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EXECUTIVE SUMMARY 
YES (York EMC Services Ltd) have performed a feasibility study regarding the application 
of numerical modelling techniques to reduce measurement time for EMC tests. The most 
promising area for achieving a reduction in measurement time was the radiated interference 
measurement above 1GHz*. Two modelling methods were investigated, a full wave method 
(TLM) and a point source model. Normally full wave methods require a significant amount 
of effort to give useful results so any reduction in test time tends to be negated by the time 
spent in devising the model. It was anticipated that the point source model might give 
sufficient accuracy with relatively little time spent in the modelling process. 

At GHz frequencies the field plot of emissions from an EUT is highly complex and the only 
sure way to determine the peak emissions is to scan hemi-spherically with sub-wavelength 
measurement intervals. The hemi-spherical scan is impractical as it is hard to arrange and 
also very time consuming as thousands of points on the hemisphere must be measured and 
then analysed over a large frequency range. Exact modelling of this highly complex radiation 
structure is impossible, as even small deviations in the construction of the EUT will have a 
significant effect on the positioning of the lobes of emission. However, the statistics of the 
modelled emission are likely to be similar and these can be used to reduce the measurement 
effort. 

The point source method has been used extensively in this project as it is quick and simple to 
use, unfortunately it did not accurately model the statistics of the emissions from the EUT 
under consideration. It is believed the method could be sufficiently accurate but a better 
knowledge of the input parameters is required to get useable results. It was demonstrated that 
the TLM method was a practical proposition up to at least 6GHz and inspection of the field 
plots suggests that the statistics are likely to be correct. 

The main conclusion of this report is that a significant saving of test time could be made by 
applying one of the following approaches to radiated emissions testing above 1GHz.  

1. Fit to known probability distribution. With further development this approach could 
yield a very accurate way of establishing the maximum field strength radiated from an 
EUT. 

2. Under-sampled data set. The report has demonstrated that only a few measurements 
need to be taken to determine a field strength that is in the top 5% of field strengths to 
be radiated from the EUT. The actual maximum field strength is not measured or 

                                                 

* The reader should be aware that EMC testing standards are not well developed above 1GHz, despite the fact 

that the above 1GHz spectrum is an increasingly important commodity. This is clearly an undesirable situation 

for efficient use of the radio spectrum. 
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predicted but it is expected that with further research an estimate could be made of 
what it would not exceed. 

3. Reverberation chamber method. Using this approach the traditional EMC measure of 
field strength would be replaced by a total radiated power measurement. Limits would 
be defined in terms of total radiated power. 

The first two methods would use anechoic chambers and turntables, these are currently 
readily available in UKAS accredited EMC laboratories. However, the anechoic performance 
at GHz frequencies for some chambers would be an issue that would need to be addressed. 
Reverberation chambers are not widely used so development of this approach would require 
significant investment by EMC laboratories. 
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1 INTRODUCTION 
YES (York EMC Services Ltd) have performed a feasibility study regarding the application 
of numerical modelling techniques to reduce measurement time for EMC tests. This 
document describes the findings of the study. The original objectives of the study and its 
background are reproduced from the tender in the two sub-sections below. The main section 
headings of the report have been arranged to reflect the chronological order in which tasks 
were attempted. 

The most promising area for achieving a reduction in measurement time was the radiated 
interference measurement above 1GHz. Available to the project team was an above 1GHz 
data set from a purpose designed 0.6m cube EUT. Consequently much of the work carried 
out on this project has been focused on modelled and measured results from the 0.6m cube 
EUT. The EUT is common to most sections of the report therefore it is described in detail in 
section 1.3 below. 

1.1 Objectives of the Study 
To perform a feasibility study to examine the application of numerical models in EMC RF 
emission measurement techniques that will reduce measurement time, provide a cost benefit 
to industry and provide appropriate protection to radio services. 

1.2 Background 
EMC emission measurements are made primarily to protect the users of radio services from 
potential interference generated by the equipment under test (EUT). The necessity for these 
measurements has been established over many years and has broad international acceptance. 
Developments in the electronic equipment normally tested for emissions and developments in 
the radio systems requiring protection are causing concern about the economic viability of 
emission testing in a market where minimising time to market for a new product is crucial to 
the product’s economic success.  

These developments are largely due to the increased clock speeds in digital electronic 
equipment, potentially causing emissions at increasing frequencies, and the use of more radio 
services at higher and higher frequencies; in particular, low power radio services at the higher 
frequencies are of concern. New digital modulation techniques used in these services also 
require consideration from an interference viewpoint. 

Studies undertaken for the Radiocommunications Agency (AY3601 et seq [1, 2]) have shown 
that the relatively simple radiated emission measurement procedures used to date at 
frequencies below 1GHz are likely to be inadequate at higher frequencies. This is because at 
these higher frequencies the EUT is electrically larger than was the case at lower frequencies 
and thus has the potential for significant directivity. The problem of finding the peak 
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emissions from the EUT requires a time consuming two dimensional scan of the field 
structure rather than the one dimensional scan used in CISPR16, the accepted norm. 

The only way that emission measurements will be made economically in the future is if some 
‘intelligence’ can be applied to the measurement process in order to reduce the number of 
measurement points required to capture the required emissions data with acceptable and well 
defined precision and measurement uncertainty.  

The use of digital modulation schemes on the victim radio services and the use of clock 
dithering in the EUT’s also require that the emission limits be examined and the measurement 
bandwidths and detector types are considered. This is required as the bandwidth (and 
fractional bandwidth) of radio signals has increased and the nature of their spectra has 
changed. 

The physical form of emissions measurements is unlikely to change. Measurement 
environments such as open-area test sites and derivatives, anechoic chambers, GTEM cells 
and mode-stirred chambers (listed in order of numbers in use) will remain the preferred 
options. Economic factors drive this as well as the lack of suitable alternatives being 
immediately apparent. 

The required ‘intelligence’ is likely to come from some aspect of numerical modelling being 
applied to the measurement process, either to the process itself or to some numerical 
assessment of the EUT or both. For economic reasons the numerical techniques implemented 
will need to be relatively simple, however more sophisticated techniques may be applied in 
the development of the measurement process. 

1.3 Description of 0.6m EUT  
The Equipment Under Test  (EUT) originated from a previous study [1]. The EUT is a sheet 
aluminium cube of welded construction (a cubic metal box of 0.6m x 0.6m x 0.6m) with 
removable panels to allow the radiating source to be placed within the box. The front panel 
(which is removable) contains a total number of 15 slots of different lengths and orientations 
(vertical and horizontal slots) and sizes as shown in Figure 1. Details of the locations and 
sizes of the slots are presented in Figure 2. The radiating source consists of a Comparison 
Noise Emitter (CNE) VII radiating over the frequency range of 1.5GHz to 7GHz, which 
enables a wide range of frequency to be investigated. Radio-frequency Absorbing Material 
was placed inside the EUT to minimise the resonance within the box. 
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Figure 1: Front face of the EUT with horizontal and vertical slots 

 

 

Figure 2: Schematic diagram of the front face of the EUT 
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Figure 3: Views of the inside of the box:  (A) view showing the slots from the inside of the box and (B) view 

showing the RAM position within the box 
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2 LITERATURE SEARCH 
A literature survey was undertaken in fields relating to the application of numerical 
modelling techniques to radiated field measurements.  Few reports of such work were found.  
Numerical modelling is frequently employed for immunity analysis [3] or, in emissions 
analyses, using constraints which are very specific [4, 5, 6, 7, 8].  Numerical modelling has 
also been proposed as a complementary technique for comparing measurements taken in a 
reverberation (mode stirred) chamber to conventional EMC radiated emissions measurements 
[9, 10, 11, 12]. 

Wilson et al [9] proposes the use of a reverberation chamber to measure the total radiated 
power from electrically large EUTs.  This is coupled with an estimate of the directivity of the 
source (based on electrical size) or quality (Q) factor estimates of the source environment (in 
resonant locations) to predict the maximum radiated field without EUT rotation.  Monte 
Carlo simulations are used to generate field distributions of random EUTs, using a model of 
point isotropic sources with random phase, amplitude and position on a spherical surface. 

In this project, standard statistical analyses were employed.  Hoel [13] and Lapin [14] give 
useful background to the area; Press et al [15] gives algorithms for efficient computation of 
various metrics.  NIST/Sematech [16] provides on-line descriptions of many probability 
distributions; Vaughan and Andersen [17] presents a description of the Rice distribution. 
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3 POINT SOURCE MODELLING 
At an early stage of the project it was thought that point source modelling offered significant 
promise to reduce EMC test time. This was on the basis that the model input data was a 
simplified representation of the EUT that took little time to enter into the computer; 
additionally the model typically ran within a few seconds giving effectively instant answers.  

At GHz frequencies most EUTs can be considered as a box with radiating slots. The 
emissions from the slots are likely to be out of phase with each other and may add or cancel 
each other. This is both due to the out of phase sources and also the fact that sources can be 
significant distance apart in terms of wavelength. The cancellation and reinforcements 
produce highly complex radiation patterns.  

An effective way of modelling such a box is to represent each slot as a point source of 
radiation. The exact antenna properties of each slot are therefore approximated to that of an 
isotrope. The radiating power of each slot and its phase relative to the other slots in the box 
are not known and therefore the modeller must make some estimate of this. How this estimate 
was made is discussed in section 5.3, this section will restrict itself to describing the details of 
the point source modelling technique. The technique has been used on a previous OFCOM 
project [1] but until now has not been documented. 

There are basically three models that have been used for this contract: 

1. Source plane to target plane; 

2. Source plane to cylindrical target; 

3. Point sources to hemispherical target. 

The first two models have an Excel interface with a source grid the same size as one face of 
the EUT. The source grid is populated by point sources that match the centre positions of the 
slots on the EUT. Whilst this approach gives the modeller a straightforward interface it has 
the disadvantage that at its computational heart is a four deep nested loop (each plane 
dimension needs a loop, two dimensions for the source loop and two for the target loop). 
Once the loop dimensions become large the model slows considerably. The hemispherical 
model does not have a defined source plane; instead, a list of source point parameters 
(including amplitude, relative phase and position) are defined in a text file and loaded using a 
command-line interface. This makes the user interface less straightforward but speeds up the 
operation of the model. The following sections describe the models in more detail. The first 
section describes a simple two-dimensional model giving all the necessary equations, the 
later sections show how the equations are developed to enable the more complex geometries 
used in the models above. 
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3.1 Simple two-dimensional point source model 
 

S1 

S2 

x = height of 
EUT 

P

Point P at target 

Test distance = d

φ r1 

r2

 

Figure 4: Geometry for simple two dimensional point source model 

From Figure 4 

φcos1ra = , 

Equation 1 

therefore 
22

12 )cos( drxr ++= φ . 

Equation 2 

A complex phasor of an E-field can be expressed in exponential form as 
θjEev = , 

Equation 3 

where E is the amplitude and θ is the phase. 

Expressions for the amplitude and phase are required in terms of distance from the point 
source, isotropic expansion from the point source is assumed. The amplitude of the E field in 
V/m is related to the power density in W/m2 over the surface of the sphere surrounding the 
point. So  

2
2

4
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r
PmWP s

π
=
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Equation 4 
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where Ps is the source power. Also  

0

2
2 )/(

Z
EmWP =

,
 

Equation 5 

where Z0 is the wave impedance of free space. Therefore 

 2
0

4 r
PZ

E s

π
=

,
 

Equation 6 

which can be written  

 
r
kE =   

Equation 7 

where 

 
π4

0 sPZ
k =

.
 

Equation 8 

For a 0.3W source generating 1V/m at 3m this gives k=3 

Considering the phase 

λ
πθ r2=  

Equation 9 

using k=3 Equation 3 can be written so that E field can be calculated from knowing r and λ 

)2(3 λ
πrj

e
r

v =
.
  

Equation 10 

This equation is important as it is the basis of all 3 models described in this report. 

3.2 Source plane to target plane model 
This section describes a development of the simple model above that allows the emissions 
from one face of an EUT to be modelled. Section 3.2.1 gives an initial development of the 
model to give an output area (target plane) positioned a test distance away from the sources. 
The following section, section 3.2.2, develops the equations so that a source plane is used. 
The source plane whilst computationally expensive allows a defined source mesh making the 
user interface more straightforward. 
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3.2.1 Point sources plus a target plane  

Figure 5 shows the geometry. The small diagram to the left of the Figure shows the standard 
axes and notation for solid analytic geometry. The two dimensional view on the right of the 
Figure is a view from behind the EUT. It shows the outline of a square EUT, a distance 
behind that (the test distance) is a target plane, shown in yellow, over which the model 
predicts combined field strength from the two sources shown above and below of the EUT. 
 

z 

y 

x 

α 
β 

γ 

z 

x

S1

S2

Plane of field at test distance 

EUT

 

Figure 5: Geometry of source plane to target plane model 

Only fields at discrete points on the target plane can be predicted, therefore the plane is 
divided into m by n points. The distance from source point S1 to point m,n on the target plane 
is given by 

222
, )1()1()1(1 zzpyypxxpd nmnm −+−+−= . 

Equation 11 

A similar equation can be written for the distance from S2. Equation 10 and Equation 11 are 
all that are required to make a 3D implementation of the 2D model. However a further 
refinement has been added. For plane waves with normal incidence to the target plane the full 
amplitude of the E-field will be aligned with the target plane. For other angles of incidence a 
smaller portion of the E-field will be in alignment. An additional term is added to Equation 
10 to take account of this. The angle d1 makes with the z axis is given by 

( )










 −
=
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n
nm d

zzp
a

,
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1
cos1γ  

Equation 12 
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Once again a similar equation can be written for the angle of d2. With the modification 
Equation 10 written for S1 becomes 

( ) )
12

(

,
,,

,

1
31sin1 λ

π

γ
nmd

j

nm
nmnm e

d
v =

.
 

Equation 13 

3.2.2 Adding the source plane to the model  

The model of the previous section has the disadvantage that each source point must be 
individually formulated. For general utility a grid of source points was required where 
specific points on a source mesh could be ‘switched on’† and assigned an amplitude and 
phase. As the target grid has m,n points the source grid was now specified as having j,k 
points. Equation 11, Equation 12 and Equation 13 were reformulated to allow a source grid of 
j,k points and a target grid of m,n points. The new equations are given below: 

222
,,, )()()( knjmnmkj zszpysypxsxpd −+−+−=   

Equation 14 
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Equation 15 
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j
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d
A

v
θ

λ
π

γ
+

=  

Equation 16 

Aj,k is a matrix of source amplitudes which can be set to a k value‡ where k has the 
relationship to source power defined in Equation 8. θj,k is a matrix of phases. For no phase 
difference between any of the source points each element of this would be set to zero. 

The total field due to all source contributions is given by 









= ∑∑

j k

nmkjnm vTotalV
1 1

,,,, log20  

Equation 17 

TotalV is the output from the model and in the YES implementation is normally plotted as a 
surface plot an example of which is given in Figure 6. 

                                                 

† The current version of the model assigns an amplitude of zero to unused source points. Computations are then 

made for each element of the source grid including all the ones with a zero amplitude. This is probably 

computationally very expensive. 

‡ k the number of columns in the matrix is different to the amplitude k defined in Equation 8 
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1 5 9 13 17 21 25 29 33 37 41 45 49 53 57 61

S1
S4
S7
S10
S13
S16
S19
S22
S25
S28
S31
S34
S37
S40
S43
S46
S49
S52
S55
S58
S61

45-50
40-45
35-40
30-35
25-30
20-25
15-20
10-15
5-10
0-5
-5-0

 

Figure 6: Typical output from the spreadsheet of Figure 7, note random numbers shown on sheet input 

spreadsheet are different to random numbers used to generate this output 

The grid source model has been implemented in Fortran. The code is encapsulated in a 
dynamically loadable library (DLL) which is accessed from Excel so all i/o is dealt with by 
Excel. The Excel input sheet is shown in Figure 3. The operator sets values headed in yellow, 
values headed in orange are pre-process information that the spreadsheet calculates 
dependent on the values set. It can be seen that the source and target mesh spacing are set in 
λ. In this example: the source mesh λ was chosen so that the Excel cell to cell spacing is 
equivalent to 1cm in distance (at 6GHz); the active amplitude points (those not set to zero) 
were randomly set to a k value between 0 and 100 for each run, the active phase points were 
randomly set to a number between 0 and 360 for each run.   

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

A B C D E F G H I J K L
EUT size Test distance Frequency Target size Target mesh Src mesh Target mesh Src. Mesh EUT size
n*n (metres) (metres) (GHz) nxn(metres) spacing(λ) (λ) (tgt. pts) (src. pts) (λ)

0.1 1 6 3 1 0.2 61 11 2
Source amplitude grid (enter amplitude as k value, 3 is 0.3W source) 
ZS11 56.90041509 0 0 0 0 2.26410424 0 0 0 0 87.2498861
ZS10 0 0 0 0 0 0 0 0 0 0 0
ZS9 0 0 0 0 0 0 0 0 0 0 0
ZS8 0 0 0 0 0 0 0 0 0 0 0
ZS7 0 0 0 0 0 0 0 0 0 0 0
ZS6 17.21475585 0 0 0 0 0 0 0 0 0 77.5680768
ZS5 0 0 0 0 0 0 0 0 0 0 0
ZS4 0 0 0 0 0 0 0 0 0 0 0
ZS3 0 0 0 0 0 0 0 0 0 0 0
ZS2 0 0 0 0 0 0 0 0 0 0 0
ZS1 26.32689496 0 0 0 0 39.7724462 0 0 0 0 61.4518521
XS0 XS1 XS2 XS3 XS4 XS5 XS6 XS7 XS8 XS9 XS10 XS11

Source phase grid (0 to 360)
TZ11 122.00643 0 0 0 0 36.3675724 0 0 0 0 355.597219
TZ10 0 0 0 0 0 0 0 0 0 0 0
TZ9 0 0 0 0 0 0 0 0 0 0 0
TZ8 0 0 0 0 0 0 0 0 0 0 0
TZ7 0 0 0 0 0 0 0 0 0 0 0
TZ6 326.5980572 0 0 0 0 0 0 0 0 263.179974
TZ5 0 0 0 0 0 0 0 0 0 0 0
TZ4 0 0 0 0 0 0 0 0 0 0 0
TZ3 0 0 0 0 0 0 0 0 0 0 0
TZ2 0 0 0 0 0 0 0 0 0 0 0
TZ1 343.3771614 0 0 0 0 316.809622 0 0 0 0 41.4092997
TX0 TX1 TX2 TX3 TX4 TX5 TX6 TX7 TX8 TX9 TX10 TX11  

Figure 7: Source plane to target plane model Excel input spreadsheet configured for a 0.1m EUT 
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3.3 Source plane to cylindrical target 
The source plane to target plane model was further modified so that a cylindrical target plane 
can be used rather than a flat one. This model is helpful in visualizing the effects of rotating 
an EUT on a turntable. 

y

yx
x

z z

Cylindrical target plane

Flat sheet
source plane

φ

h
k

j

 

Figure 8: Three views of the geometry of the cylindrical model 

The cylindrical target plane has a radius of test distance d from the centre of the source sheet 
shown in Figure 8. The x and y values of coordinates on the target plane are given by: 

( )φφ cosdcxd x −=  

Equation 18 

( )φφ sindcyd y −=  

Equation 19 

cx and cy are the x and y coordinates of the centre of the source sheet 
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The target plane of m, n points is replaced by a half cylinder of φ, h points which can be seen 
in Figure 8. Equation 14 to Equation 17 are rewritten as: 

222
,,, )()()( khjhkj zszdysydxsxdd −+−+−= φφφ  

Equation 20 

( )
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Equation 21 
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Equation 22 
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j k

hkjh vTotalV
1 1

,,,, log20 φφ  

Equation 23 

The implementation of this model only allowed the cylindrical target to extend from 1° to 
179°. The input spreadsheet is very similar to the source plane to target plane model as 
indicated in Figure 9. The target mesh is specified in wavelengths, consequently the number 
of mesh points round the 179° and the number of height mesh points is a function of this. 
These can be read off in columns I and J before the model is run. 

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

A B C D E F G H I J K L
EUT size Test distance Frequency Target height Target mesh Src mesh Target mesh Target height Target Phi N Src mesh EUT
nxn(metres) (metres) (GHz) (metres) (λ) (λ) (m) (pts) (pts) (pts) (λ)

0.1 1 6 0.3 1 0.2 0.05 7 63 11 2
Source amplitude grid (enter amplitude as k value, 3 is 0.3W source) 
ZS11 71.8517272 0 0 0 0 45.0638377 0 0 0 0 76.94557
ZS10 0 0 0 0 0 0 0 0 0 0 0
ZS9 0 0 0 0 0 0 0 0 0 0 0
ZS8 0 0 0 0 0 0 0 0 0 0 0
ZS7 0 0 0 0 0 0 0 0 0 0 0
ZS6 97.06994513 0 0 0 0 0 0 0 0 0 38.03848
ZS5 0 0 0 0 0 0 0 0 0 0 0
ZS4 0 0 0 0 0 0 0 0 0 0 0
ZS3 0 0 0 0 0 0 0 0 0 0 0
ZS2 0 0 0 0 0 0 0 0 0 0 0
ZS1 34.84886662 0 0 0 0 2.75376104 0 0 0 0 65.81987
XS0 XS1 XS2 XS3 XS4 XS5 XS6 XS7 XS8 XS9 XS10 XS11

Source phase grid (0 to 360)
TZ11 142.7229534 0 0 0 0 85.1454878 0 0 0 0 12.87978
TZ10 0 0 0 0 0 0 0 0 0 0 0
TZ9 0 0 0 0 0 0 0 0 0 0 0
TZ8 0 0 0 0 0 0 0 0 0 0 0
TZ7 0 0 0 0 0 0 0 0 0 0 0
TZ6 267.2242203 0 0 0 0 0 0 0 0 278.2029
TZ5 0 0 0 0 0 0 0 0 0 0 0
TZ4 0 0 0 0 0 0 0 0 0 0 0
TZ3 0 0 0 0 0 0 0 0 0 0 0
TZ2 0 0 0 0 0 0 0 0 0 0 0
TZ1 149.8220579 0 0 0 0 158.507957 0 0 0 0 208.361
TX0 TX1 TX2 TX3 TX4 TX5 TX6 TX7 TX8 TX9 TX10 TX11  

Figure 9: Source plane to cylindrical target model, Excel input spreadsheet configured for a 0.1m EUT 
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3.4 Point sources to hemispherical target 
The model was further refined so that simulated measurements could be taken on a target 
hemisphere centred on the EUT.  To overcome the size limits of the Excel spreadsheet (the 
number of columns is limited to 256) the model was translated to Perl.  Perl is a scripting and 
programming language that includes comprehensive mathematical functions (including 
complex numbers) and has particular strengths in reading, writing and parsing text files. 

The target grid was distorted from a cylinder into a hemisphere.  Figure 10 shows the updated 
arrangement. 

 

Figure 10: Arrangement of target and source in the hemispherical model. 

The target grid was defined by the radius r, and both horizontal and vertical angular spacing 
(dφ and dθ).  To prevent uneven sampling, dφ was adjusted inversely proportional to cos(θ) 
so the horizontal distance between sampling points on the hemisphere remained constant. 

Assuming the θ = 0, φ = 0 vector is normal to the x-z plane and the origin is at the centre of 
the hemisphere, the Cartesian coordinates on the target are given by: 

φθφθ sincos, rxd =  

Equation 24 

φθφθ coscos, ryd =  

Equation 25 

θθ sinrzd =  

Equation 26 
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The distance between source l and a point on the target (specified by φ and θ) is now: 
22

,
2

,,, )()()( llll zszdysydxsxdd −+−+−= θφθφθθφ  

Equation 27 

The (complex) contribution from a single source l (with amplitude Al and relative phase ωl) 
is: 

)
2

(

,,
,,

,,
l

ld
j

l

l
l e

d
Av

ω
λ

π

θφ
θφ

θφ +
=  

Equation 28 

Note that the target surface is now curved in both directions (ie the measuring antenna is 
bore-sighted on the EUT) and thus the sine term adjustment is not needed. 

The overall field strength measured is the superposition of all the sources L: 









= ∑

=

L

l
lvTotalV

1
,,, log20 θφθφ  

Equation 29 

The model gives results over an entire hemisphere, with the angular grid spacing controlling 
the number of points measurements are simulated for.  When investigating bandwidth effects 
over a small area, the region of measurement was reduced to 9 degrees horizontally and 
vertically. 

The large number of measurements prevented the data sets from being processed in Excel.  
At 3m and 6GHz, a simulation at λ/4 resolution produces over 500,000 samples; the largest 
data set (at 10m and 12GHz) contained almost 23 million samples in a 200 MB output file.  A 
suite of analysis tools were written to efficiently process the data sets, also using Perl. 
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4 EXAMINATION OF EUT BEHAVIOUR 
At frequencies above 1GHz emission patterns can be complex, making radiated emissions 
measurements an uncertain and time-consuming procedure. As stated in the tender it is 
necessary to apply some ‘intelligence’ to the measurement process in order to reduce the 
number of measurement points. Direct determination of emission levels from EUTs by 
detailed full-wave modelling would be a highly complex task with a high probability of error. 
Consequently this approach would be likely to increase the required effort rather than to 
reduce it. This investigation has been conducted on the basis that the ‘intelligence’ will be 
statistical in nature. It was thought, at the start of the project, that above 1GHz emissions 
from EUTs may fit known probability distributions. If the probability distribution can be 
determined by modelling then relatively few measurements would have to be taken before the 
maximum emission from the EUT could be estimated using a small amount of measurement 
data and the known statistics pre-determined by modelling. To better understand how this 
process is likely to work section 4.1 gives an overview of the statistical process. The 
processes were applied to both measured and modelled data; details and results of these 
investigations are given in section 4.2 and section 4.3. 

4.1 Background description of statistics  
Most of the data sets we consider in this report are measures of the spatial variation of field 
strength at a fixed frequency as indicated in Figure 11. The horn antenna is moved from 
position to position on the grid to achieve the spatial variation. At each measurement position 
the field strength measured is likely to be significantly different from that measured at the 
previous position.  

EMC Engineers are interested in measuring the highest emitted field strength from the EUT. 
Unfortunately, with current measurement knowledge/technology, to be certain that the 
greatest field strength had been measured a full spherical scan of the EUT with a very fine, 
sub-wavelength step size (no more that a few centimetres at GHz frequencies) would need to 
be performed. The complexity of this measurement makes it impractical and much of this 
project considers measurements on planes adjacent to the EUT or part cylinders or part 
spheres round the EUT. These part measurements are still very hard to perform, as thousands 
of measurement points are required so that a reasonable area is measured but not under-
sampled in terms of wavelength. Under-sampling would potentially lead to the highest field 
strength not being measured. 
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Figure 11: Measurement of spatial variation of field strength from an EUT, the grid intersection points 

indicate different positions of the horn antenna 

4.1.1 Plotting standard probability functions from given data sets 

In this project we have taken a number of measured and modelled data sets and as a starting 
point to investigating their statistics taken the mean and standard deviation of the data set. As 
it was always possible to obtain a much larger data set than was measured or modelled the 
data sets were always subsets of a much larger possible set. Therefore statistically we have 
taken the sample mean, normally denoted by x , and the sample standard deviation, normally 
denoted by s. Numerous probability distribution functions can be calculated once x  and s are 
known. It was hoped that if a fit to a known probability distribution could be proven, then the 
high field values need not be measured but predicted from measurements sufficient to 
determine x  and s. In this way the number of measurements might be dramatically reduced.  

The most well-known probability distribution function is the Gaussian or normal distribution. 
The formula for the normal distribution is quoted in Equation 30 to illustrate how fits to it 
and other distributions have been tested for. 

2

2

2
)(

2
1)( σ

µ

πσ

−−

=
x

exP  

Equation 30 

Equation 30 gives the probability P of a particular value of x occurring. The formula uses the 
mean (µ) and the standard deviation (σ). As explained above the total population statistics µ 
and σ were never known but what was readily determined from the data we examined was 
the sample mean and standard deviation x  and s. The equation used by YES was therefore: 
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Equation 31 

The total area under a probability distribution is always 1, ie P(x) can never be more than 1. 
To compare whether the population fitted the normal distribution or not the data set was 
sorted into field strength bins. The bin width was variable depending on the total population 
(N) of the data set and its source (different modelled/measured data sets had different mean 
field strengths). A count of numbers in each bin was then plotted to give the probability 
distribution of the actual data. To obtain the theoretical normal curve for comparison 
Equation 31 was evaluated at each bin centre and multiplied by the bin width (W) and N to 
give the a theoretical strip area for that bin. Put algebraically Equation 31 became: 
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π

 

Equation 32 

A typical comparison of a theoretical normal distribution plotted in this way is shown against 
the actual distribution in Figure 12. 
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Figure 12: Example of a theoretical normal distribution obtained using Equation 32 plotted against the 

actual distribution (No of bins 64, bin width 5V/m, N=1321, Run20) 

4.1.2 Testing the fit of probability functions 

To assess whether the actual distribution is a good fit to the theoretical distribution the χ2 
goodness of fit test was used. The standard formula for the test is reproduced in Equation 33. 
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Equation 33 

The symbols oi and ei represent the observed and expected frequencies for the ith cell. A 
small value of χ2 means a good fit, a large value a poor fit as indicated in Figure 13. 

Probability 

χ
2 

Critical 
Value 

Area (α) = 0.05 

Very 
good fit 

Unacceptable 
fit  

Figure 13: Sketch of χχχχ2 distribution for goodness of fit test 

A value of χ2 was set which is known as a critical value, if χ2 was below the critical value 
then the observed distribution was regarded as a fit, if χ2 was above the value then the 
observed distribution was not a fit. The critical value is normally chosen such that only 5% of 
the possible population of fits is above that value. To determine the critical value the number 
of degrees of freedom had to be determined. The number of degrees of freedom is equal to the 
number of cells (or bins) minus the number of quantities obtained from the observed data. For 
the example of Figure 12 three quantities were obtained from the observed data which were 
N, x  and s. Sixty four bins were used, therefore 64-3 = 61 degrees of freedom was obtained. 
The degrees of freedom were then used to obtain the critical value. Traditionally this was 
done using published mathematical look up tables of the χ2 distribution. Much of the look up 
on this project was automated using the CHIINV function in Excel.  

For a true normal distribution negative values of field strength would be expected. As we 
cannot possibly get negative field strengths the normal distribution was always a poor fit in 
the left tail. For this reason, χ2 tests for upper half (above mean) fit, top quartile and top 
decile were made, on the expectation that the upper half of the distribution would be a better 
fit. 
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4.2 Statistical analysis of measured data  
The data from Rowell et al [1] was used in a statistical analysis.  The data comprised radiated 
emission measurements taken a nominal three metres from the representative EUT described 
in section 1.3.  Measurements were taken at 180 points over a flat plane one metre high (20 
pts) and 1.6 metres wide (9 pts).  Data sets were obtained at 500 frequencies from 1 to 5 GHz 
(around 8 MHz spacing).  Figure 14 shows the layout schematically. 

 

Figure 14: Experimental layout. 

Due to measurements at some frequencies falling below the measurement system’s noise 
floor, results suitable for statistical analysis were only available for a range of frequencies 
between 1.3 and 3.4 GHz.  For the analysis, the relative (dBµV/m) field strengths were 
converted to absolute values in mV/m.  For each data set, the minimum, maximum, 
arithmetic mean and standard deviation were calculated, and a histogram was constructed 
with ten bins equally spaced between the maximum and minimum.  Figure 15 shows the 
maximum, mean and minimum for the values at each frequency. 
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Figure 15: Maximum, mean and minimum values for each dataset. 

Each histogram was compared to several distributions – normal (Gaussian), Rayleigh, Rician, 
Lognormal, chi-square and Weibull – and the goodness-of-fit chi-square value calculated.  
Free parameters (in the Rice, chi-square and Weibull distributions) were iteratively optimised 
to minimise the chi-square value for each set.  Figure 16 shows the goodness-of-fit values; 
note the logarithmic scale for the ordinate axis. 
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Figure 16: Goodness of fit values for the tested data sets for six statistical distributions.  Lower values 

indicate a better fit.  Critical values for fits with 50% confidence fit are 7.3 (for Rayleigh), 6.3 (for Gaussian 

and Lognormal) and 5.3 (for Rician, chi-square and Weibull). 

It can be seen that generally, the Gaussian distribution fits the data best, though it is rarely a 
good fit.  Even reducing the confidence level to 5% does not significantly increase the 
number of data sets which fit the Gaussian distribution. 

4.2.3 Undersampled data sets 

To investigate the effects of undersampling, the number of samples in a data set was reduced 
to see how the distribution changed.  Both ordered and random sub-samplings of the data set 
were taken. Regular undersampling – taking every other data point in both directions – 
resulted in subsets with 50 and 15 points; irregular sample points were also chosen for sets of 
90, 45 and five different sets of 20 points. 

Various statistical measures were calculated, including the maximum, mean, 95th percentile 
value and (for the unordered cases) the goodness of fit to the same six statistical distributions.  
As expected, the smaller sets (down to 20 points) gave better fits to the normal distribution, 
since the undersampling effectively chose random points from the underlying distribution. 

For each sub-set of a data set, the maximum and 95th percentile values were normalised to the 
95th percentile of the complete measured set.  These were then plotted against the number of 
measurements taken, as shown in Figure 17 and Figure 18. In the Figures each vertical group 
of points represents five hundred 95th percentiles and five hundred maxima. 
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Figure 17: Maximum and 95th percentile field strengths, at 500 frequencies, as a function of the number of 

measurements taken, normalised to the 95th percentile in each set. 
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Figure 18: Maximum and 95th percentile field strengths, at 500 frequencies, as a function of the number of 

measurements taken, normalised to the maximum in each set. 
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4.3 Statistical analysis of modelled data  
4.3.1 Source plane to target plane model 

A sample of the data produced by the source plane to target plane modelling method is given 
in this section. The initial purpose of this modelling was to obtain statistical correlation 
between the statistics of the measured data analysed in section 4.2. However when it was 
found that fits to known probability distributions were not being obtained either for the real 
measured data or that produced by the model (when simulating the measurement conditions 
for the measured data) further experiments were tried with the model to see if a fit could be 
obtained. 

It was known that in mobile communications field strength at various distances from the 
antenna fitted either a Rayleigh, a normal or a Rician distribution. ‘Close’ to the transmission 
source Rayleigh distribution was expected and at distances approaching the range of the 
communications link normal distribution was expected. Rician distribution was expected at 
mid-distance. It was expected that the distribution for the radiated emission measurements 
might be one of these. Consequently, example data presented in this section compares the 
modelled data with both Rayleigh and normal distributions. 

A subset of results is presented in section 4.3.1.1 sufficient to illustrate the main conclusions 
drawn from the use of the source plane to target plane model. A further sub-section presents 
results of an experiment where a modelled data set was increasingly under-sampled in order 
to see if x  and s changed significantly. 

4.3.1.1 Summary Results  
For each of the results summarised in Table 1 a plot of field strength in dBV/m and 
probability statistics in V/m are presented. 

Fit to normal Run Test 
distance 

(m) 

Freq 
(GHz) 

Target 
Size 
(m) 

Target 
mesh 

(λ) 

Source 
mesh 

(λ) 
Full 
curve 

Above 
mean 

Top 
Quartile 

Top 
Decile 

1 3 6 2x2 1 0.2 No No No No 

20 3 12 2x2 2 0.4 No No Yes No 

22 3 24 2x2 4 0.8 No Yes Yes Yes 

24 3 24 2x2 2 0.8 No No No No 

28 1 6 3x3 1 0.2 No No No No 

Table 1: Summary of results for source plane to target plane model 

All results are for a model of the 0.6m EUT described in section 1.3. A point source was 
positioned to represent each slot. Each point source was assigned a random amplitude and 
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phase at the start of each run of the model. As the results vary randomly for each run of the 
model a number of runs had to be made to give reasonable assurance that a particular trend 
was established for a given measurement position. Later results sets for the cylindrical model 
always used at least 5 repeats for a given configuration. Fewer repeats were used for the early 
experiments of Table 1 so the results should be treated with greater caution. Details 
concerning the reasoning associated with the modelled results of Table 1 are given in sections 
4.3.1.1.1 to 4.3.1.1.3 
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Figure 19: Run 1, field strength dBV/m at target plane, 6GHz, 3m test distance, 2m x 2m plane 
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Figure 20: Run 1, distribution of field strengths in V/m compared with normal and Rayleigh distributions, 

6GHz, 3m test distance, 2m x 2m plane 
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Figure 21: Run 20, field strength dBV/m at target plane, 12GHz, 3m test distance, 2m x 2m plane 
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Figure 22: Run 20, distribution of field strengths in V/m compared with normal and Rayleigh distributions, 

12GHz, 3m test distance, 2m x 2m plane 
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Figure 23: Run 22, field strength dBV/m at target plane, 24GHz, 3m test distance, 2m x 2m plane 
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Figure 24: Run 22, distribution of field strengths in V/m compared with normal and Rayleigh distributions, 

24GHz, 3m test distance, 2m x 2m plane 
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Figure 25:Run 24, field strength dBV/m at target plane, 24GHz, 3m test distance, 2m x 2m plane 
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Figure 26:Run 24, distribution of field strengths in V/m compared with normal and Rayleigh distributions, 

24GHz, 3m test distance, 2m x 2m plane 
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Figure 27:Run 28, field strength dBV/m at target plane, 6GHz, 1m test distance, 3m x 3m plane 
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Figure 28:Run 28, distribution of field strengths in V/m compared with normal and Rayleigh distributions, 

6GHz, 1m test distance, 3m x 3m plane 
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4.3.1.1.1 Random selection of phase and amplitude for each run of the model  

The assigned random amplitude for each point source was allowed a k range (see Equation 8) 
of between 0 and less than 100. This equates to the source power of each point source varying 
between 0 and 333.3W. The field strengths seen from the model are therefore much larger 
than would be measured from the EUT or for that matter any EUT. As we were only 
interested in modelling the distribution of field strengths and not the actual levels no efforts 
have been made to get the source power of the model the same as that of the EUT§. The phase 
of each source point was randomly set to a value between 0° and less than 360°. 

The reasoning why the models were populated with a random selection of phase and 
amplitude is now explained. Previous attempts at modelling EUTs using the point source 
method [1] visualised a phase centre for the radiating power at some position within the box. 
A fixed path length was envisaged between the phase centre and the various slots in the box. 
The differing path lengths gave rise to the phase difference between each radiating source. 
The situation is sketched in Figure 29 

 

Phase Centre

SlotSlot  

Figure 29: Simplistic model of a radiating source with different path lengths to box slots 

The model of Figure 29 is now believed to be too much of an over-simplification. When 
reflections from the box sides are considered the path length to the slots is infinitely variable 
and the total amplitude at each slot could be considered to be the combination of the many 
paths to the slots. The situation is sketched in Figure 30 

                                                 

§ Accurately setting the radiating power and phase for each slot would be an almost impossible task.  
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Figure 30: More accurate model of a radiating source with many different path lengths to box slots 

4.3.1.1.2 Selection of test distance and target size 

The first four results of Table 1 use the same test distance and target size as was used for the 
real measurements that were statistically analysed in section 4.2. The last result makes the 
test distance closer and target size larger. The reason for the change was to investigate 
whether the statistics would change noticeably if a greater observation area were measured. 
The geometry for calculating the observation angle is sketched in Figure 31. This geometry 
was used to calculate the values of observation angle in Table 2. It can be appreciated that a 
much greater area of emission is observed for a high observation angle than a low one. It can 
be seen from Table 2 that the measured results and the first four results of Table 1 have an 
observation angle of only 13° whereas Run 28 of Table 1 has an observation angle of 50°. 

Target size  EUT 0.6m

Observation 
Angle  

Test distance  

Figure 31: Geometry for calculating observation angle 
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Test distance (m) Target size (m) Observation Angle (degrees) 

1 1x1 11.31 

1 2x2 34.99 

1 3x3 50.19 

3 1x1 3.81 

3 2x2 13.13 

3 3x3 21.80 

Table 2: Observation angles for varying test distance and target sizes (greyed are the two investigated in 

Table 1) 

4.3.1.1.3 Statistics of an emission from a single point source  

To see how the measurement plane affects the statistical distribution of the measurements, an 
isotropic emitter was modelled.  The field strength resulting from an isotrope depends only 
on the distance between source and target and the strength of the emitter.  The distribution, if 
measured at a surface a constant distance from the source, will be a delta function.  If the 
measurement surface deviates, the delta function will be distorted. 

Figure 32 shows the field strength plot for an isotrope and Figure 33 shows the resulting 
histogram. 
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Figure 32: Field strength (in V/m) at target plane 3m from an isotrope. 
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Figure 33: Distribution of field strengths in V/m.  2GHz, 3m distance, 1.2m × 1.2m plane. 

If the area of the target plane is increased, the distortion worsens, as seen in Figure 34. 
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Figure 34: Distribution of field strengths in V/m.  1GHz, 3m distance, (4m)2 and (6m)2 target planes. 

The distortion can be lessened by warping the target plane into a cylinder centred on the 
isotrope and completely removed by warping the target surface into a section of a sphere 
centred on the isotrope; note that for a physical radiator with non-zero size there will still be 
some distortion unless the emitted wavefront matches the shape of the target surface. 
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4.3.1.2 Undersampling Experiment 
To save measurement effort it is envisaged that when the statistics of above 1GHz emissions 
are fully understood it should be possible to take a few measurements and from prior 
knowledge of the statistics (obtained by modelling) predict the largest emissions from the 
EUT. To make sure this is likely to work an experiment was done where a large data set (Run 
24) was taken and progressively reduced in size. At each reduction the change in x  and s 
were observed. As x  and s are all that are needed to generate most known probability 
functions these should not be significantly affected for a successful outcome of the 
experiment. 

The data reduction algorithm removed alternate rows and columns of data at each pass. This 
approach leaves the basic form of the data unchanged for field plotting purposes. It remains a 
square surface of data with the relative positions of the field points unchanged. Results of the 
experiment are shown in Table 3. 

Number of data 
points 

Maximum 
Value (V/m) 

Minimum 
Value (V/m) 

x  (V/m) s (V/m) 

6561 151.9 0.8 54.2 26.2 

1681 143.4 2.1 54.1 26.3 

441 143.4 4.6 53.9 27.4 

121 143.4 9.5 53.7 26.9 

36 99.0 13.2 52.4 24.5 

9 97.5 27.0 54.0 25.8 

Table 3: Systematic reduction of the data points obtained for Run 24, N=6561 is Run 24 without any 

reduction 

4.3.1.3 Conclusions drawn from source plane to target plane model  
1. The modelled results suggest that for a small observation angle the probability 

distribution function is similar to a normal distribution but not similar enough to give 
a χ2 fit. 

2. Run 28 illustrates that increasing the observation angle significantly changes the 
probability distribution. The distribution is skewed and has a much greater proportion 
of low field strength values in than for the other cases, it becomes Rayleigh like. The 
reason for this can be understood with reference to section 4.3.1.1.3 where the 
probability distribution of a single point source is studied. It can be seen that the field 
strength drops off significantly away from the centre of the target plane, hence a 
greater off centre area of target plane significantly skews the distribution. 
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3. From points 2) and 1), a small observation angle is desirable so the statistics are not 
skewed, but a small observation angle is unsatisfying because a great part of the 
emission goes unobserved. A hemispherical scan would overcome both these 
problems but for real measurements is difficult to achieve. A suitable compromise 
was thought to be a cylindrical scan that is readily achievable practically. 

4. The under sampling experiment of section 4.3.1.2 suggests that only very few data 
points need to be measured to obtain the important statistics of x  and s. 

4.3.2 Source plane to cylindrical target 

It was concluded in section 4.3.1.3 model that high observation angles cause distortion to the 
distribution of the emission and therefore were to be avoided. On the other hand a small 
observation angle means that only a small area of emission is being examined. Hemispherical 
scans would be a solution to the problem but are not readily achievable at most EMC 
laboratories. Cylindrical scans on the other hand are readily achievable at all EMC 
laboratories so a cylindrical scan with a relatively small observation angle may give 
satisfactory results. The experiments performed with the cylindrical model were therefore 
performed with the foregoing in mind. As well as experiments performed with the 0.6m EUT, 
a further set of experiments were performed with a small 0.1m EUT. 

4.3.2.1 Experiments with the 0.6m EUT 
The results of the experiments are tabulated in Table 4. On each run the phase of each source 
in the model was randomly chosen. In most cases the amplitude setting was also random, 
although some trials set all emitters to equal amplitude, this is indicated by ‘Fixed’ in the 
table. See section 4.3.1.1.1 for a more in depth discussion of the random settings.  
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Mesh (λ) Fit to normal curve Run Test 
dist. 
(m) 

Freq 
(GHz) 

Target 
Height 

(m) Target Sourc

e 

Ampli-
tude 

setting 
Full 

curve 
Abov

e 
mean 

Top 
Quartil

e 

Top 
Decile 

Score N 

1 1 6 3 1 0.2 Random No No No No 
2 1 6 3 1 0.2 Random No No No Yes 
3 1 6 3 1 0.2 Random No No No Yes 
4 1 6 3 1 0.2 Random No No No Yes 
5 1 6 3 1 0.2 Random No No No No 
6 1 6 3 1 0.2 Random No No No No 
7 1 6 3 1 0.2 Random No No No No 
8 1 6 3 1 0.2 Random No No No No 
9 1 6 3 1 0.2 Random No No No No 

10 1 6 3 1 0.2 Random No No No No 

3/2= 
1.5 

3843 

11 1 6 3 1 0.2 Fixed No No No Yes 
12 1 6 3 1 0.2 Fixed No No No Yes 
13 1 6 3 1 0.2 Fixed No No No No 
14 1 6 3 1 0.2 Fixed No No No No 
15 1 6 3 1 0.2 Fixed No No No No 

2 3843 

16 1 6 1 1 0.2 Random No Yes No Yes 
17 1 6 1 1 0.2 Random No Yes Yes Yes 
18 1 6 1 1 0.2 Random Yes Yes Yes Yes 
19 1 6 1 1 0.2 Random Yes Yes Yes Yes 
20 1 6 1 1 0.2 Random No Yes Yes Yes 

16 1323 

21 1 6 0.6 1 0.2 Random No Yes Yes No 
22 1 6 0.6 1 0.2 Random Yes Yes Yes Yes 
23 1 6 0.6 1 0.2 Random Yes Yes Yes Yes 
24 1 6 0.6 1 0.2 Random No Yes Yes NA 
25 1 6 0.6 1 0.2 Random No Yes Yes Yes 

15 819 

26 1 6 1 0.5 0.2 Random No No No No 
27 1 6 1 0.5 0.2 Random No No No No 
28 1 6 1 0.5 0.2 Random No No No No 
29 1 6 1 0.5 0.2 Random No No No No 
30 1 6 1 0.5 0.2 Random No No No No 

0 5134 

31 1 6 0.6 0.5 0.2 Random No No No No 
32 1 6 0.6 0.5 0.2 Random No No No No 
33 1 6 0.6 0.5 0.2 Random No No No No 
34 1 6 0.6 0.5 0.2 Fixed No No No No 
35 1 6 0.6 0.5 0.2 Fixed No No No NA 

0 3150 

36 0.5 6 0.6 0.5 0.2 Random No Yes Yes Yes 
37 0.5 6 0.6 0.5 0.2 Random No No No Yes 
38 0.5 6 0.6 0.5 0.2 Random No No No Yes 
39 0.5 6 0.6 0.5 0.2 Random No No No No 
40 0.5 6 0.6 0.5 0.2 Random No No No No 

5 3073 

41 0.5 6 0.6 0.25 0.2 Random No No No No 
42 0.5 6 0.6 0.25 0.2 Random No No Yes No 
43 0.5 6 0.6 0.25 0.2 Random No No No No 
44 0.5 6 0.6 0.25 0.2 Random No No No No 
45 0.5 6 0.6 0.25 0.2 Random No No No No 

1 6159 

46 0.5 6 0.6 1 0.2 Random Yes Yes Yes NA 
47 0.5 6 0.6 1 0.2 Random No Yes Yes NA 
48 0.5 6 0.6 1 0.2 Random Yes Yes Yes NA 
49 0.5 6 0.6 1 0.2 Random No Yes No NA 
50 0.5 6 0.6 1 0.2 Random No Yes Yes NA 

11 416 

51 3 6 1 1 0.2 Random No No No No 
52 3 6 1 1 0.2 Random No No No No 
53 3 6 1 1 0.2 Random No No No No 
54 3 6 1 1 0.2 Random No No No No 
55 3 6 1 1 0.2 Random No No No No 

0 3948 

Table 4:Summary of experiments performed using cylindrical model on 0.6m EUT 
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Because phase and amplitude settings were random at least five repeats of each model 
configuration were tried. Model configuration means varying: test distance, frequency, target 
height or mesh resolution at the target. In this way it was expected that any trends due to 
changes in model configuration could be observed. The table is shaded to identify groupings 
of the same model configuration. The main objective of most of the experiments was to 
investigate the fit to a normal distribution and a scoring system was devised to indicate which 
groupings gave the best fit, the higher the score the better the fit. 

Example field plots and probability charts are now presented that give a greater visual feel to 
what Table 4 represents. Only the first data set from selected model configurations are 
presented. Table 5 summarises the data that is presented and the reason why it was chosen. 

Run 16 First data set in the highest scoring model configuration (Runs 16 to 20) 

Run 21 First data set in the second highest scoring model configuration (Runs 21 to 25) 

Run 26 First data set in a zero scoring model configuration with high N (N=5134) 
(Runs 26 to 30) 

Run 41 First data set in a high resolution target configuration (0.25λ) (Runs 41 to 45) 

Run 46 First data set in third highest scoring category (Runs 46 to 50) 

Table 5:Summary of data selected for presentation 
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Figure 35:Run 16, dBV/m at target hemi-cylinder, 1m test distance, 1m target height, target mesh 1λλλλ 
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Figure 36:Run 16, distribution of field strengths in V/m at target hemi-cylinder compared with normal and 

Rayleigh distributions, 1m test distance, 1m target height, target mesh 1λλλλ 
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Figure 37:Run 21, dBV/m at target hemi-cylinder, 1m test distance, 0.6m target height, target mesh 1λλλλ 
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Figure 38:Run 21, distribution of field strengths in V/m at target hemi-cylinder compared with normal and 

Rayleigh distributions, 1m test distance, 0.6m target height, target mesh 1λλλλ 
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Figure 39:Run 26, dBV/m at target hemi-cylinder, 1m test distance, 1m target height, target mesh 0.5λλλλ 
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Figure 40:Run 26, distribution of field strengths in V/m at target hemi-cylinder compared with normal and 

Rayleigh distributions, 1m test distance, 1m target height, target mesh 0.5λλλλ 
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Figure 41:Run 41, dBV/m at target hemi-cylinder, 0.5m test distance, 0.6m target height, target mesh 0.25λλλλ 
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Figure 42:Run 41, distribution of field strengths in V/m at target hemi-cylinder compared with normal and 

Rayleigh distributions, 0.5m test distance,0.61m target height, target mesh 0.25λλλλ 
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Figure 43:Run 46, dBV/m at target hemi-cylinder, 0.5m test distance, 0.6m target height, target mesh 1λλλλ 
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Figure 44:Run 46, distribution of field strengths in V/m at target hemi-cylinder compared with normal and 

Rayleigh distributions, 0.5m test distance, 0.6m target height, target mesh 1λλλλ 

4.3.2.2 Experiments with a 0.1m EUT 
From statistics for mobile communications it is known that at a large distance from the 
transmitter the statistics of field strength distribution are normal. In this region the field 
strength is regarded as coming from a number of different directions. For example it may 
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comprise a direct path, a path incorporating a bounce from a tall building, a path through 
hillside trees, etc. To some extent this situation is similar to that modelled above for the 0.6m 
EUT. This is because the test distances (1m and 3m) are not very large compared to the EUT 
size of 0.6m. At the test positions considered the sources on the EUT may appear to have a 
different direction associated with them. Assuming this to be the case then the near normal 
statistics that were observed for the 0.6m EUT would not be the case for a much smaller 
EUT. To test whether the statistics change significantly for a smaller EUT the 0.1m EUT 
modelled by the spreadsheet of Figure 9 was tested. The results of these tests are summarised 
in Table 6. 

Mesh (λ) Fit to normal curve Run Test 
dist. 
(m) 

Freq 
(GHz) 

Target 
Height 

(m) Target Source 

Ampli-
tude 

setting 
Full 

curve 
Above 
mean 

Top 
Quartile 

Top 
Decile 

Score N 

1 1 6 0.3 0.5 0.2 Random No No No No 
2 1 6 0.3 0.5 0.2 Random No No No No 
3 1 6 0.3 0.5 0.2 Random No No No No 
4 1 6 0.3 0.5 0.2 Random No No No No 
5 1 6 0.3 0.5 0.2 Random No No No NA 

0 1638 

6 1 6 0.3 1 0.2 Random No No No No 
7 1 6 0.3 1 0.2 Random No No No NA 
8 1 6 0.3 1 0.2 Random No No No NA 
9 1 6 0.3 1 0.2 Random No No No NA 
10 1 6 0.3 1 0.2 Random No No No NA 

0 441 

Table 6:Summary of experiments performed using cylindrical model on a 0.1m EUT 

Example field plots and probability charts are now presented that give the reader a better feel 
for the statistics of the two experimental configurations looked at by the model. 
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Figure 45:Run 1, dBV/m at target hemi-cylinder, 1m test distance, 0.3m target height, target mesh 0.5λλλλ 
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Figure 46:Run 1, distribution of field strengths in V/m at target hemi-cylinder compared with normal and 

Rayleigh distributions, 1m test distance, 0.3m target height, target mesh 0.5λλλλ 
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Figure 47:Run 6, dBV/m at target hemi-cylinder, 1m test distance, 0.3m target height, target mesh 1λλλλ 
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Figure 48:Run 6, distribution of field strengths in V/m at target hemi-cylinder compared with normal and 

Rayleigh distributions, 1m test distance, 0.3m target height, target mesh 1λλλλ 

4.3.2.3 Conclusions drawn from source plane to cylindrical target model  
1. The use of a reduced height target plane with the cylindrical model gave χ2 fits to a 

normal distribution. The reason for this is believed to be that the cylindrical scan 
allows sufficient data to be acquired that is not distorted by a high observation angle 
as was the case with the source plane to source plane model. 
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2. The test distance of 1m appears to be the optimum for a fit to normal statistics for the 
0.6m EUT in question. 

3. Reducing the size of the EUT to 0.1m has a big effect on the statistics. 

4. Points 2) and 3) above suggest that the test distance should not be significantly larger 
than the EUT size for a fit to normal statistics to be readily obtained. This suggests 
that for small EUTs the use of normal statistics would not be practical. 

5. The underlying statistics of emission can only fit the normal distribution under certain 
circumstances. This is because the left and right tails of the normal distribution never 
reach zero. Consequently for a relatively modest sample size the normal distribution 
would predict a negative field strength, which can never be the case. Similarly for the 
right tail if the sample size is progressively increased then the normal distribution 
would predict a larger and larger field strength to be measured. The EUT will have a 
finite maximum level of emission, once the sample size is big enough to capture this 
then increasing the sample size further will only lead to the normal distribution over 
predicting the maximum measureable field strength. 

4.3.3 Point sources to hemispherical target 

Although it is impractical for routine laboratory measurements to be made on a hemispherical 
surface, the increase in complexity for a simulated measurement is very small.  Such 
measurements are distorted less by the change in distance between the nearest and furthest 
points in the target surface from the EUT. 

The change in the modelling technique also allowed for greater control over the parameters.  
The same set of (randomly-chosen) amplitudes and phases could be used at different 
frequencies and several runs with a fixed set of amplitudes and different sets of increasingly 
constrained phases (or vice versa) could be executed. 

4.3.3.1 Experiments with λλλλ/4-resolution data sets 
Figure 49 shows the field strength plot for the first run of the hemispherical target model and 
is one of the few plots which can be displayed complete in Excel.  The field strength 
distribution is shown in Figure 50.  The normal distribution is the best fit. 
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Figure 49: Run01 - Hemispherical plot at 3GHz and 1m distance. Field strengths in V/m. 
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Figure 50: Distribution of field strengths in V/m, compared to best-fit normal, Rayleigh and Rician 

distributions. 

Table 7 shows the results from the simulations performed at λ/4 resolution. 
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Run Frequency 
(GHz) 

Target 
Distance (m) 

Number of 
points 

Max 
(V/m) 

Mean 
(V/m) 

St Dev 
(V/m) 

chi-square (40 bin 
histogram fit) 

1 3 1 14,406 380.9 161.5 77.7 510 

2 3 3 129,138 125.6 53.5 25.6 4357 

3 3 10 1,053,015 38.0 16.0 7.7 35,800 

4 6 1 57,450 391.1 154.6 75.4 1770 

5 6 3 516,110 135.0 51.1 25.1 16,800 

6 6 10 4,210,805 40.3 15.3 7.5 129,000 

7 12 1 229,504 413.7 153.0 74.4 6587 

8 12 3 2,063,532 134.8 50.6 24.6 59,000 

9 12 10 22,920,893 41.4 15.2 7.4 698,000 

10 6 3 516,110 81.4 31.6 34.9 11,000 

11 6 3 516,110 39.8 14.4 16.2 30,000 

12 6 3 516,110 51.6 21.3 23.3 12,000 

13 6 3 516,110 74.5 28.0 31.5 29,000 

14 6 3 516,110 137.2 51.1 56.9 17,000 

15 6 3 516,110 149.4 50.4 56.4 25,000 

16 6 3 516,110 152.8 49.8 55.9 29,000 

17 6 3 516,110 141.8 52.0 57.6 15,000 

Table 7: Summary of results for the hemispherical model using the 0.6m EUT. 

The series of runs at 6GHz and 3m distance (5, 10-17) used different sets of randomly-chosen 
source parameters – effectively testing different EUTs.  The runs were repeated with 
increased angular spacings, to undersample the field distribution. 

4.3.3.2 Experiments with undersampled data sets 
The first collection of runs at 6GHz and 3m distance used angular spacings of 0.2 degrees, 
resulting in an absolute spacing of 1.05cm at the target surface; this is just better than λ/4 
resolution.  Table 8 shows the angular spacings used for each set of undersampled runs. 

Runs Spacing (degrees) Spacing (m) Spacing (λλλλ) Number of samples 

5, 10-17 0.2 0.0105 0.21 516,110 

51-59 1 0.0524 1.05 20,717 

60-68 2 0.105 2.1 5,195 

69-77 4 0.209 4.2 1,312 

78-86 10 0.524 10 215 

87-95 20 1.05 21 56 

96-A4 40 2.09 42 15 

A5-B3 30 1.57 31 28 

B3-C2 35 1.83 37 19 

Table 8: Spacings and number of samples for each set of undersampled runs. 
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Figure 51 shows how the distribution of sampled values changes with decreasing resolution 
and number of points for the first EUT. 
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Figure 51: Distribution of field strengths in V/m at 6GHz and 3m when undersampling compared to the full 

data set. 

To test how the upper tail of the distribution changes with decreasing resolution, the 
maximum and 95th percentile of each data set are plotted against the number of samples 
taken; the values are normalised to the maximum or 95th percentile of the λ/4-resolution data 
set.  Figure 52 and Figure 53 show the two plots. 
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Figure 52: 95th percentile field strengths, normalised to the 95th percentile of the λλλλ/4-resolution data set for 

each simulated EUT. 

0.50

0.60

0.70

0.80

0.90

1.00

10 100 1000 10000 100000 1000000

Number of measurements

N
or

m
al

is
ed

 F
ie

ld
 S

tr
en

gt
h 

(m
ax

im
um

)

EUT 1 EUT 2 EUT 3 EUT 4 EUT 5 EUT 6 EUT 7 EUT 8 EUT 9  

Figure 53: Maximum field strengths, normalised to the maximum of the λλλλ/4-resolution data set for each 

simulated EUT. 
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4.3.3.3 Conclusions drawn from the source to hemispherical model 
1. This refinement of the model attempted to achieve a better fit to a normal distribution 

by warping the target plane so that the source-target distance remains more constant 
and distorts the measured values less.  However, the fits to the normal distribution did 
not improve. 

2. The refinement also allows arbitrarily large numbers of samples to be taken for a 
particular run, the limiting factors being time and storage space; and for a specific 
configuration of source points to be re-used, being sampled at different resolutions. 

3. Reducing the number of measurements taken usually results in a lower maximum 
field strength being measured.  Because the field strength distribution is being 
undersampled, it becomes less likely that a particular data set will contain field 
strength values close to the maximum.  The reduction of confidence that a measured 
set will contain values close to the maximum can be expressed as a measurement 
uncertainty; as the number of samples taken decreases, this uncertainty increases.  In 
these simulations, the uncertainty remained below 6 dB (a factor of two) even when 
degrading the resolution from 0.21×λ to 42×λ (a factor of 200). 
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5 EXAMINATION OF MEASUREMENT BANDWIDTH 
EFFECTS 
The numerical model used produces simulated measurement data at a single frequency.  To 
investigate how the data change over small frequency shifts it is necessary to run the model 
repeatedly at the different frequencies required.  This raises the question of how the slot 
excitation model should change with frequency. 

We have asserted that since the amplitude and relative phase at each slot are unknown 
functions of the EUT, a random set of values should be used.  However, it is likely that these 
values are smoothly varying functions of frequency.  If we are dealing with several closely-
spaced frequencies, we can, as a first approximation, use static values for the amplitudes and 
phases. 

Figure 54 shows simulated field strength plots at 6 to 6.003 GHz; the data are produced using 
the same set of phases and amplitudes. 

 

Figure 54: Field-strength plots at four frequencies around 6 GHz; frequency spacing is 1 MHz. 

A better approximation may be to perturb the phases and amplitudes with each small increase 
in frequency.  However, it would be better still to investigate, using a more sophisticated 
modelling technique, how the phase and amplitude change with frequency at each slot and 
then feed this knowledge back to inform a more generic model. 
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6 MODE STIRRED CHAMBER EVALUATION 
Mode-Stirred chambers have been proposed for EMC measurements for many years [18]. 
Recently, improved understanding of their operation has led to EMC measurements standards 
becoming available [19].  

In the past, EMC measurements have been based on a plane wave approach to wave 
propagation leading to the use of OATS, anechoic chambers and various TEM cells. The 
simple wave-fronts assumed in these measurement environments is not realistic at microwave 
frequencies where multiple reflections within and around structures lead to a complex multi-
wave field structure in communications systems with rapid spatial field variations. To 
overcome the effects of these complex field structures, communications systems utilise 
various mitigation strategies such as spread spectrum techniques and antenna diversity.  

For EMC measurements the mode-stirred chamber represents a move towards the multi-wave 
environment found in many modern short-range microwave communications systems. The 
mode-stirred chamber is a screened enclosure with no absorbing structures other than the 
source and receiving antennas. Wave propagation between a source and a receiver within the 
chamber is via a complex multipath propagation mechanism in the resonant environment of 
the chamber. The chamber is stirred usually by the rotation of an electrically large scatterer 
present in the chamber. The effect of this stirring is to render the average directional response 
of any source or sink antenna within the chamber isotropic.  

It is shown by Hill [20] that the mode-stirred chamber can be used to measure the total 
radiated power of any source such as an EUT placed in the chamber. From this radiated 
power measurement it is, in principle, possible to evaluate the maximum radiated fields of the 
source. The information required is the directivity of the source. In Wilson et al [9] the 
statistical properties of the directivity of typical unintentional emitters are examined. The 
directive properties depend on the size of the emitter relative to the wavelength and its aspect 
ratio.  This information, along with mode-stirred chamber measurements can be used to 
predict the maximum likely radiated field of the emitter. The mode-stirred chamber is thus 
capable of performing radiated emission measurements. 

At microwave frequencies, radiated emission measurements are likely to be performed in 
order to protect low-power radio systems such as Bluetooth or WLAN from radiated 
interference from nearby IT equipment. The mode-stirred chamber is a more extreme version 
of the realistic multipath propagation environment in which many low-power microwave 
radio systems are operated. It does not have the energy loss mechanisms such as leakage 
through windows or incomplete reflections from walls. The mode-stirred chamber does have 
the advantage of well-understood field statistics and an isolated screened environment.  

Consideration of this likely radiated interference scenario leads to the following two 
conclusions. 
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i) The transmitter and receiver of the radio service to be protected are likely to be in 
the same room as is the interfering emitter. Thus the distance of the interferer 
from the victim receiver is comparable to that of the intended transmitter. Contrast 
this with the scenario on which lower frequency radiated emissions measurements 
are based where the interferer is in the vicinity of the victim receiver and the 
transmitter is at some remote location. 

ii) The interferer – victim distance is such that the victim is likely to be in the Fresnel 
diffraction (radiating near-field) region of the interferer and the Fraunhofer (far-
field) field strengths estimated by the source directivity data described above is 
not valid. The FAR measurement data illustrated in sections 4.2 and 9 of this 
report illustrate this point. 

Therefore it is proposed that the mode-stirred chamber should be utilised for radiated 
emission measurements as follows. 

The total radiated power of the EUT is measured using the established measurement 
procedure in the mode-stirred chamber. This is done at the frequencies of interest in an 
appropriate measurement bandwidth. This radiated power is compared with the transmitted 
power of the local microwave radio system. The power comparison includes a protection 
ratio that accounts for the statistics of the multipath propagation within the close 
environment, the characteristics of the transmitted radio signal and the established signal to 
interference ratio of the radio system. No attempt is made to compare field strengths as these 
cannot be reliably determined from the mode-stirred chamber measurements. In effect, the 
onus is shifted from comparison of field strengths at the receiver to a comparison of 
transmitted powers. Research is required to establish the technique and to determine the 
appropriate protection ratios and radiated power limits. 
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7 CONDUCTED EMISSIONS 
The conducted emissions test is one of the simplest tests to perform out of the suite of EMC 
tests that are commonly performed for CE marking purposes. A simple EUT can be UKAS 
tested within half an hour and the results are normally highly repeatable. On the other hand 
accurately modelling conducted emissions is a highly complex task [21]. Normally modelling 
is only helpful as a design aid for a specialist manufacturer where the design team have 
months and years to gradually build up expertise and decide which models are useful and 
which are not.  

The exceptionally short test time suggests that any general modelling attempted would be 
more likely to slow the test procedure down rather than speed it up. For this reason the EMC 
tests likely to be speeded up by the use of numerical modelling are found elsewhere in this 
report. 
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8 FULL WAVE ELECTROMAGNETIC MODELLING 

8.1 Introduction 
Full Wave electromagnetic modelling was performed using FLO/EMC, a commercial 
software package. This software provides numerical solutions for electric (E) and magnetic 
(H) field in three-dimensional space (3D). FLO/EMC uses the Transmission-Line Modelling 
method (sometimes called the Transmission-Line Matrix method but most usually 
abbreviated to TLM) to provide a discrete model of space and time.  

 

Figure 55: Schematic representation of a node 

TLM is based on the equivalence between electric and magnetic fields in space and voltage 
and current on transmission lines. Space is modelled by a network of intersecting 
transmission lines, with a TLM node formed where the transmission lines meet. 

At each time-step voltages pulses are scattered at each node and connected to the neighboring 
nodes. The resulting voltages and currents in the system can be converted to electric (E) and 
magnetic (H) fields providing an accurate and efficient solution for Maxwell’s Equations.  
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Figure 56: Schematic representation of the scattered node with the connections 

As a result of this formulation as an equivalent circuit model Transmission-Line Matrix 
(TLM) based solutions are inherently stable. It also allows an easy and efficient introduction 
of sub-cell models for features which would normally require many small TLM nodes. Sub-
cell models present in FLO/EMC include:  

• Thin slots, seams and gaskets; 

• Perforated plates; 

• Thin conductive films; 

• Multi-conductors (wires and cables); 

• Passive electric circuits. 

All of these models are self-consistent, in that they interact fully with the electric and 
magnetic fields. For example the fields in space around a wire may produce voltages and 
currents on the wire and simultaneously the presence of the wire will modify the fields 
around it  

The solution technique used by FLO/EMC is a time-domain based one. This means that the 
voltages and currents on the transmission lines are followed in time from some initial starting 
pulse or excitation. The simulations are run for sufficient time, normally just a few nano-
seconds real-time (but perhaps several hours computer cpu-time) for the initial energy in the 
excitation to decay away.  
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The time response can then be transformed by way of Fourier transformation into a frequency 
response. In this way a broad frequency range can be covered in a single simulation, with the 
maximum frequency limited only by user choice of grid (smaller grid cells, more nodes, are 
required at higher frequencies to resolve the shorter wavelengths) [22]. Further details 
concerning this software can be found in http://www.flomerics.com/. 

8.2 Modelling of the EUT 
The modelling of the EUT contained three main parts:  

1. The construction of the metal box with slots; 

2. The insertion of the Radio-frequency Absorber (RAM of type AN79) with the 
appropriate absorption / reflection coefficient; 

3. The construction / design of the Comparison Noise Emitter located within the box.  

Each of the parts is discussed in the following sections 

 

8.2.1 Metal Box (enclosure)  

The metal box was designed according to its original specification (cubic box of 0.6m) and 
the front panel of the box according to the circuit diagram as shown in  

Figure 2. Parameters, such as the thickness, conductivity, and relative permeability of the 
metal were also chosen according to the box material. 

 

8.2.2 Radiofrequency Absorber 

Radio-frequency absorbers are commonly used for damping resonance in metal boxes. For 
this experiment, RAM of type AN79 was used. Unfortunately, little information is available 
on the dielectric properties of such absorber. Typical reflectivity of such absorber is shown in 
Figure 57. To model the absorber, a metal block was used (instead of the absorber) but with 
the surface impedance of 327.5 Ω, which would give an average reflectivity of -22.5dB over 
most of the frequency range of interest (similarly to the AN79 absorber). 

http://www.flomerics.com/
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Figure 57: Reflectivity characteristic of AN-79 type absorber 

 

 

Figure 58: Reflectivity coefficient for different surface impedance 

 

8.2.3 The Comparison Noise Emitter 

Comparison noise emitters are white noise broadband sources used in the field of EMC for 
comparison purposes (reference level measurements, attenuation measurements, etc). The 
CNE used in this experiment is a CNE VII, which radiates over the frequency range of 
1.5GHz to 7GHz. Simulations were performed for frequencies up to 6GHz. The CNE consists 
of three parts: a broadband noise generator (noise diode), the radiating antenna and the 
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batteries. Difficulties arose when trying to model the emission of the CNE: the TLM method 
calculates the time response and can then be transformed by way of Fourier transformation 
into a frequency response, whereas the output of the CNE is white noise and therefore 
extremely difficult to model in the time domain. The CNE was then simplified as a monopole 
protruding from an aluminium cylinder equal in size to the CNE VII; the simulated source 
radiated between 3mV/m and 100mV/m at 3m over the frequency range of 1GHz to 6GHz.. 

Figure 59 shows the schematic diagram of the box with the absorber and CNE as entered in 
the FLO/EMC software.  

 

Figure 59: Views of the EUT from different axes 

8.3 Results of the Modelling 
Three types of simulations were performed using FLOEMC: 

1. Directivity measurements of the emission; 

2. Cylindrical scan at 1m distance from the EUT (as shown in Figure 60); 

3. Cylindrical scan at 3m distance from the EUT (as shown in Figure 60). 

Results for frequencies of 2, 4 and 6 GHz are presented in this report.  
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Figure 60: 1m measurement setup 

 

8.3.1 The Directivity plot 

The directivity plots are shown in Figure 61 for the 2GHz frequency, Figure 62 for the 
frequency of 4GHz and Figure 63 for the frequency of 6GHz. As can be seen from the 
figures, the emission directivity becomes more complex (hedgehog-like pattern) as the 
frequency is increased. Such results demonstrate that it more difficult to catch the maximum 
emission at high frequencies: more measurements steps are therefore required.  
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Figure 61: Directivity plot at 2GHz 

 

 

Figure 62: Directivity plot at 4GHz 
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Figure 63: Directivity plot at 6GHz 

 

8.3.2 Cylindrical scan at 1m distance from EUT 

Simulations of the cylindrical emission were performed for the 1m distance as shown in 
Figure 60. Results for 2GHz (Figure 64), 4GHz (Figure 65) and 6GHz (Figure 66) are 
presented below. As the frequency is increased, the radiation pattern becomes more complex 
and more irregular. 
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Figure 64: 2GHz cylindrical scan at 1m distance (Height scan of 1m) 

 

 

Figure 65: 4GHz cylindrical scan at 1m distance (Height scan of 1m) 
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Figure 66: 6GHz cylindrical scan at 1m distance (Height scan of 1m) 

 

8.3.3 Cylindrical scan at 3m distance from EUT 

Simulations of the cylindrical emission were performed for the 3m distance as shown in 
Figure 60. Results for 2GHz (Figure 67), 4GHz (Figure 68) and 6GHz (Figure 69) are 
presented below. Similarly to the 1m distance, as the frequency is increased, the radiation 
pattern becomes more complex and more irregular. 
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Figure 67: 2GHz cylindrical scan at 1m distance (Height scan of 1m) 

 

 

Figure 68: 4GHz cylindrical scan at 1m distance (Height scan of 1m) 
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Figure 69: 6GHz cylindrical scan at 1m distance (Height scan of 1m) 
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9 MODEL VERIFICATION MEASUREMENTS  

9.1 Introduction 
Measurements of the cylindrical emission of the EUT were performed for comparison with 
the simulations.  The measurements were performed using the EUT as shown in Figure 1.  
Details of the measurement setup, measurement results and data analyses are enclosed in the 
following sections. 

9.2 Measurement setup 
The measurement setup is shown in Figure 70 (for the case of the 3m-measurement distance.  
The measurements were performed over the frequency range of 1 to 6GHz.  The EUT was 
placed on a table and rotated using an automated turntable (Figure 71).  A minimum 
rotational angle of approximately 1.5 degrees (128 steps for 180 degrees rotation) could be 
achieved with the turntable.  The measurements were performed for approximately every 1.5 
degree rotation of the turntable and over a 1m height scan, stepping 2cm (for the 1m distance) 
or 5cm(for the 3m distance) as shown in Figure 70.  The values of the measurement steps for 
both arc length and corresponding vertical displacement are detailed in Table 9. 

 

 

Figure 70: Diagram of the 3m-measurement setup  

An Anritsu spectrum Analyser (type MS2663B – 9kHz to 8.1GHz), with a resolution 
bandwidth (RBW) of 1MHz, video bandwidth (VBW) of 100kHz and sweep time of 
2 seconds was used for the measurements.  The double-ridged guide horn antenna (EMCO 
model 3115) and low attenuation RF cables were also used for the measurements. 
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Measurement 
Distance Arc length Vertical 

Displacement 

1m 2.6cm 2cm 

3m 7.85cm 5cm 

Table 9: Value of the incremental steps 

 

 

Figure 71: 1m measurement setup 

9.3 Measurement results 
The radiated field strength was measured over the hemi-cylinder for 501 frequencies between 
1 and 6 GHz; measurements were made at over 6000 points in the 1m scan and over 2400 
points in the 3m scan.  Post-processing converted the data into hemi-cylindrical scans at the 
501 frequencies and converted the values from dB into absolute field strengths in mV/m. 

9.3.1 Measurement results at 1m distance from EUT 

Figure 72 shows the maximum, mean and minimum measured values at each frequency. 

Field strength plots at four selected frequencies – 1300 MHz (Figure 73), 2080 MHz (Figure 
74), 3600 MHz (Figure 75) and 4790 MHz (Figure 76) are now presented. 
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Figure 72: Maximum, mean and minimum field strengths measured at 1m test distance. 
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Figure 73: Field strength plot in mV/m at 1300 MHz, 1m test distance. 
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Figure 74: Field strength plot in mV/m at 2080 MHz, 1m test distance. 
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Figure 75: Field strength plot in mV/m at 3600 MHz, 1m test distance. 
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Figure 76: Field strength plot in mV/m at 4790 MHz, 1m test distance. 

9.3.2 Measurement results at 3m distance from EUT 

Figure 77 shows the maximum, mean and minimum measured values at each frequency. 

Field strength plots at four selected frequencies – 1300 MHz (Figure 78), 2080 MHz (Figure 
79), 3600 MHz (Figure 80) and 4790 MHz (Figure 81) are then presented. 
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Figure 77: Maximum, mean and minimum field strengths measured at 3m; includes ambient measurement. 
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Figure 78: Field strength plot in mV/m at 1300 MHz, 3m test distance. 
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Figure 79: Field strength plot in mV/m at 2080 MHz, 3m test distance. 
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Figure 80: Field strength plot in mV/m at 3600 MHz, 3m test distance. 
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Figure 81: Field strength plot in mV/m at 4790 MHz, 3m test distance. 
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9.4 Data analysis 
9.4.1 Fitting to known distributions 

The field strength distributions for the plots shown above were fitted to normal, Rayleigh and 
Rician curves; the distributions are presented below for 1m (figures 82 to 85) and 3m (figures 
86 to 89). 
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Figure 82: Measured distribution at 1300 MHz, 1m, compared to normal, Rayleigh and (best-fit) Rician 

curves. 
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Figure 83: Measured distribution at 2080 MHz, 1m, compared to normal, Rayleigh and (best-fit) Rician 

curves. 
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Figure 84: Measured distribution at 3600 MHz, 1m, compared to normal and (best-fit) Rician curves. 
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Figure 85: Measured distribution at 4790 MHz, 1m, compared to normal and (best-fit) Rician curves. 

Although qualitatively the distribution appears to be Rayleigh-like (with a large number of 
low values and a rapidly-decreasing tail of higher values) the fits to a Rayleigh distribution 
are very poor (and fail completely for the two higher frequencies shown); this is due to the 
high minimum fields measured. 
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Figure 86: Measured distribution at 1300 MHz, 3m, compared to normal, Rayleigh and (best-fit) Rician 

curves. 
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Figure 87: Measured distribution at 2080 MHz, 3m, compared to normal, Rayleigh and (best-fit) Rician 

curves. 
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Figure 88: Measured distribution at 3600 MHz, 3m, compared to normal, Rayleigh and (best-fit) Rician 

curves. 
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Figure 89: Measured distribution at 4790 MHz, 3m, compared to normal, Rayleigh and (best-fit) Rician 

curves. 

For the 3m data sets, the minimum measured fields are much lower; again the measured 
distributions have a large body of low field values with a small tail of much higher values.  It 
is possible that the measurement system’s noise floor is distorting the distribution.  If, in 
Figure 89, it is postulated that values in at least the lowest four bins are distorted by 
measurement system noise, and should be much lower, this would have two effects: 

1. The large spike of values would spread out, making a much smoother curve; 

2. The larger spread of values would increase the standard deviation calculated from the 
measured data, making the Rayleigh curve fit much better. 

However, it is not clear which distribution would fit the measured distribution in Figure 86; 
clearly, such fits may not be universal. 

9.4.2 Undersampling of data 

The data sets were undersampled by removing every other point, both vertically and 
horizontally; this procedure was repeated twice to give three progressively reduced data sets 
for each original set.  The maximum and 95th percentile values were plotted as a function of 
the number of measurement points for each frequency set; these are presented in Figure 90 
and Figure 91. 
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Figure 90: 95th percentile values for each frequency set plotted against the number of measurements taken, 

normalised to the 95th percentile value of the full measured set. 
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Figure 91: Maximum field strength values for each frequency set plotted against the number of 

measurements taken, normalised to the maximum measured value of the complete data set. 
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10 CONCLUSIONS 
The main conclusion of this report is that a significant saving of test time could be made by 
applying the approaches to radiated emissions testing above 1GHz discussed in this report. A 
detailed investigation has been conducted and three distinct options present themselves, these 
are: 

1. Fit to known probability distribution.  With further development this approach could 
yield a very accurate way of establishing the maximum field strength radiated from an 
EUT.  This would require the development of an analytic statistical model that can be 
shown (theoretically or empirically) to be a good fit to EUT emission measurements.  
Such a model would have to account for important aspects of EMC emission 
measurements such as the measurement geometry and non-negative and bounded 
emission levels. 

2. Under-sampled data set. The report has demonstrated empirically that only a few 
measurements may need to be taken to determine a field strength that is in the top 5% 
of field strengths to be radiated from the EUT. The actual maximum field strength is 
not measured or predicted but it is expected that with further research an estimate 
could be made of what it would not exceed.  This would allow the risk of increased 
interference associated with using under-sampled emissions measurements to be 
quantified.  This could perhaps be utilised with reduced emissions limits for under-
sampled measurements in an iterative testing procedure, whereby an EUT could pass 
a test with under-sampled measurements if it satisfied a lower limit to mitigate the 
increased risk. Otherwise more measurements would need to be taken and the new 
maximum emission level compared to a higher limit consistent with the new level of 
sampling. 

3. Reverberation chamber method. Using this approach the traditional EMC measure of 
field strength would be replaced by a total radiated power measurement. Limits would 
be defined in terms of total radiated power. 

The first two methods would use anechoic chambers and turntables, these are currently 
readily available in UKAS accredited EMC laboratories. However, the anechoic performance 
at GHz frequencies for some chambers would be an issue that would need to be addressed. 
Reverberation chambers are not widely used so development of this approach would require 
significant investment by EMC laboratories.  

Some detailed findings have been made in the course of this research regarding the first two 
methods, these are now summarised in the following two sub-sections. 
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10.1 Fit to probability distribution 
1. A great many modelled and measured data sets have been examined in the course of 

this project. The point source models and the initial data taken on a measurement 
plane gave a best (by eye) fit to the normal distribution. By careful arrangement of 
simulated test conditions χ2 fits to the normal distribution could be achieved using the 
point source model. 

2. Cylindrical scan measurements on the same EUT, performed at the end of the project, 
gave a completely different probability distribution, qualitatively much more like a 
Rayleigh distribution, though not quantitatively. Two observations are worth making 
in this regard: 

a. It is thought that the initial measurements from the EUT were Normally 
Distributed as the small measurement plane (1.2m × 1m at 3m distance) was 
positioned (by chance) on the main lobes of emission from the EUT. Hence 
the large areas of low emission that caused the full distribution to be Rayleigh 
like were not measured. 

b. The phase in the point source model was allowed to randomly vary from 0° to 
less than 360°. Constraining the phase to a smaller variation would have 
produced more Rayleigh like results. 

10.2 Under-sampled data set 
Both regularly and randomly chosen sub-samples of data sets have been examined from 
many measured and simulated experiments.  The maximum and 95th percentile values plotted 
as a function of the number of measurement points used show the maximum measured field 
strength to fall by a factor of less than 6 dB, even when the number of sampled points falls by 
several orders of magnitude and the spacing between adjacent measurement points is several 
wavelengths.  For the model verification measurements, the 95th percentile value varied by 
less than 20% (~2dB) after the number of measurement points was reduced by a factor 
greater than 50. 

10.3 Conclusions with regard to modelling methods 
10.3.1  Point source modelling method 

Populating the point source model with random phase and amplitude has not produced the 
correct statistics for a cylindrical scan. Insufficient low field values were produced. It is still 
believed that the point source modelling method is capable of producing the correct statistics 
if the generation of the phase for the slots is constrained correctly. To use the point source 
method correctly, the constraints on phase and amplitude need to be investigated with regard 
to frequency and EUT size. 
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10.3.2  TLM modelling method 

The statistics from the TLM modelling have not been fully investigated. However, inspection 
of the field strength plots suggests that the statistics from the method are likely to be in line 
with those from the cylindrical measurements. The TLM method therefore appears to be a 
practical modelling tool the use of which should be further investigated. 



OFCOM AY4607 8369CR1 

York EMC Services Ltd. 2004 Page 92 of 94 Issue 1 

11 RECOMMENDATIONS 
Three potential approaches to simplifying the problem of measuring above 1GHz emissions 
have been found. A great deal of work remains to be done to determine the general utility of 
the three methods. Generally the following need to be determined: 

1. The frequency range over which each method could be used. 

2. The size of EUT that can be treated by each method 

3. The prediction accuracy of each method 

4. An estimated cost for performing each test type 

5. To make use of the point source modelling technique constraints on the phase of the 
sources need to be investigated. These are likely to change significantly with EUT 
size and frequency under consideration. This investigation could be undertaken using 
TLM where the phase and amplitude at the slots could be monitored at various 
frequencies. 

Further investigation of the use of the TLM method should be made. Inspection of the TLM 
results suggests that they are likely to yield the same statistics as the measured values. 

Knowledge of the above would allow standards making bodies to form a judgement on 
cost/benefits of the various methods. 
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