has complex structure can be represented as a thin homogeneous 

sheet. The idea o f using a homogeneous sheet representing a circuit card has been 

extended in the shielding measurement work demonstrated in [18], where the 

combination o f a PCB laminate and a layer o f carbon-loaded foam was considered as 

representative content, i.e. RC. The laminate provides the ground plane and the 

carbon-loaded foam layer represents the absorbing properties o f the components 

populated on the circuit card. The RC is also involved for the shielding measurement 

work presented here, which consists of a PCB laminate, a layer o f carbon-loaded 

foam and a comb generator (YES CGE02), as shown in Fig. 2.3. The area of the RC 

is 300 mm x 240 mm, representing a reasonable fill o f the 480 mm x 480 mm x 120 

mm enclosure. The CGE02, which is mounted on the same side as the carbon loaded 

foam, has emissions with a harmonic spacing of 250 MHz from 250 MHz to 26 GHz 

[29],

20202� ���+ ��)1# ����+�#!$�	$/)$"$�#1# ($����#$�#

� �0�206� �!$�	��-��" "#"�� +�1����� .1& �1#$�1�'�1�-1)%��B.�1'$'�+�1&�.1*$)�; #!�1����32�D.$+#?��"$'

#��)$/)$"$�#�1�#*/ -1.�- )-� #�%�1)'�D) �!#?0

Previously, radiation frequencies considered in EMC problems were generally from 

30 MHz to 1 GHz. However, considering the clock speed o f the modem IT systems 

is frequently in excess of 1 GHz, it is time to concern the EMC problems at 

frequencies beyond 1 GHz. In terms of the shielding measurements presented in this 

thesis, the radiations from the CGE02 at six spot frequencies from 1GHz to 6 GHz 

with 1 GHz interval are tested. Due to the limited number of the spot frequencies, it
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2.3 Determination of the Representative Content

2.3.1 Previous Method

A method to determine a suitable RC has been proposed in [18], where the 

determined RC was employed in the shielding measurements at frequencies below 1 

GHz. This method also is illustrated as follows.

A suitable RC should have the similar absorbing properties to those of a typical 

circuit board. These are mainly determined by the type and thickness of the carbon- 

loaded foam layer of the RC. To determine a suitable RC, at first, either the circuit 

board or the tested RC should be placed respectively at the same position in a sealed 

cavity with comparable dimensions to an equipment enclosure. Two monopoles are 

placed inside the cavity and connected with the two ports of a network analyser via 

coaxial cables. Then the S� ;, i.e. the transmission coefficient, between the two 

monopoles is measured. To avoid direct coupling, the two monopoles should be 

placed respectively in two adjacent sides of the enclosure and oriented in orthogonal 

directions. A sketch of the measurement setup for the � ��  of the loaded cavity is 

given in Fig. 2.5.

 ��!���� ��"��

 ��!���� ��"��

Fig. 2.5 The measurement setup for the determination of an appropriate RC.

The dimensions of the cavity used in [18] for the determination of a RC were 400 

mm X 400 mm x  125 mm. However, the cavity used here has dimensions of 480 mm 

X 480 mm x 120 mm, being same as those of the dummy EUT. Fig. 2.6 shows the 

cavity used here and the positions of the connectors on this cavity.
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Fig. 2.8 Comparison between the of a cavity loaded with a PCB and that loaded with a RC at 

frequencies from 4 GHz to 5 GHz. The PCB dimensions are 240 mm x 300 mm. The cavity 

dimensions are 480 mm x 480 mm x  120 mm.

The application of the autocorrelation on the frequency response is illustrated as 

follows. During the measurement, the frequency response is generally measured at 9  

discrete spot frequencies with the same interval. The autocorrelation of the sequence 

of 9  measured values !�  is defined as:

�X�IF  X * m+Il*m t2-1)
m=0

The range of the lag n is [-N+1 N -l], so the length of the autocorrelation results is 

2N-1. The autocorrelation results are symmetrical about n=0. Here the Matlab 

command ‘xcorr’ is employed to perform the autocorrelation calculation, which 

produces a normalized value 1 at n=0.

The � ��  of an empty cavity and that of this cavity loaded with a circuit card measured 

at different frequency ranges are shown in Fig. 2.9. Their autocorrelation results are 

plotted respectively in Fig. 2.10. Obviously, the plot of the autocorrelation of � ��  is 

mush simpler than the plot of the � �� �
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proposed to indicate roughly the absorption ability of the content over a certain 

frequency range and enable the comparisons between different contents over a much 

broader frequency range. The measurement results presented here demonstrate the 

measure ��  is sensitive to the energy absorption.

During our measurements, a suitable RC is determined as such at each frequency 

sub-range, the ��  of the RC should lie between the maximum and the minimum ��  

of several typical circuit cards selected. These cards have similar dimensions and 

component density. Although individual RCs are required to correspond to the circuit 

cards with different sizes and various component densities, the RC determined here, 

having similar absorption properties to those of the selected circuit cards, is 

considered as a standard content and will be used in all of the following 

measurement works.

59



�!1/#$)�6

	1' 1# ����! $.' ����$1"�)$&$�#"� ��1� �

��$-!� -��!1&%$)

60�� ��#)�'�-# ��

!�� ���������� ��� &��"��	� �6� ��� ����"����� �������	�� ��/�'�� ��������� ��������� �����

��'� ����� ������� ��� ���� ���������� "�	��	������ � �� ���� �������	�6� ��� ��	���� ����

���������������	������� ����� ����"������������	�6�������������� �������1���������	���

���1��������	���	����������	������ ���"��������������������� �����	���������"�

%�� ����� ������6� ���� ���������� "�	��	������ � �� ��� ����"����� �������	�� /���� 1�� ��������

�	����/�� �""	������?� ���� �������	�D�� �1����'����"	���������� �����	����������/����� ���

����	���� ��������� �	��� 	��������� �������� ���� ���� �������	�D�� �1����'� ��� ������� ����

����	���� ��������� �������� �E��	���� ����	��	����6� /����� �	�� ������ ��	�� 	��"�������'� ���

	������������������� ���� �������'�����������

8	���&��"��	��� ���&��"��	� 6� ���� 	�������� ������� �1�������� 	��������� ����������/���� 1��

�������� ��������������� ��� �����	������ 	��������� ���������������� ����"������������	�6�

���� 	�������� ������� � ������ ���������/����������� �������	�� ���� ���� 	�������� ������� � ������

�������	�� ����������� ���� ��������� ������� 1�� �����	��� 	��"�������'�� ��� ���� 	���������

���������������	�����������	����'�	���������������	��������� �����	������

%�� ��� ���������� ��	��1���	�� "	�"������ ��'� ��/� ����������� ��	� ���� 	��������� ���������6�

���� 	��������� ���	����	������� � ������ ����"����� �������	�� ����������� ���� ��������� ����

������ � �� ���� ��������� /������� ���� �������	�� ������� 1�� �������� ��� ��	��� ���� ��

�����	���������������������1�����	������ 	��������� �������1��"	�"�����

&������	���� ����� ���� ��	����� ��	��� ������� ��� �����	����� ����"����� ����	���'� "	������

����������� ���������� ��� ��/� "�/�	� ������6� ��� ��� �����'� ���� 	��������� � ������ ����"�����

��'� ���'� ����	��	�� /���� ����	� �����	����� ����"����� �"�	����� ��� ���� ������ "	�E����'6�

��'� /������ ���� ����� 	����� %�� ��� ��� �������� ����� ���� ����	��	����� ��� ���'� �����������

24



within a few meters of the equipment, the interference victim will be generally 

located in the radiating near-field region of the enclosure defined in [26] as:

������ � OH��& 4 & L # LH@ (3.1)

where 4  is the radial distance from the enclosure, #  is the largest dimension of the 

equipment enclosure and @ is the wavelength of the emissions. The boundary 

between the reactive near-field and the radiating near-field is determined by a

distance 4  equal to 0.62" # OH@ , and the boundary between the radiating near-field 

and the radiating far-field is determined by a distance 4 equal to 2 # L�S@� which is 

also termed Rayleigh range.

According to the above discussion, it is significant and suggested here the radiating 

shielding measurement should be performed in the radiating near-field of the EUT. 

At frequencies from 1 GHz to 6 GHz, the distances of the inner boundary and the 

outer boundary of the radiating near-field of a typical 19-inch rack unit, with a 

largest dimension of 0.48 m, are plotted in Fig. 3.1.

.��/����0� �312�

Fig. 3.1 The inner boundary (dashed line) and the outer boundary (solid line) of the radiating near-

field of a 19-inch rack unit.

A suitable measurement technique for measuring the radiating shielding of an 

equipment enclosure in its radiating near-field in an anechoic chamber, i.e., the 

measurement technique for the radiation of either the equipment enclosure or the 

equipment contents, is discussed in this chapter. In Section 3.2, based on the 

theoretical analyses on the radiation properties of an electrically large source in its
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radiating near-field, a suitable measurement method for such radiation is proposed 

and the relevant measurement setup in an anechoic chamber is presented. The 

measurement results are presented in Section 3.3, which confirm the feasibility of the 

proposed measurement method. The conclusions about the radiation measurement 

are presented in Section 3.4.

3.2 Measurement Technique

3.2.1 Radiation Properties of the Dummy EUT and the RC

Because current digital equipment clock frequencies are frequently in excess of 

1 GHz, shielding performance of equipment enclosures at higher frequencies is 

concerned here. Shielding measurements presented in this paper were performed at 

frequencies from 1 GHz to 6 GHz. At these frequencies, a typical electronic 

equipment with dimensions of from hundreds of millimetres to one meter is 

electrically large. Consider an electrically large enclosure with emission source 

inside. The radiated field distribution around the electrically large enclosure is not a 

homogeneous olane wave, but expected to express fast spatial variation in its 

radiating nea1 field due to the Fresnel diffraction from the enclosure. The distance 

between maxima and minima in the interference pattern may be as small as one 

quarter wavelength. Such property is illustrated with a simple mathematical model 

given in Appendix A.

Another property of the radiation of an equipment enclosure is that the polarization 

of the radiated field is varied and hard to predict. The possible reasons are as follows:

• There are always a number of slots in the walls of a typical equipment 

enclosure. The slots usually have different orientations, so the polarization of 

the field radiated from each slot, being perpendicular to the orientation of the 

slot, also varies.

• The field structure inside an electrically large equipment enclosure is 

complex due to the large number of excited modes and the effects of the 

contents. Thus, the phase and the amplitude of the excitation of each slot are 

unknown and hard to predict.
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Fig. 3.13 The CDF of the ratio of � 	��� �  of the RC. Frequency: 3 GHz. Source position: 1.
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The complex radiation of either the dummy EUT or the RC also mean that the 

conventional definition SE based on a single ratio of fields is not suitable to evaluate 

the radiating shielding ability of an equipment enclosure. This problem is solved in 

Chapter 4, where several new definitions are considered and compared and finally 

one of these definitions is proposed for the radiating shielding.

A method for the radiation measurement of equipment at frequencies above 1 GHz 

has been proposed in the recent edition of CIS PR 16-2-3 [31], where an anechoic 

chamber is the assumed test environment. According to this method, if the EUT is 

encompassed by the 3 dB beam width of the measurement antenna, only one azimuth 

scan around the EUT is required and the additional antenna height scan is not 

necessary. However, the complex diffraction pattern around an electrically large 

EUT shown in this chapter implies such measurement method is technically incorrect. 

The deficiency of this method will be illustrated in Appendix C, and the 

measurement technique proposed here for radiating shielding is also suggested to 

determine the maximum radiation of an electrically large source.
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Fig. 4.1 (a) Radiated �  pattern obtained in the reference measurement step; (b) Radiated �  pattern 

obtained in the attenuation measurement step. Configuration of the slots: one CD slot and 16 short

slots. Frequency: 6 GHz. Source position: 1.
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Fig. 4.2 The pattern of matrix ����  derived from the data matrices presented in Fig. 4.1.

The CDFs of the elements of ������ ����  and ���  derived from the data matrices 

presented in Fig 4.1 are plotted respectively in Fig. 4.3.
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Fig. 4.3 Solid line: the CDF of the elements in ����J  Dashed line: the CDF of the elements in ����J

Dotted line: the CDF of the elements in ���������������  and ���  are derived from the data

matrixes presented in Fig 4.1.
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in Fig. 4.6 is 19.96. It seems the ����	���  may be estimated roughly using a single 

value, whereas the ����/ !  varies greatly and cannot be represented by a single value.

4.4 C om parisons betw een  R esults o f  D ifferent D efin itions

Some measurement results derived from the four definitions proposed here and the 

corresponding typical SE values are given in Table. 4.1. All the values are in decibels.

Table 4.1. Measurement results of ����  SE, � � � � " ������/����� � � � "������/����� � � "  and ���/��  

at different frequencies. Configuration of the slots in the front panel: one CD slot and sixteen short 

slots. Source position: 1. All the values are in decibels.

Proposed definitions of 
radiating shielding

1 GHz 2 GHz 3 GHz 4 GHz 5 GHz 6 GHz

���
���� 20.1 24.0 16.8 4.3 5.9 10.8

����H��������� 14.8 18.3 10.1 -2.1 -0.8 3.8

SE 15.4 36.4 1.4 -1.0 2.0 -1.2

����
����/ ! 35.1 42.5 37.6 30.7 28.8 28.7

����/�� -3.4 2.4 2.9 -24.3 . -12.4 -8.0

����
����/ ! 22.6 27.8 20.7 10.9 12.9 18.3

����/�� 14.9 13.6 13.4 0.0 1.0 , 2.6

���
���/ ! 37.9 44.9 40.2 36.4 33.3 29.9

���/�� -3.4 -13.6 -12.1 -31.9 -26.3 -21.5

The data shown in Table 4.1 indicate at each frequency, the ����  is always between 

the maximum element and the minimum element of ������ ����  or ����  and the 

worst shielding performance determined by ����H����	���  is close to ����/���

The typical SE values in Table 4.1 result from the conventional SE measurement 

technique described in the beginning of this chapter. During the SE measurement, the 

emission source CGE02 was employed and placed in the tested enclosure during the 

attenuation step. The emission pattern of CGE02 is similar to that of a dipole. It can
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be seen the typical SE value obtained is usually less than the corresponding ����  

value. The main reason is as follows:

During the reference step of the traditional SE measurement, the radiated field at a 

certain distance from the CGE02 is measured, from which the power density derived 

should be close to the average power density at the same distance derived from the 

total radiated power of the CGE02. However, during the attenuation step of the 

traditional SE measurement, the external measurement antenna is generally faced to 

the slots of the enclosure and thus located in the area occupied by the line-of-sight 

radiations of the slots, where the radiated fields are generally much larger than other 

areas. Consequently, the power density derived from the measured electric field is 

generally larger than the average one at the same distance derived from the total 

radiated power of the enclosure. These result in that the measured SE value is 

generally less than the corresponding ����  value and so tends to underestimate the 

overall shielding ability of the equipment enclosure. However, the constructive 

interferences of the line-of-sight radiations also imply a pretty small electric field 

may be obtained during the attenuation step of the traditional SE measurement, 

which may result in the SE value is much higher than the corresponding ����  value, 

as the examples of 2 GHz given in Table 4.1.

4.5 D iscussion  (

Because of the complex and detailed radiation patterns of both the equipment 

enclosure and the equipment contents, the SE value based on a single ratio of electric 

fields strongly depends on the position of the measurement antenna and is not 

expected to give a reasonable estimation of the overall shielding ability of an 

equipment enclosure. A single SE value cannot express the various shielding 

performances of an equipment enclosure either.

Three new definitions: ����  based on a matrix, ����  based on an array and ���  

based on a set, are suggested respectively to indicate the detailed shielding 

performances of an equipment enclosure. One disadvantage of these definitions is to 

determine each of these definitions, a number of measurements in an anechoic 

chamber as described in Section 3.2 are required, which are time consuming and so
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statistical estimate of the ����	����  The measurement technique of the ����  in 

a reverberation chamber and the estimation of the ����	���  of a practical 

equipment enclosure will be detailed in Chapter 5.

Each of the three definitions ������ ����  and ���  requires a number of 

measurements in anechoic chambers, being time consuming. Comparing with these 

definitions, the definition ����  may not only be determined in anechoic chambers 

using the same time-consuming measurement method, but also be determined swiftly 

in reverberation chambers. So the definition ����  is more practical for an engineer 

and proposed as the definition of the radiating shielding of an equipment enclosure.
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As discussed in Chapter 4, the shielding of radiating power, ����  of an equipment 

enclosure may be derived from the radiation patterns measured in an anechoic 

chamber. However, the relevant measurements as described in Chapter 3 are time 

consuming. The aim of this chapter is to find a fast way to determine the ����

It has been illustrated in [4], [15], that the total radiated power of an arbitrary source 

may be measured in a reverberation chamber. Comparing the measurement technique 

in the anechoic chamber proposed in Chapter 3, the reverberation chamber 

measurement avoids the antenna scan on a surface that encompasses the EUT. Thus, 

reverberation chamber may be an alternative environment to swiftly measure the 

average shielding of radiating power, �����  In Section 5.2, an overview of 

reverberation chamber measurements, the measurement setup of ����  in a 

reverberatio'n chamber and the measurement results are presented.

However, the reverberation chamber measurement cannot give the detailed 

information of the radiated fields of a EUT, such as the maximum field or the 

directivity. This difficulty is well recognized and some efforts have been performed 

to overcome the limitations of reverberation chamber measurements: several theory- 

based equations have been proposed in [32] to estimate the maximum directivity 

#/ !  of an EUT in its far-field. Using the total radiated power measured in a 

reverberation chamber and estimated # " �  the maximum radiated field of the tested 

EUT can also be estimated.

However, the angular field distribution of a radiating source in its far-field is 

different from that in its radiating near-field [26]. Consequently, the #/ !  measured
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(5.3)4� F
$ �� , .

� �� � � � � � �?

���

Where � ���  is the radiated power from the EUT; ������	��  is the received power

measured by the receive antenna averaged over one stirrer rotation; CCF is the 

chamber calibration factor.

To determine ����  a separate reference measurement under the same chamber 

conditions is required. During the measurement, a known power ��  is transmitted 

from a transmit antenna and �$ is the power measured by a receive antenna. Then the 

���  is determined by

����F �	 �
h )

(5.4)

Where ��$�  is the average received power over one stirrer rotation, ����  is the 

transmitted power averaged over one stirrer rotation;

According to Equation (5.3) and (5.4), ��/ is determined by:

� , . (5.5)

The measurement setup of the radiated power of a EUT in a reverberation chamber is 

given in Fig. 5.1. The mechanically stirred reverberation chamber used here has 

dimensions 4.70 m x 3.00 m x 2.37 m (a x b x d). According to Equation (5.1), the 

first resonant frequency of the reverberation chamber is about 59 MHz. Thus, the 

LUF determined by three times the first resonance frequency is about 177 MHz, 

which is well below 1 GHz, i.e. the lowest frequency we are interested in. According 

to Equation (5.2), about 10000 resonant modes may exist below 1 GHz in this 

chamber. Measurements were taken at 32 stirrer positions over one complete stirrer 

rotation.
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3) Disconnect cable C l from network analyser and connect C l with a 50 D load. 

Switch on the power of the EUT. Then record the reading of � �����  on the 

spectrum analyser for each stirrer position. Derive the average of � ����� ��

	� ����� ) • Using ���� � � ����  and 	� ����� �  measured, the radiated power of the 

EUT � ���  can be determined by Equation (5.5).

According to the above measurement procedure, the radiated power of an EUT 

without its enclosure and that of the EUT with the enclosure can be measured 

respectively. Consequently, the ����  of the enclosure can be determined by the ratio 

of the measurement results in these two measurement steps.

It should be mentioned that ����  obtained during the reference measurement step

should be same as that obtained during the attenuation measurement step, provided 

the �)*�  of the network analyser is fixed. Thus, in terms of the determination of �����  

����  is not required because it is eliminated during the calculation of �����

5.2.3 Measurement Results

The ����  values obtained during the measurement in íe anechoic chamber have 

been given in Fig. 4.5. Theoretically, the ����  measured in the reverberation 

chamber should be equivalent to that measured in the anechoic chamber because 

both are based on the estimates of total radiated power. By subtracting each ����  

value measured in the anechoic chamber to the relevant one measured in the 

reverberation chamber, we got the difference values, which are plotted in Fig. 5.2.

For the data presented in Fig. 5.2, about 67% of the difference values are within ±5 

dB and 97% are within ±10dB. The ����  measured in the anechoic chamber is 

comparable with that measured in the reverberation chamber.
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During scanning the measurement antenna on a truncated cylindrical surface around 

the EUT in an anechoic chamber, the emission power above and below the EUT was
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obvious at frequencies above 3 GHz. The measurement results given in Fig. 5.3 

indicate the ratio of the radiated power on the cylindrical scan surface in front of the 

panel with slots (the scan area from \FPE\]  to \FE\]�  to the radiated power on the 

whole scan surface is generally about 90% at frequencies above 3 GHz and about 

60% at frequencies below 3 GHz.

Fig. 5.3 The ratio of the power measured on the cylindrical scan surface in front of the panel with slots 

to that measured on the whole scan area. Solid line: two rectangular slots; dashed line: one CD slot; 

dotted line: one CD slot and 16 shot slots. Source position: 2.

The examples of the radiation pattern measured on the scan surface in front of the 

panel with slots and the equivalent one simulated are given in Fig. 5.4(a) and Fig. 

5.4(b) respectively.

Because in each run of the simulation the amplitude and phase of the point source 

radiation are assigned randomly, the simulated radiation pattern may be different 

from the measured one. To be comparable with Fig. 5.4(a), Fig. 5.4(b) was chosen 

from a number of runs of simulation. Both Figures have a typical interference pattern 

with seven cycles.

Whereas it is not expected for the radiation pattern, the statistics ����	���  can be 

predicted accurately by the modelling technique. During our simulation, for each 

configuration of slots and each frequency, to compare the ����%&�,  values derived 

from the measured radiation patterns from 6 internal source positions, the simulation 

program has also been run 6 times, and 6 ����	���  values were derived from the 

simulated radiation patterns. The ����	���  results from simulations, together with 

these from measurements, are plotted in Fig. 5.5. Here all the ����%&,�  results are 

expressed in linear form.
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front of this side. The ����	���  of a practical enclosure, on �  sides of which a number 

of slots are generally distributed at random, should be less than that of the dummy 

EUT tested here.

Here the radiation patterns on a truncated cylindrical surface around an enclosure, on 

�  sides of which 12 holes are randomly distributed, have been simulated. The 

dimensions of the simulated enclosure are same as the dummy EUT. The ����	�*�  and 

the ����/ !  derived from the simulation results, together with the theoretical 

estimation of the #/ !  in the far-field given in [32] are plotted in Fig. 5.6, where the 

sphere radius V  of the enclosure is 0.345 m (based on the enclosure diagonal) and % 

is the wave number. The frequency range considered is between 1 GHz and �  GHz, 

so �%$[ varies between 7.23 and 43.38.

Fig. 5.6 The plot of Am«, � � � �" � �����������  vs. %$� The solid line: the theoretical estimation of 

in the radiating far-field; the dotted line: the � �� �"  results from simulated emission pattern in the 

radiating near-field; the dashed line: the ����	���  results from simulated emission pattern in the 

radiating near-field. Test distance: 1 m.

It can be seen in Fig. 5.6 that the ����/ !  of a practical enclosure in its radiating 

near-field is much higher than the #/ !  in the far-field and varies between 5 and 11. 

Comparing with ����/ !  in the radiating near-field, E.F.�� ^ is relative stable, and 

varies between 2 and 4.

More �����	���)  results from simulated radiation patterns at different test distances 

and frequencies are given in Fig. 5.7. Here the �����	�,�)  is the mean of the ����%(�
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over 20 runs. The dashed line is the plot of the Rayleigh distance vs. frequency 

determined by Equation (3.1).
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The radiating near-field is located at the left of the dashed line and the radiating far- 

field is at the right. The simulation results indicate that over a broad range around the 

Rayleigh distance, the &���� �� ��'  still varies between 2 and 4. In terms of the 

definition ����  to ensure the worst shielding performance of a practical equipment 

enclosure in its radiating near-field can be estimated, a value of 4 is suggested as the 

estimate of the ����	���P

The estimate of the ����"��  derived from numerous simulation and measurement 

results is an empirical value. Because rigorous solutions to three dimensional near­

field diffraction problems are rare [37], so far the theory-based estimates of ����	���  

cannot be given.

Considering the slots of an equipment enclosure are randomly distributed on its 

surface, it is quite possible that a truncated cylindrical scan is not sufficient to always 

meet the maximum emission, for example, as all the slots are located on one side and 

this side just faces one of the cylinder end caps. However, during our simulation, 

although 12 holes are randomly distributed on the surface of the EUT, the ����	���  

results from the simulated emission patterns on the truncated cylindrical surface are 

relatively stable. This implies a partial scan can promise a relative accurate estimate 

of the ��������  even if such scan cannot meet the maximum emission.
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5.3.3 Prediction of the - 	� ��  of the Dummy EUT

,�	���� ���� ��&� �����6� ���� ��E����� ��������� �	��� ���� �(�� ��� ������'� 	����	��� ���

1�� ����	������� !�������� ���� ��E����� ��������� ���� 1�� �����	��� ��	����'� ��� ���

��������� ����1�	� 1'� �� /����� �'����	����� ����� �	� �"��	����� ����� �	����� ���� �(�6�

����� �������	������ ��� ����� ���������� ���� ����� ��� ������������ %������ ������ 	��������

"�/�	� � ��� � ���� ���� ������� �� �� ��� ����"����� �������	�� �	�� ���/�6� ����� ���� ����� � ���

�����������	�����	������"��	��� ��	������ $�����	��@�"��������1��������1'?

< � =

%������1���� ���������� ��� ��1��������  ����� ��������� ���	���� � ������ ����	��� �	������� � ������

����'� �(�� ��� ������ ��� $� ���� ���� ������	�� ���������� ��������� 	������� ��� ����� ����� ���

����6� �� ������ � ��$� ��� ����� ��	�� ��� ���� ��������� � �� ���� ����	��� � ��� ���� ����'� �(���

� ��� �����1�������	��� ��� ��	���	1�	����������1�	�� ��������� 4	"�� � �����������'��(��

���� 1�� ����������1'���������� < � =�� ���� �����	������ 1��/���� ���� 4	��� � ���������� ����

���� 4	��� � �����	�����������������������1�	��	�����������8���� �3�

8�	� ���� ����� "	�������� ��� ���� ��	��� "����� ��� 8����  �36� �""	�E������'� #4`� ��� ����

�1������� �����	������ �	�� ����� �����  � ��6� ���� �""	�E������'� +4`� ��� ���� �1�������

�����	������ �	�� ����� ����� ����� ���� ������	��'� 1��/���� ���� 4	��� � �����	��� ���� �����

���������������	����������1����'�� ���������������� ����	���P

�43





5.4 Discussion

It has been shown that the ����  measured in a reverberation chamber is close to that 

measured in an anechoic chamber. The reverberation chamber is therefore preposed 

as an ideal test environment in which either the total radiated power or the ����  can 

be determined swiftly.

The enhancement factor ����%&��  can be used to determine the worst shielding 

performance and the possible maximum emission from the enclosure in its radiating 

near-field. Numerous simulation results indicate that ����%&��  of a practical enclosure 

is relative stable, varying between 2 and 4 for various internal source positions, 

frequencies, configurations of slots and test distances. In order to ensure the worst 

shielding performance of a practical equipment enclosure in its radiating near-field 

can be estimated, 4 is suggested as the estimate of the ����	����  By combining the 

total power measured in the reverberation chamber with the estimate of the ����	��� , 

the upper 95th power density at a given distance can also be predicted accurately 

according to Equation (5.5).

In a word, the time consuming measurement of ���  in an anechoic chamber may be 

replaced by the combination of a swift measurement of the ����  in a reverberation 

chamber and a given estimate of the ����	����
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Chapter 6

Immunity Shielding Measurements in a�

Small Reverberation Chamber

6.1 Introduction
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During the measurement of �����  both the transmit and receive antennas are placed 

outside the tested enclosure and the measurement result is not power but average 

absorption cross section. Thus, the measurement of ����  proposed here is not the 

reciprocal of the measurement of shielding of radiating power, ����  which was 

proposed in Chapter 4. The measurement of ����  is also not the reciprocal of the 

typical SE measurement of an enclosure, which generally accounts for only one test 

point and one fixed polarization.

The organization of this chapter is as follows. The definition of ����  and the 

associated parameters are introduced in Section 6.2. The relevant measurement setup 

and measurement procedure are illustrated in Section 6.3 and 6.4 respectively. The 

measurement results are given in Section 6.5. The disadvantages and advantages of 

this new measure are discussed in Section 6.6.
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The definition of ����  addresses the average shielding performance over a certain 

frequency range and takes account for the spatial variation of the field on the 

contents and the effects of the incidence angle and polarization of the incident wave.

6.2.2 Relationship between Absorption Cross Section and Q Factor

The absorption cross section of a lossy object, cr, which is directly related to the 

absorbed power, can be derived from the quality factor Q of the reverberation 

chamber loaded with this object. The relationship between   and the Q factor of the 

reverberation chamber has been discussed in [22], which will also be introduced 

briefly in the following paragraphs taken directly from [22].

where bA is the excitation (angular) frequency, ,�  is the steady-state energy in the 

cavity, and ��  is the dissipated power in the cavity.

If the reve Deration chamber is used as the test environment, the Q factor of the 

reverberation chamber can be expressed as:

antenna and ��  is the transmitted power from the transmit antenna. For the 

calculation convenience, (6.5) can also be expressed as

where � � I i) ��  the mean square of the measured forward transmission coefficient 

between the transmit and receive antennas^

The dissipated power inside a reverberation chamber �2  can be written as the sum of 

four terms:

Generally, the Q of a cavity may be defined as

;�F�b3,�H��  (6.4)

where ? is the chamber volume, (Pr ) is the averaged power received by the receive

� 6�6�
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