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1 Introduction 

 

 

1.1 Background  

It is well-known that electromagnetic radiation may cause disturbances in 

electronic systems. Examples of this disturbance can be found in everyday life, 

e.g., disturbances in computers, TV and stereo systems caused by 

electromagnetic radiation from mobile phones. In a similar manner, the 

equipment in aeroplanes and hospitals may be affected by electromagnetic 

radiation which in worst case can cause serious functional disorders with crucial 

consequences.  

Bearing in mind the increased use of electronics in modern safety systems in 

e.g. cars and aeroplanes, military as well as civil, it is not surprising that great 

concern has been attached to Radiated Susceptibility (RS) testing and shielding 

of electronic equipment in the recent years. Another factor that has contributed 

to this concern is the possible development of high – power microwave (HPM) 

weapons which transmit microwaves in order to disturb or damage electronics.  

 

Different kind of measurements and test facilities are used to determine the 

shielding properties of a specific object. A measurement may be a high level RS 

testing or a low level coupling measurement. RS testing is performed in order to 

test the susceptibility of the Equipment Under Test (EUT) while low level 

coupling measurements are performed only to evaluate the fraction of the 

incident field that is coupled to the inside of the EUT. Three commonly used 

test facilities are the Anechoic Chamber (AC), the Reverberation Chamber (RC) 
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and the Open Area Test Site (OATS). The test facilities, which can be used for 

performing a Radiated Susceptibility testing and a low level measurement 

respectively, are presented in Table 1 below.  

 

 OATS AC RC 

High level RS testing     X x X 

Low level coupling measurements     x  X X 

Table 1. Test facilities for  per forming immunity testing. X – the test facility 

can be used, x – the test facility may be used but it is not preferable.     

       

The combination RS testing – AC is marked with x. A Radiated Susceptibility 

test is difficult to perform in an Anechoic Chamber due to the large 

susceptibility of the absorbers to the high level fields (absorbers are destroyed). 

Nevertheless, RS testing is sometimes performed in an AC. One main reason is 

that RS testing with high electromagnetic field levels is not allowed to be 

performed outdoor in some countries. In those cases the absorbers are often 

cooled. The combination Low level coupling measurements – OATS is possible 

but often not preferable because of the noise from surroundings e.g. cellular 

phones, so this kind of measurement is more convenient to be performed 

indoor. However, the EUT is in some cases not moveable, e.g. a building and 

then the low coupling measurement has to be performed outdoor, and perhaps 

not even at an open area, but at a place with a lot of unwanted reflections. 

 

In RS testing of electronic equipment for microwave frequencies, the 

susceptibility of the equipment differs between different angles of incidence 

and the polarisation of the incident field. The shielding varies typically with a 
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factor of 100 – 10 000 between different angles of incidence and different 

polarisations (see Section 2). In general, it is not possible to decide in advance 

the polarisation and angle of incidence that causes the worst susceptibility. It 

can be shown, theoretically [1] as well as experimentally [2] that thousands of 

different angles of incidences might be needed in a test to find the worst angle 

of incidence with a reasonable uncertainty. However, one can often in practice 

only afford to perform the testing for a few polarizations and angles of 

incidence. Obviously, the probability is very small that the equipment will be 

irradiated in the most sensitive direction. Thus, there is a huge risk for 

undertesting, which might cause serious consequences. 

 

Finding a method that would solve the problems of using only a few angles of 

incidence would be of great practical and economical interest. This has received 

a lot of attention in later discussions about RS testing at an Open Area Test Site 

or in an Anechoic Chamber. The worst angle of incidence, in general, varies 

with frequency. It seems reasonable to use this frequency dependence to, in 

some way, reduce the problem with the angular sampling requirement. An idea, 

being investigated in this Master of Science thesis, is to, instead of testing with 

many angles of incidence and polarisations use only a few angles of incidence 

and polarisations and vary the frequency around the chosen test frequency. One 

restriction in this method is that the susceptibility of electronic components 

does fundamentally vary with frequency which means that the frequency can 

not be varied too much. 

   

A Reverberation Chamber (RC) is a test facility which can be used for doing 

susceptibility tests (Table 1). According to previous investigations, testing in a 

RC is not equivalent to the plane wave radiation in an AC [3], [4]. The results 

showed however a very good match between the RC data and the average AC 
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data, taken over all angles of incidence and polarisations, so testing in a 

Reverberation Chamber gives the mean of the measurements in an Anechoic 

Chamber. Given this knowledge, there is an advantage with knowing the 

probability density function (pdf) for the Anechoic Chamber measurements 

data for different frequencies. Knowing the pdf would enable one to, after that 

a test is performed in the RC, calculate the probability of obtaining a value of a 

measurement data within some specific range of values, if the measurements in 

the Anechoic Chamber had been done for many different angles of incidence 

as well as many different polarisations. 

 

 

1.2 This work 

The potential in a testing methodology that uses the frequency dependence of 

the worst angle of incidence is investigated in this paper. The results from low 

level coupling measurements performed on three different objects are used for 

the investigation [3]. Low level coupling measurements are generally 

performed in order to evaluate the shielding effectiveness of electronic 

equipment. The coupling is given in terms of the receiving cross section. 
 

From the measurements data, several fixed frequencies are selected for the 

investigation. For these frequencies, the maximum of the measurements data, 

taken over all used angles of incidence and polarizations, is determined. Then, 

consistent with the method that is to be investigated, instead of having a fixed 

frequency and all angles of incidence and polarisations, the frequency is varied 

around the chosen test frequency and only a few angles of incidence and 

polarisations are used. So now, we have a frequency interval which consists of 

frequencies that are adjacent to the chosen test frequency, and only a small 

number of angles of incidence and polarisations.   



FOI-R--1179--SE 

 5 

Statistical investigations of a quantity, that represents the measure of the 

agreement between the case when we have a frequency interval and only a few 

angles of incidence (the method that is to be investigated), and the case when 

we have a fixed frequency and many angles of incidence and polarisations (the 

ideal case) is done (see Section 3). In order to get useful statistics, 100 samples 

containing 3 angles of incidence each, are selected randomly. A theoretical 

statistical distribution, appropriate to describe the expected distribution of the 

resulting random outcomes is suggested. To decide whether our observed 

distribution is consistent with the expected theoretical distribution, the Chi 

squared Goodness-Of-fit test on the data is performed. If the results of this test 

show that the measurements are distributed as expected at some confidence 

level (e.g. 95%), then it could be possible to determine the probability of 

observing the given error bias, for an individual frequency, within given 

bounds. Some problems, like exposing the EUT to much lower (undertesting) or 

much higher (overtesting) stress levels than what is suitable to carry out a 

radiated susceptibility test, are discussed. 

 

Later in the paper, an attempt to find a statistical model for the low level 

coupling measurements is done, using the same coupling measurements data as 

above, (see Section 4). The graphical statistical analysis resulted in a proposal 

of the distribution that fits the data best. The suggested distribution is 2χ - 

distribution with one degree of freedom. An evaluation of how well the 

measurements agree with the proposed distribution is done (with plots of 

variance and with the Chi squared Goodness-Of-fit test). The use of the 

probability density functions is also discussed in this work.  
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2 The method  

 

 

2.1 Test objects and measurement method 

The coupling measurements used in this paper have been performed on three 

different objects [3]. The measurements have been carried out in FOI’s 

Anechoic (AC) Chamber. The objects were a test missile, an army radio and an 

avionics box.  The tested objects were oriented in three perpendicular planes. 

For each plane the coupling measurements were done with both vertical and 

horizontal polarization. The frequency range was 0.5 – 18 GHz and the angular 

resolution was 1� . There were two probes, denoted as tp2 and tp4 in this paper, 

installed in each object for these measurements. The probes are assumed 

representative for the receiving properties of e.g. wires inside the tested objects. 

The tested object and the probe, as one, can be regarded as a receiving antenna. 

A simplified block diagram of the measurements setup is shown in Figure 1 and 

the picture of the probe is shown in Figure 2 below.     

 

 

 

Figure 1. A sketch of the measurements set-up.   

Network 
Analyzer 

Object 
 

Probe 
i n cS  

r ecP  
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Figure 2. One of the two probes inside the Avionics Box. 

 

 

The coupling is expressed in terms of the receiving cross-section, σ , of each of 

the two probes. The cross-section is the ratio between the power received by the 

load connected to the probe, recP , and the power density, incS , of the incident 

external plane wave: 

 

 rec

inc

P

S
σ =  (1) 

 

where incS  in principle may be measured using a calibrated antenna. In reality 

the measurement is performed in a more complex way, including the Network 

Analyzer, see [5], [6]. In the measurements σ  is given by:  

 

 
2

,4 p RG
λσ
π

=  (2) 

Probe 
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where ,p RG  is the partial realized gain1 and λ  is the wavelength of the incident 

plane wave. The partial realized gain is the ratio of the received intensity in the 

direction ( , )θ ϕΩ = 2 and the average received intensity taken over all 

directions (angles of incidence) and polarisations of the incident field. 

 

If the probe inside the object is not matched to the impedance of the load 

connected to it, a part of the received power will be reflected. The impedance 

mismatch factor is the fraction of the received power not being reflected and is 

denoted with q . The variation of the impedance mismatch factor is in principle 

deterministic but in [4] it is shown that even for a very small change in 

frequency, the impedance mismatch factor may vary between typically 0.01 

and 1. Hence, we have to take the risk of a complete impedance match into 

account. For that reason we compensate for the impedance mismatch factor of 

the probe. Consequently, the most used quantity in this paper is the impedance 

matched receiving cross-section: 

 

 q q

σσ =  (3) 

 

which represents the maximum power that can be delivered to a load.  

 

 

 

 

 

 
                                                 
1 Partial realized gain = realized gain times the polarisation mismatch factor. 
2 In general, an antenna pattern is three-dimensional and varies with the spherical coordinates θ  and ϕ .   
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2.2 Angular dependence of qσ  

The receiving cross-section varies as function of angle of incidence which is 

the reason why it is important to have a small angular sampling interval to be 

sure that the test includes the worst case. Figure 3 below shows the plots of the 

angular dependence of the coupling for the Army Radio, tp2, for frequencies 

0.5, 1, 2, 4, 8 and 18 GHz.   
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Figure 3. Angular  dependence of qσ . The Army Radio, plane 1, hor izontal 

polar isation, tp2. 
 

 

According to the figure above, it is obvious that the angle that gives the 

maximum coupling, i.e. the worst angle, in general varies with the frequency. 
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The corresponding plots for all combinations of objects, planes of incidence, 

polarizations and probes are given in Appendix, page 47–64. They all 

demonstrate the variation of the worst angle with the frequency.  
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Figure 4. Impedance matched receiving cross-section qσ  for  the Army 

Radio, tp2.  

 

 

Outgoing from the measured qσ  for all angles of incidence and polarizations, 

Army Radio, tp2, the minimum, average and maximum values are calculated 

and shown in Figure 4. Difference between the maximum and minimum qσ  

appears to be big, 40 – 50 dB, which is an illustration of difficulties in testing 

using, like in most cases in practice, only a few numbers of angles of incidence 
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and polarizations. This difference is characteristic for other objects as well, see 

Appendix, page 65–67. As it is usually impossible to know beforehand which 

angle of incidence that corresponds to the worst susceptibility there is a large 

risk the equipment not being irradiated in the most sensitive direction which 

makes the risk for undertesting very most likely. 

 

In order to facilitate the investigation of the method, the following quantities are 

defined: 

 

trueσ  – the maximum qσ , taken for a fixed frequency and all angles of incidence 

over all three planes and two polarisations. 

 

fσ – the maximum qσ , taken for a frequency interval and only a few angles of 

incidence and two polarisations. 

 

A problem with this method of using only a few angles of incidence is that the 

measured value of the maximal receiving cross section, fσ , will probably be 

downwards or upwards biased compared to the true value, trueσ . In other words, 

overtesting as well as undertesting is very likely. One more item to consider is 

that the frequency should not be varied to a great extent since the susceptibility 

of the electronic circuits varies with frequency as well. So, the question is if this 

method may enable a drastic reduction of the number of angles of incidence and 

polarisations. This possibility, the problems involved and an attempt to solve 

some of them, are studied in more detail below. 
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2.3 The error bias 

The expected outcome of the investigated method is that fσ  will be 

downwards or upwards biased compared to the true value, trueσ . As a measure 

of the agreement between trueσ  and fσ , i.e. between the measurements 

including one fixed frequency and all used angles of incidence and 

polarizations and those who include several frequencies and only a few angles 

of incidence and polarisations, the quantity error bias, EB , is defined:  

 

 f

true

EB
σ
σ

=  (4) 

 

 

However, it appeared that EB  expressed in decibel was more fruitful for the 

analysis. Thus, the following quantity is defined: 

 

 1010log f

dB

true

EB
σ
σ
� �

= � �
� �

 (5) 

    

where dBEB  stands for error bias expressed in decibel. 

Noticeably, the expression given in (5) is equivalent to the difference of fσ  and 

trueσ  if both these quantities were taken in decibels relative to a square meter 

(dBsm).     
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3 Statistical analysis 

 

 

In Section 2 we defined the error bias which we use in this section for the 

analysis. Interpretation of the measurements results is done by means of 

statistical methods. Statistical investigation of dBEB  is done at several 

frequencies. The number of angles of incidence is reduced to three, one angle 

for each plane. Since the measurements were done with both vertical and 

horizontal polarisation for each angle of incidence, there are six samples for 

each frequency (two polarisations for every angle of incidence). To be able to 

perform a statistical analysis 100 samples containing three angles of incidence 

and two polarisations for each angle of incidence are chosen. This is done for 

every test frequency and every frequency interval (see below). 

 

 

3.1 Random model 

In order to get a random model, the method of selecting 100 samples, 

containing 3 angles of incidence each, must satisfy the rules of random 

selection [7, Chapter 5]. In other words, a method of selection that chooses 

three angles at a time and with equal probability is needed. The probability 

model used is the so-called urn model [7]. The number of angles in the urn is 

360. 100 random samples, containing 3 angles each, are selected according to 

the capture-recapture method. Each sample constitutes a random sample from 

the total angle population. The distribution that arises from these kinds of 

experiments is the discrete uniform distribution because it puts equal weight on 

the integers from one to, in this case, 360. So, in practice, randomness is 

achieved by generating discrete uniform random numbers with maximum 360. 
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Three random numbers are generated 100 times. The angle samples are given in 

Appendix, page 96. 

 

 

3.1.1 Frequency intervals 

The frequency range in the coupling measurements was 0.5 – 18 GHz. The 

frequency interval was divided into three subintervals. The number of 

measurements points in each subinterval differed between the three different 

test objects, as seen in Table 2. The number of tested frequencies for the Army 

Radio is 1203, for the Avionics Box 319 and for the Test Missile 2670.  

 

 

 

Test object 

Frequency 

(GHz) 

Points in the frequency 

interval 

 

Accuracy (GHz) 

0.5 – 2 1 – 201 0.0075 

2 – 6 202 – 602 0.01 

 

Army 

Radio 6 – 18 603 – 1403 0.015 

0.5 – 2 1 – 201 0.0075 

2 – 6 202 – 302 0.04 

 

Avionics 

Box 6 – 18 303 – 403 0.12 

0.5 – 2 1 – 801 0.0019 

2 – 6 802 – 1602 0.005 

 

Test 

Missile 6 – 18 1603 – 3204 0.0075 

Table 2. Frequency points used in the coupling measurements for  the three 

test objects. The accuracy is the distance between two consecutive 

frequency points, i.e. the frequency step. 
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For each test frequency several different intervals are chosen, all consisting of 

the test frequency and the frequencies adjacent to it. Intervals 1, 2, 3, 4, 5, 6, 7, 

8, 9 and 10 are calculated according to the following equation: 

 

 

( ) ( )
_ _

2 2_   :  _  

Interval ( _ ( ) int_ ) :

                    (int_ _ ( ))

where:

                   

int low int high

k f k f

freq v f freq v f
accuracy accuracy

k f freq v f low accuracy

f high freq v f accuracy

⋅ ⋅

− +

= − − ⋅
+ − ⋅

����������� �����������

( )
           the test frequency in use.

           _    the point in the frequency vector 

                                    where the frequency  is found.

                              0.1, 0

f

freq v f

f

k

=
=

= .2, 0.3 ...1 corresponding to 

                                     Interval 1, 2, 3 ...10.

                  the accuracy  around the frequency

                                      .

accuracy

f

=

       (6) 

 

In order to simplify the calculations the same accuracy has been used for all 

three intervals, 0.015 for the Army Radio, 0.12 for the Avionics Box and 

0.0075 for the Test Missile. As an example, the frequency intervals for the 

frequency 3 GHz (2.9994 GHz), Army Radio, tp2, are calculated and given 

below: 

 

 
( )

2.9994 GHz

_ 302

0.1, 0.2, 0.3, ...1

0.015

f

freq v f

k

accuracy

=
=

=
=
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                                    [GHz]

Interval 1             2.8994:3.0994

Interval 2             2.7994:3.1994

Interval 3             2.6993:3.2995

Interval 4             2.5993:3.3995

Interval 5             2.4993:3.4995

Interval 6             2.3993:3.5995

Interval 7             2.2993:3.6995

Interval 8             2.1992:3.7996

Interval 9             2.0992:3.8996

Interval 10           1.9992:3.9996

 

 
 

For every combination of angles of incidence and frequency interval, fσ  is 

calculated. Then, dBEB   is determined for each fσ . That means that, for each 

frequency interval, 100 random values of dBEB  are obtained. This procedure is 

repeated for all test frequencies. (The angle combinations are the same for all 

frequencies.) 

 

 

3.2 Statistical model for the error bias 

In discussing the results of the experiments it is essential to find a way to handle 

and display the obtained values. A convenient method is to use a histogram. If 

the number of the measurements of the error bias is large enough, the histogram 

will approach a continuous curve, often called the limiting distribution [8, pp. 

126-129]. Knowing the limiting distribution for the error bias, dBEB , is of great 

interest since it makes it possible to know the probability of obtaining an 

answer within a certain interval. 
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Knowing the distribution of dBEB , one is able to determinate the probability of 

obtaining an error bias in logarithmic terms (dB) within some specific ranges, 

but the probability density function for EB  can also be calculated, which make 

it possible to determinate the probability of obtaining an error bias in linear 

terms as well. The following illustrates how the distribution functions of dBEB  

and EB  are related. To facilitate the writing, dBEB  is denoted with y  and EB  

with x , while YF  and XF  stand for corresponding distribution function.   

 

 

( ) ( )
( )

10log                 for 0

0                                  for 0

X Y

X

dB

F x F x x

F x x

x EB

y EB

= >

= ≤
=
=

 (7) 

 

 

3.2.1 Theoretical model 

According to practical knowledge, measurements in dB are often distributed 

normally. This can be explained with the logarithmic results, dB, being treated 

as additive data. 

 

So, the expectations are that the results follow a normal (sometimes called 

Gaussian) distribution ( , )N µ σ , where µ  (the mean) and σ  (the standard 

deviation) are to be find from measurements data. If dBEB  is normally 

distributed then EB  is said to be lognormally distributed, which follows from 

the definition of the lognormal distribution [14] and which also can be seen in 

(7). To illustrate this relationship between the lognormal and normal variate, the 

Lognormal distribution, ( )0,1L , and its conversion to the standard normal 

distribution, ( )0,1N  or vice versa, is shown in Figure 5, [10].  
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Figure 5. Lognormal (solid line) and normal (dashed line) distr ibution 

 

 

3.2.2 Experimental data 

In the calculations of the theoretical normal distribution, the mean and the 

standard deviation of the sample, are used as estimates for the parameters µ  

and σ . They are calculated as: 

 

 

( )
2

estimate for   

( )
estimate for   

1

i

i

dB

dB

dB dB

EB
EB

N

EB EB

N

µ

σ

= =

−
=

−

�

�
 (8) 

 

where N  is the number of measurements [8]. 
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All plots presented in this section concern the Army Radio, tp2, frequencies 3 

and 7 GHz and frequency interval 1, see Section 3.1.1. There is no particular 

reason for choosing this grouping of data for illustration; any other one could be 

used as well. Corresponding plots of all other combinations of objects and 

probes are presented in Appendix page 68–89.  

 

First, the data are represented with histograms, Figure 6. In this way, the shape 

of underlying distribution can be discerned. The histograms are graphed with 

superimposed estimated normal probability density function. 
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Figure 6. Histogram of dBEB  for  the Army Radio, tp2, with super imposed 

normal density. Frequency 3 GHz (left) and 7 GHz (r ight), frequency 

interval 1.  
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The histograms in Figure 6 are not so regular and smooth. It however seems 

like the left histogram (3 GHz) has a normal distribution as limiting 

distribution. The problem is that the number of measurements is relatively small 

(100), so it looks like more than 100 measurements are needed to be able to 

draw a conclusion concerning the limiting distribution being normal distribution 

or not. However, the superimposed normal density does not seem to fit the right 

histogram (7 GHz) as well as it fits the left histogram (3 GHz) but from the 

practical point of view the fitting is sufficient. Furthermore, the test performed 

later in this section, points to that expected normal distribution is accepted at 

frequencies 3 and 7 GHz.        

 

The histogram and the estimated normal probability density function (pdf), as 

function of both frequency and dBEB , are shown in Figure 7 respectively Figure 

8.  
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Figure 7. Histogram of dBEB . Army Radio, tp2, interval 1. The colours 

represent the number  of observations ( dBEB ) in each interval (bin).  
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Figure 8. Estimated normal probability density function (pdf) for  dBEB . 

Army Radio, tp2, frequency interval 1. The colours represent the density of 

the normal pdf with parameters µ  and σ  calculated according to (8).   

 

Next, the data are presented with plots of empirical cumulative distribution 

functions, Figure 9. The measured cumulative distribution function is compared 

to the theoretical curve for normal distribution. 
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Figure 9. Measured and estimated cumulative distr ibution function (cdf). 

Frequency 3 GHz (upper) and 7 GHz (lower), frequency interval 1. Army 

Radio, tp2. 

 

 

Figure 9 shows good agreement with the theoretical curves for the normal 

distribution with mean µ  and standard deviation σ  for both frequencies. 

Normal distribution seems to fit the data better then what it does on the 

histogram plots, despite both plots concern the same data. A reason for this is 

that a cdf plot is independent of the number of observations and it does not 

involve grouping difficulties, the problems that arise in using a histogram [11, 

p. 9]. Further on, the probability density function is the derivative of the 

distribution function and the derivatives of two similar functions do not need to 

be similar themselves.  

 

A way to determine discrepancy between the measured and estimated 

distribution function is to use the Kolmogorov-Smirnov test [15]. This test is 
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performed for frequencies 3 and 7 GHz. The test results indicate that we can not 

reject the hypothesis, that the values of dBEB  are normally distributed, at 

significance level 5% (the rejection significance level is probability that one 

rejects assumed distribution even if it is correct). The test results are similar for 

other two test object, with the exception for the Test Missile tp4 where the 

hypothesis is rejected at 5% significance level.            

 

Another graph for assessing whether the data comes from a normal distribution 

is shown in Figure 10. Intervals, containing 95% and 99% respectively of the 

normally distributed sample with calculated parameters µ  and σ , are drawn. 

The two red lines are the 95% and the two green lines are the 99% statistical 

control limits. If the data is normally distributed then by chance, five and one 

measurement respectively out of 100 should fall outside these lines. 
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Figure 10. The 95% statistical control limits (red), the 99% statistical 

control limits (green) and dBEB  (blue). Frequency 3 GHz (upper  subplot) 

and 7 GHz (lower  subplot), frequency interval 1. The Army Radio, tp2. 
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On the lower subplot (Figure 10) that is not completely fulfilled. Though, on the 

upper subplot five measurements felt outside the red lines and one measurement 

felt outside the green lines. That is not a proof that the data are normally 

distributed but an indication that the normal distribution is worth a further 

investigation. The Figure 11 below shows the number of outlying obtained 

values of dBEB  with the 95% and 99% statistical limits applied, for all studied 

frequencies. However, the Figure 11 does not tell us anything about the 

symmetry, i.e. even if the number of outlying values is equal to five or one, it is 

still not acceptable neither if all values are found over the upper limit nor if all 

are found under the lower limit.     
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Figure 11. The number  of outlying obtained values of dBEB  with 95% 

(upper  subplot) and 99% statistical limits applied (lower  subplot). Army 

Radio, tp2, frequency interval 1. 
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For the frequencies with five correspondingly one obtained value outside the 

boundaries (in a way so the symmetry is fulfilled), we can expect 95% and 99% 

respectively of all comparable measurements of dBEB , to fall in these ranges, if 

the data is normally distributed. However, with the figures shown so far, we are 

not able to draw the conclusion that the data is normally distributed, so a more 

exact investigation is performed below.       

 

 

3.2.3 Chi-square goodness-of-fit test      

The correctness of the assumed distribution is difficult to judge visually. If one 

attempt to reach a decision whether the data fit a distribution function, a more 

objective test need to be done. The test that is used here is chi-square goodness-

of-fit test [8, Chapter 12], [9, p. 269], one of the oldest and best known tests in 

statistics. In the 2χ -goodness of fit test, a test variable is defined: 

 

 
( )2

1

n
k k

k k

O E
Q

E=

−
=�  (9) 

 

where n  is the number of data intervals, kO , is the number of observations in 

the k th interval, and kE  is the expected number of measurements in the k th 

interval assuming the measurements really are governed by the expected 

distribution. This test variable is very convenient, because the larger 

divergence of kO  from the expected values kE , the larger Q . The variable Q  

is chi-square distributed with n r−  degrees of freedom, where r  is the number 

of parameters that have to be calculated from the data to compute the expected 

numbers kE . E.g., if we want to test if some data are consistent with normal 

distribution, to calculate the expected numbers kE  we need to use three 

parameters calculated from our data: the total number of the sample and the 



FOI-R--1179--SE 

 26 

estimates for the parameters µ  and σ . So in this case, r  is equal to three. The 

calculated value of Q  is compared to a value settled by chosen confidence 

level for the test.      

 

In making decision whether the assumed distribution is correct or not, a 

significance test is used. The null hypothesis, 0H , that the measurements 

follow normal distribution is set up and the following statements are used: 

 

 
( )2

0

0

Reject  if , where 

Accept  otherwise.
pH Q f f n r

H

χ> = −
 (10) 

 
 

The significance level ( p ) indicates the probability of rejecting 0H  if 0H  is 

true. 

 

 

3.2.4 Results of the chi-square goodness-of-fit test 

The goodness-of-fit test is made for all tested frequencies and intervals. The 

bins are chosen so that expected number of measurements ( kE ) in each bin is 

at least five [9]. The number of bins (n ) in this test, is chosen to be ten. All 

bins are equally spaced. The null hypothesis being tested is rejected if the 

calculated test variable (Q ) is bigger than the value of 2(7)pχ  

( 10 3 7f n r= − = − = ). Normally, the significance level for rejection ( p ) is 

5% or 1% , i.e. there are 5 respectively 1 chances in 100 that the rejected null 

hypothesis happens to be correct. 

 

The outcomes of the test for the Army Radio, tp2, all tested frequencies and 

the interval 1 (see Section 3.1.1), with the boundaries at significance level at 
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5% and 1%, are shown below in Figure 12. The figures with corresponding 

plots for the other objects and frequency intervals are presented in Appendix, 

page 89–94.  

 

According to the plots, the calculated Q  values are larger then 2(7)pχ  values at 

some frequencies. For those frequencies at which Q  values are smaller than 

2(7)pχ  values, i.e. we accept 0H , the assumption about the dBEB  data being 

normally distributed is reasonable. In other words, we have not enough 

evidence to reject the null hypothesis. 
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Figure 12. The test var iable Q  (blue) and 1% (red) respectively 5% 

(green) significance level for  rejection for  all tested frequencies, frequency 

interval 1. Army Radio, tp2.   

 

 

As can be seen in Figure 12, 0H  is accepted at some frequencies and at some it 

is not. For each test point (probe position), the 2χ -test is done at many 

frequencies and this lead to a problem named several samples goodness of fit 
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problem [11]. The test is expected to fail at some frequencies even if the 

hypothesized distribution shall not be rejected. The conclusion whether the 

calculated values of dBEB  indicate significant agreement with normal 

distribution, can not be made for a specific frequency, but only for the 

complete range of tested frequencies. We can either accept or reject the 

expected distribution for the complete frequency range. 

 

A way to handle the whole range of tested frequencies is to use Fisher’s 

method [11]. Fisher’s method is based on the significance levels ( p ) of the 

component tests i.e. tests for every test frequency. 

 

We do N  independent tests of the null hypothesis, where N  is the number of 

tested frequencies. At each test frequency i ( 1:i N= ), the rejection 

significance level ip  is calculated. The following parameter is to be calculated: 

 

 

 

1

2 ln

where   - test frequency point

            - rejection significance level at test frequency 

            - the number of tested frequencies

N

i
i

i

P p

i

p i

N

=
= − �

 (11) 

         
 

If we assume that, at every test frequency dBEB  is normally distributed, then 

each ip  is uniformly distributed. This yields that the parameter P  is 2χ -

distributed with 2N degrees of freedom.  
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For each of the ten frequency intervals (Section 3.1.1) the rejection 

significance level Pp 3 for the total range of tested frequencies is calculated. In 

our case the calculated values of Pp  are so small that MATLAB represents 

them as zeros, i.e. the probability that we reject the assumed distribution even 

if it is correct, is extremely low. Thus, we reject the null hypothesis for the 

complete test frequency range. This is common for all tested objects. 

 

This result is not unexpected; a graphical analysis of Figure 12 points to that 

there is much more then 5% of the Q  values over the green line, and much 

more then 1% of Q  values over the red line, which implies that we reject the 

null hypothesis at 5% and 1% respectively significance level.                

 

 

3.2.5 Mean and standard deviation 

The average and the standard deviation of the error bias are used as estimates 

of the parameters µ  and σ  for the normal distribution (8). The plots of these 

two parameters as function of the frequency for the frequency intervals 1 – 5 

are presented in Figure 13 and Figure 14 below.  

 

 

 

 

 

 

                                                 
3 Pp  is calculated outgoing from P , see [11]. 
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Figure 13. The mean of dBEB , Army Radio, tp2, frequency intervals 1 – 5.  
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Figure 14. The standard deviation of dBEB , Army Radio, tp2, frequency 

intervals 1 – 5. 
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The purpose of these figures is to investigate if there is any general trend of the 

frequency variation of the sample mean and standard deviation. As expected, 

the larger frequency interval gives the larger mean of dBEB  with the exception 

for the frequencies around the frequency 7 GHz, where we can see that all five 

curves follow each other, Figure 13. Irrespective of how much we vary the 

frequency we do not get any improvement. This implies that our method is not 

of use in this range of frequency. The quantity trueσ  seems to be so high here 

that it is impossible to achieve that value with fσ  no matter how big frequency 

interval we take. The tested object Army Radio seems to have a resonance 

frequency at approximately 7 GHz and the Figure 4 confirms this; there is a 

peak in the cross section at 7 GHz. Hence, our model does not succeed at the 

resonance frequency of the tested object Army Radio.  

 

As we increase the frequency interval, the mean of dBEB  is larger, and 

therefore also the risk for overtesting, (see Section 3.2.6 for more details about 

overtesting and undertesting). For some frequencies we achieve the positive 

value of dBEB  even with a small frequency interval, so it is unnecessary to take 

a larger frequency interval at those frequencies. However, this is far from to be 

typical for all frequencies; for the most of the frequencies it takes a larger 

interval to achieve a positive value of dBEB  and in that way reduce or avoid the 

risk for undertesting, particularly for the higher frequencies, Figure 13.        

 

The standard deviation is a measure of the variability of the data. The plot in 

Figure 14 indicates that the values of dBEB  are more scattered as we increase 

the frequency, in the frequency range 1-6 GHz (approximately). The frequency 

interval, however, do not seem to make any difference since all five curves 

follow each other. For the frequencies larger than approximately 6 GHz, the 
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standard deviation seems to be constant for all intervals as function of the 

frequency and then decrease as we increase the frequency. 

 

For each test frequency we calculate 100 values (for 100 different angle 

combinations) of dBEB . For some frequencies, fσ  will have the same value as 

fσ  of the previous frequency. Hence it is only the difference in trueσ  for these 

two frequencies, which changes the values of dBEB . As an example, Figure 15 

presents, dBEB  for the two adjacent frequencies, 7.24 and 7.26 GHz. As can be 

seen, there is only an offset between the blue and the red line. This offset 

corresponds to difference between ,7.24true GHzσ  and ,7.26true GHzσ . Hence, the 

standard deviations of dBEB  for these two frequencies have the same values. 

This explains why the standard deviation of dBEB  is constant within some 

frequency intervals in Figure 14.                        
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Figure 15. dBEB  for  two adjacent frequencies. Army Radio, tp2, frequency 

interval 3. 
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3.2.6 Overtesting and undertesting 

As expected, the results of the method with only a few angles of incidence 

( fσ ) differ from the true value ( trueσ ). The deviation is in some cases as big as 

15 dB (see Figure 10), which implies exposing the internal parts of equipment 

to much lower or much higher stress levels than what is appropriate to perform 

a radiated susceptibility test. For that reason, it is important to have this in 

mind when a frequency interval is to be chosen. Problems with overtesting are 

not as serious as problems with undertesting. Overtesting may make one 

believe that the tested equipment endures less than what it really does and may 

result in being more cautious than necessary. This may lead to redesign or 

unnecessary restrictions. Overtesting may also cause a testing to be more 

expensive than what is necessary. It is however much more serious to 

underestimate the immunity properties of the tested equipment, i.e. to believe 

that the tested equipment endures more than it actually does, which may be a 

consequence of the undertesting.  
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4 Statistical analysis of the receiving cross-section 

 

 

Some attempts to find a statistical model for coupling measurements has been 

performed before. The major objective for those statistical analyses was to 

investigate if a test in an AC could be simulated by using an RC (Reverberation 

Chamber), where the number of stirrer positions in the RC would correspond to 

the number of angles in the AC [3], [4]. The distribution that was tested on the 

coupling data was a 2χ -distribution with two degrees of freedom, which the RC 

data support. The conclusion was that the coupling data are not ( )2 2χ -

distributed. 

 

An attempt to find a statistical distribution that fits the coupling data for some 

frequencies and angles of incidence is presented below. Earlier research results 

showed that qσ  in the RC is equal to the average qσ  in the AC, measured for 

both all angles of incidence as well as all polarisations. Given this knowledge, 

there is an (obvious) advantage with the derivation of the probability density 

function for ,q ACσ  , for various frequencies. Testing in a Reverberation Chamber 

gives the mean of ,q ACσ , so knowing the pdf would enable one to calculate the 

probability of obtaining the maximum value of ,q ACσ  within some specific 

boundaries, where the average value from the coupling measurements in the 

Anechoic Chamber is found from measurements using many different angles of 

incidence as well as many different polarisations.  
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4.1 Statistical model for qσ  

Figure 3 (Section 2) shows the angular dependence of the coupling at the 

frequencies 0.5, 1, 2, 4, 8 and 18 GHz. The coupling data in the statistical 

analysis below are expressed in terms of the normalized received power, i.e. the 

ratio between the power received to the load connected to the probe, recP , and 

the average received power, ,rec averageP , taken over all angles of incidence and 

polarizations. This can be written as: 

 

 
( )

,

, ,
Received power normalized to mean = rec

rec average

P p

P

θ ϕ
 (12) 

 

The figures presented below are for the Army Radio, tp2. Corresponding 

figures for the other probe, tp4, and the other two objects show similar results 

and are presented in Appendix, page 97–102. 

 

Earlier estimates indicated that qσ  was not 2χ - distributed with two degrees of 

freedom. An analogous investigation, but for 2χ - distribution with one degree 

of freedom, started by showing a very good fit between the experimental data 

and the assumed distribution. Consequently, this is investigated further and the 

results are presented below. 

 

The measured cumulative distribution function is compared to the theoretical 

curves for 2χ -distribution with one respectively two degrees of freedom in 

Figure 16. As it can be seen, there is a rather good fit with the theoretical 2χ -

distribution with one degree of freedom with the exception for 0.5 and 8 GHz. 

A more exact evaluation of the hypothesis that the data are described by the 2χ -

distribution with one degree of freedom is done below. The receiving cross 
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section is proportional to the received power which is proportional to the square 

of the E -field. So, if we show that we have insufficient evidence to reject the 

hypothesized 2χ -distribution with one degree of freedom, it would indicate that 

the absolute value of a component of the E -field inside the EUT is normally 

distributed [9, p. 227].   
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Figure 16. Measured cumulative (solid) and calculated cumulative 

distr ibution function. Army Radio, tp2.  
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Figure 17 below shows as function of frequency the plots of the variance of the 

received power normalized to mean. 
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Figure 17. Var iance of the received power  normalized to mean, taken for  

all three planes. Army Radio, tp2.  

 

 

The variance of the normalized 2χ -distribution with one degree of freedom is 

equal to two [13]. According to the plot above, there is a large deviation from 

two. An evident variation of the variance with frequency can also be noticed. 

The similar variation can be observed even in Figure 18 below, where the 

variation is plotted for each plane individually.  
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Figure 18. Var iance of the received power  normalized to mean taken for  

each plane individually. Army Radio, tp2. 

 

 

According to the variance plots, it is apparent that the data does not follow a 
2χ -distribution with one degree of freedom. The results of the chi-square 

goodness-of-fit test (Section 3.2.3), rejection significance level ( p ) are plotted 

for each frequency in Figure 19. As expected from the variance plots, the 

significance level for rejection p  is extremely low for all frequencies. 

Obviously, the data are not ( )2 1χ -distributed. This is characteristic for tp4 and 

the two other objects as well. Significance level for rejection for the Avionics 

Box, tp4 and Test Missile, tp4 are presented in Appendix, page 93. Other test 

object – test point combinations are not given in Appendix because all the 

values of the significance level for rejection are so low that MATLAB 

represents them as zeros. 
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Figure 19. Significance level of rejection for  received power  normalized to 

mean. Army Radio, tp2. Only a few values of p  can be seen; all other 

values are so small that MATLAB represents them as zeros.     

 

 

However, the plots in Figure 16 indicate that the ( )2 1χ -distribution could be 

used as a rough estimate since there is a decent agreement with the 

measurement data. In order to measure the difference between measured and 

calculated cumulative distribution function the Kolmogorov-Smirnov test [15] 

is performed. The hypothesized ( )2 1χ -distribution is rejected at 5% 

significance level.        
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5 Conclusions 

 

 

The investigated method, which uses only a few angles of incidence and 

polarisations and a frequency interval consisting of frequencies that are 

adjacent to the frequency of interest, seems to work for all frequencies with the 

exception for the frequency interval where the EUT has a major aperture 

resonance. Accordingly, taking this exception into account, the method can 

potentially be used as one part in more precise requirements regarding the 

angular resolution in radiated susceptibility (RS) testing of electronic 

equipment for microwave frequencies. In view of the fact that in practice one 

can often only afford to perform a testing for a few polarizations and angles of 

incidence, this method could be of great practical and economical interest.   

 

The calculated values of dBEB  seem to be consistent with the expected normal 

distribution. This agreement is confirmed within some frequency intervals, but 

not all. However, an analysis, carried out for the complete range of tested 

frequencies, gives rejection at extremely low significance level. 
 

The statistical analysis of the receiving cross section for several different 

frequencies resulted in the conclusion that the data are not 2χ - distributed with 

one degree of freedom. However, a decent fit between measured cumulative – 

and calculated cumulative distribution functions indicate that the ( )2 1χ  – 

distribution can be used as a rough estimate. This knowledge can enable one to, 

after that a test is performed in the Reverberation Chamber, calculate rough 

estimate of the probability of obtaining the maximum value of the measurement 

data within some specific boundaries (where the average value from the 
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coupling measurements in the Anechoic Chamber is found from measurements 

using many different angles of incidence and many different polarisations).   
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Appendix A 

General trend 

 

As can be seen in any standard antenna textbook, e.g. [12, p. 86], the 

impedance matched receiving cross section, qσ , is given by: 

 

 ( ) ( )
2 2

, ,2
, , , , , ,

4 4q R p R p

c
G f p G f p

q f q

λσ θ ϕ θ ϕ
π π

= =  (13) 

 

The partial realized gain, ,R pG , depends on the angle of incidence, ( ),θ ϕΩ = , 

the polarisation p , and the frequency, f . This frequency dependence is used in 

the method investigated in this paper. But, as seen in (13), there is one more 

factor in the expression that depends on the frequency, the general trend one 

over frequency squared. So, when we vary the frequency in our method and 

calculate the value of fσ , it is not a priori obvious if the frequency variation 

originate from the general trend or from the frequency dependence of ,R pG . In 

practice it is perhaps not so important to know the origin of the frequency 

variation4, but from an interpretation point of view it is interesting to e.g. deduct 

the general trend from the frequency variation in order to see the isolated 

contribution from the frequency dependence of ,R pG  on the frequency variation. 

Thus, it is of interest for the investigated method to consider the general trend. 

One possible way to do that is to introduce a quantity that represents the general 

trend for each tested frequency and interval.  

 

                                                 
4 That since the sum of the two contributions is used in our method.  
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The general trend can be determined by studying the general trend of the 

average receiving cross section, ,q averageσ , taken over all angles of incidence and 

polarizations, which tentatively can be written as: 

 
2 2

, , ,2 2
                     (tentative)

4 8q average R p average

c c
G

f q f
σ

π π
= =  (14) 

 
   

where , ,R p averageG  is the average of the partial realized gain taken over all 

directions (angles of incidence) and all polarizations. If we assume that the 

partial realized gain can be approximated as the ratio of the received intensity in 

the direction ( , )θ ϕΩ =  for the polarisation p , and the average received 

intensity taken over all directions (angles of incidence) and polarisations of the 

incident field, it follows directly that , ,R p averageG  is equal to / 2q . 

 

The following quantities can be used for the evaluation of the general trend: 

 

 

( )
( )

( )
( )

, 0

, 0

, 0

, 0

q average

q average

q average

q average

f f
gt

f

f f
gt

f

σ
σ

σ
σ

− ∆
=

+ ∆
′ =

 (15) 

 

where 0f  is the test frequency, 0f f− ∆  and 0f f+ ∆  is the first respectively the 

last frequency of the frequency interval in use. 

 

In this way we can compensate for the general trend. However, it does not 

work in reality, since ,q averageσ  does not look like it should do according to (14). 

This can be seen in Figure 4, where experimental values of ,q averageσ  are plotted 

(expressed in decibel relative to a square meter, dBsm). ,q averageσ  does 
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apparently not decrease with the factor 
2

1

f
. This means that the average partial 

realized gain is not equal to / 2q . This can be explained using the following 

expression: 

 

 ( ) ( ) ( ), ,, , , , , ,R p R pG f p f D f pθ ϕ η θ ϕ= ⋅  (16) 

 
 

where η  is the radiation efficiency and ,R pD  is the realised partial directivity. 

As can be concluded, the radiation efficiency obviously depends on the 

frequency (and we use this frequency variation in our investigated method). 

But, there is also a general frequency dependence in η 5. This general 

frequency dependence is the reason why ,q averageσ  does not as a trend decrease 

with the factor 
2

1

f
. Since we do not know this general trend in η , we do not 

do the compensation for the general trend. We hope to be able to return to this 

problem in the future.         

 

 

 

 

 

 

 

                                                 
5 To be correct, the general frequency dependence in ,R pD  should be included, but that dependence is 

insignificant [1].  
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Appendix B 
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Angular  dependence of qσ . The Army Radio, plane 1, hor izontal 

polar isation, tp2. 
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Angular  dependence of qσ . The Army Radio, plane 1, ver tical 

polar isation, tp2. 



FOI-R--1179--SE 

 48 

  −60

  −3090

270

180 0

f=0.5 GHz

  −60

  −3090

270

180 0

f=1 GHz

  −60

  −3090

270

180 0

f=2 GHz

  −60

  −3090

270

180 0

f=4 GHz

  −60

  −3090

270

180 0

f=8 GHz

  −60

  −3090

270

180 0

Scale: −90 to −30 dBsm

f=18 GHz

 
Angular  dependence of qσ . The Army Radio, plane 2, hor izontal 

polar isation, tp2. 
 
 
 
 
 

  −60

  −3090

270

180 0

f=0.5 GHz

  −60

  −3090

270

180 0

f=1 GHz

  −60

  −3090

270

180 0

f=2 GHz

  −60

  −3090

270

180 0

f=4 GHz

  −60

  −3090

270

180 0

f=8 GHz

  −60

  −3090

270

180 0

Scale: −90 to −30 dBsm

f=18 GHz

 
Angular  dependence of qσ . The Army Radio, plane 2, ver tical 

polar isation, tp2. 
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Angular  dependence of qσ . The Army Radio, plane 3, hor izontal 

polar isation, tp2. 
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Angular  dependence of qσ . The Army Radio, plane 3, ver tical 

polar isation, tp2. 
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Angular  dependence of qσ . The Army Radio, plane 1, hor izontal 

polar isation, tp4. 
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Angular  dependence of qσ . The Army Radio, plane 1, ver tical 

polar isation, tp4. 
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Angular  dependence of qσ . The Army Radio, plane 2, hor izontal 

polar isation, tp4. 
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Angular  dependence of qσ . The Army Radio, plane 2, ver tical 

polar isation, tp4. 
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Angular  dependence of qσ . The Army Radio, plane 3, hor izontal 

polar isation, tp4. 
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Angular  dependence of qσ . The Army Radio, plane 3, ver tical 

polar isation, tp4. 
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Angular  dependence of qσ . The Avionics Box, plane 1, hor izontal 

polar isation, tp2. 
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Angular  dependence of qσ . The Avionics Box, plane 1, ver tical 

polar isation, tp2. 
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Angular  dependence of qσ . The Avionics Box, plane 2, hor izontal 

polar isation, tp2. 
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Angular  dependence of qσ . The Avionics Box, plane 2, ver tical 

polar isation, tp2. 
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Angular  dependence of qσ . The Avionics Box, plane 3, hor izontal 

polar isation, tp2. 
 
 
 
 
 

  −60

  −3090

270

180 0

f=0.5 GHz

  −60

  −3090

270

180 0

f=1 GHz

  −60

  −3090

270

180 0

f=2 GHz

  −60

  −3090

270

180 0

f=4 GHz

  −60

  −3090

270

180 0

f=8 GHz

  −60

  −3090

270

180 0

Scale: −90 to −30 dBsm

f=18 GHz

 
Angular  dependence of qσ . The Avionics Box, plane 3, ver tical 

polar isation, tp2. 
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Angular  dependence of qσ . The Avionics Box, plane 1, hor izontal 

polar isation, tp4. 
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Angular  dependence of qσ . The Avionics Box, plane 1, ver tical 

polar isation, tp4. 
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Angular  dependence of qσ . The Avionics Box, plane 2, hor izontal 

polar isation, tp4. 
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Angular  dependence of qσ . The Avionics Box, plane 2, ver tical 

polar isation, tp4. 
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Angular  dependence of qσ . The Avionics Box, plane 3, hor izontal 

polar isation, tp4. 
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Angular  dependence of qσ . The Avionics Box, plane 3, ver tical 

polar isation, tp4. 
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polar isation, tp2. 
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Impedance matched receiving cross-section qσ  for  the Avionics Box, tp2.  
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Histogram of dBEB  with super imposed normal density. Frequency 3 GHz 

(left) and 7 GHz (r ight), frequency interval 1. The Army Radio, tp4.  
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Histogram of dBEB  with super imposed normal density. Frequency 3 GHz 

(left) and 7 GHz (r ight), frequency interval 1. The Avionics Box, tp2.  
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Histogram of dBEB  with super imposed normal density. Frequency 3 GHz 

(left) and 7 GHz (r ight), frequency interval 1. The Avionics Box, tp4. 
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Histogram of dBEB  with super imposed normal density. Frequency 3 GHz 

(left) and 7 GHz (r ight), frequency interval 1. The Test Missile, tp2.  
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Histogram of dBEB  with super imposed normal density. Frequency 3 GHz 

(left) and 7 GHz (r ight), frequency interval 1. The Test Missile, tp4.  
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Measured and estimated cumulative distr ibution function. Frequency 3 

GHz (upper  subplot) and 7 GHz (lower  subplot), frequency interval 1. 

The Army Radio, tp4. 
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Measured and estimated cumulative distr ibution function. Frequency 3 

GHz (upper  subplot) and 7 GHz (lower  subplot), frequency interval 1. 

The Avionics Box, tp2. 
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Measured and estimated cumulative distr ibution function. Frequency 3 

GHz (upper  subplot) and 7 GHz (lower  subplot), frequency interval 1. The 

Avionics Box, tp4. 
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Measured and estimated cumulative distr ibution function. Frequency 3 

GHz (upper  subplot) and 7 GHz (lower  subplot), frequency interval 1. 

Test Missile, tp 2. 
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The number  of outlying obtained values of dBEB  with 95% (left subplots) 

and 99% statistical limits applied (r ight subplots). Frequency intervals 1–5 

(upper  figure) and 6–10 (lower  figure). The Army Radio, tp2. 
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The number  of outlying obtained values of dBEB  with 95% (left subplots) 

and 99% statistical limits applied (r ight subplots). Frequency intervals 1–5 

(upper  figure) and 6–10 (lower  figure). The Army Radio, tp4. 
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The number  of outlying obtained values of dBEB  with 95% (left subplots) 

and 99% statistical limits applied (r ight subplots). Frequency intervals 1–5 

(upper  figure) and 6–10 (lower  figure). The Avionic Box, tp2. 
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The number  of outlying obtained values of dBEB  with 95% (left subplots)  

and 99% statistical limits applied (r ight subplots). Frequency intervals 1–5 

(upper  figure) and 6–10 (lower  figure). The Avionic Box, tp4. 
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The number  of outlying obtained values of dBEB  with 95% (left subplots) 

and 99% statistical limits applied (r ight subplots). Frequency intervals 1–5 

(upper  figure) and 6–10 (lower  figure). The Test Missile, tp2. 
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The number  of outlying obtained values of dBEB  with 95% (left subplots) 

and 99% statistical limits applied (r ight subplots). Frequency intervals 1–

5 (upper  figure) and 6–10 (lower  figure). The Test Missile, tp4. 
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The mean of dBEB , frequency intervals 6 – 10. The Army Radio, tp2. 
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The mean of dBEB , frequency intervals 1 – 5. The Army Radio, tp4. 
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The mean of dBEB , frequency intervals 6 – 10. The Army Radio, tp4. 



FOI-R--1179--SE 

 81 

0 2 4 6 8 10 12 14 16 18
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

St
an

da
rd

 d
ev

ia
tio

n 
of

 E
B dB

Frequency [GHz]

Army Radio, tp4

Interval 1
Interval 2
Interval 3
Interval 4
Interval 5

 

The standard deviation of dBEB , frequency intervals 1 – 5. The Army 

Radio, tp4. 
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The mean of dBEB , frequency intervals 1 – 5. The Avionic Box, tp2. 
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The mean of dBEB , frequency intervals 6 – 10. The Avionics Box, tp2. 
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The standard deviation of dBEB , frequency intervals 1 – 5. The Avionics 

Box, tp2. 
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The standard deviation of dBEB , frequency intervals 6 – 10. The Avionics 

Box, tp2. 
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The mean of dBEB , frequency intervals 1 – 5. The Avionic Box, tp4. 
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The mean of dBEB , frequency intervals 6 – 10. The Avionic Box, tp4. 
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The standard deviation of dBEB , frequency intervals 1 – 5. The Avionics 

Box, tp4. 
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The standard deviation of dBEB , frequency intervals 6 – 10. The Avionics 
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The mean of dBEB , frequency intervals 1 – 5. The Test Missile, tp2. 
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The mean of dBEB , frequency intervals 6 – 10. The Test Missile, tp2. 
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The standard deviation of dBEB , frequency intervals 1 – 5. The Test 

Missile, tp2. 
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The mean of dBEB , frequency intervals 1 – 5. The Test Missile, tp4. 
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The mean of dBEB , frequency intervals 6 – 10. The Test Missile, tp4. 
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The standard deviation of dBEB , frequency intervals 1 – 5. The Test 

Missile, tp4. 
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The standard deviation of dBEB , frequency intervals 6 – 10. The Test 

Missile, tp4. 
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The test var iable Q , 1% and 5% significance level for  rejection for  all 

tested frequencies. Frequency intervals 1–10 (from the left to the r ight in 

the figure). The Army Radio, tp2.  
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The test var iable Q , 1% and 5% significance level for  rejection for  all 

tested frequencies. Frequency intervals 1–10 (from the left to the r ight in 

the figure). The Army Radio, tp4.  
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The test var iable Q , 1% and 5% significance level for  rejection for  all 

tested frequencies. Frequency intervals 1–10 (from the left to the r ight in 

the figure). The Avionic Box, tp2.  
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The test var iable Q , 1% and 5% significance level for  rejection for  all 

tested frequencies. Frequency intervals 1–10 (from the left to the r ight in 

the figure). The Avionic Box, tp4.  
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The test var iable Q , 1% and 5% significance level for  rejection for  all 

tested frequencies. Frequency intervals 1–10 (from the left to the r ight in 

the figure). The Test Missile, tp2.  
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The test var iable Q , 1% and 5% significance level for  rejection for  all 

tested frequencies. Frequency intervals 1–10 (from the left to the r ight in 

the figure). The Test Missile, tp4.  
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Sample 

Angles 

(degrees) 

 

Sample 

Angles 

(degrees) 

 

Sample 

Angles 

(degrees) 

 

Sample 

Angles 

(degrees) 

1 276;324;349 26 177;264;256 51 198;16;84 76 11;127;30 

2 327;65;353 27 301;4;18 52 144;44;160 77 22;274;227 

3 324;11;102 28 181;106;5 53 19;359;250 78 191;357;110 

4 68;220;76 29 286;25;112 54 222;223;299 79 66;205;168 

5 360;7;159 30 123;295;2 55 353;158;305 80 142;10;123 

6 54;224;272 31 178;221;135 56 143;152;322 81 352;208;278 

7 102;190;113 32 72;323;356 57 125;292;358 82 226;264;54 

8 66;281;292 33 332;142;239 58 282;307;238 83 150;25;319 

9 261;17;221 34 195;76;110 59 98;87;154 84 300;114;324 

10 121;211;329 35 5;2;356 60 216;152;277 85 272;55;258 

11 181;151;288 36 293;278;326 61 10;250;272 86 303;283;360 

12 321;185;141 37 45;35;199 62 344;140;21 87 212;130;135 

13 336;102;278 38 3;46;21 63 136;237;253 88 356;320;67 

14 262;330;39 39 275;26;259 64 33;342;193 89 88;89;63 

15 321;215;5 40 51;222;170 65 328;112;261 90 121;147;225 

16 86;45;318 41 184;125;31 66 139;324;25 91 324;245;48 

17 293;275;292 42 93;190;51 67 96;225;245 92 171;349;180 

18 246;225;133 43 44;181;103 68 266;336;222 93 143;356;277 

19 74;100;174 44 41;181;137 69 266;230;62 94 354;87;168 

20 145;253;116 45 98;345;165 70 99;293;146 95 13;266;306 

21 18;280;200 46 89;299;110 71 238;103;347 96 187;52;280 

22 25;179;301 47 12;356;173 72 208;348;186 97 162;60;93 

23 166;281;178 48 218;186;352 73 312;82;88 98 263;23;41 

24 251;355;128 48 89;241;53 74 324;256;352 99 294;167;328 

25 224;186;294 59 146;52;124 75 166;268;241 100 323;75;315 

The angle samples. 
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Var iance of the received power  normalized to mean, taken for  all three 

planes. The Army Radio, tp4. 
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Var iance of the received power  normalized to mean taken for  each plane 

individually. The Army Radio, tp4. 
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Var iance of the received power  normalized to mean, taken for  all three 

planes. The Avionics Box, tp2. 
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Var iance of the received power  normalized to mean taken for  each plane 

individually. The Avionics Box, tp2. 
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Var iance of the received power  normalized to mean, taken for  all three 

planes. The Avionics Box, tp4. 
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Var iance of the received power  normalized to mean taken for  each plane 

individually. The Avionics Box, tp4. 
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Var iance of the received power  normalized to mean, taken for  all three 

planes. The Test Missile, tp2. 
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Var iance of the received power  normalized to mean taken for  each plane 

individually. The Test Missile, tp2. 
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Var iance of the received power  normalized to mean, taken for  all three 

planes. The Test Missile, tp4. 
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Var iance of the received power  normalized to mean taken for  each plane 

individually. The Test Missile, tp4. 
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Significance level for  rejection for  the received power  normalized to 

mean. The Avionics Box tp4 (upper  figure) and the Test Missile, tp4 

(lower  figure). Only a few values of p  can be seen; all other  values are so 

small that MATLAB represents them as zeros.     

 


