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Chapter 1

Introduction

Electromagnetic fields couple to electronic equipment and that form one of the bases
for the interest into the branch of High Power Microwaves (HPM). In principal it
is easy to protect your electronic equipment. E.g. a metal shield, even a thin one
(~mm), brings in most cases more than sufficient protection. However, in practice
there is almost always need for small apertures, and electromagnetic energy will pen-
etrate through these apertures. It is also often a need for the electronic equipment
to communicate with the outer world. The communication may be wireless, and
done through antennas or optical counterparts. The electronic equipment may also
be connected to many kind of different sensors, e.g. infrared seekers. All these sen-
sors implies apertures in the electromagnetic shield where electromagnetic power may
penetrate. In the case of antennas the case may be even worse, because they may
be constructed to be efficient receivers of microwaves, and therefore constitute a sen-
sitive port. Even the case of wire communication is not safe, because wires act as
unintentional antennas and receive electromagnetic energy.

Even what may look like small and unimportant penetration paths through the
shield, may constitute substantial coupling paths to the interior of the electronic
equipment. Some main reasons to that are resonances in the apertures and inside the
structure. Already here we can se that the coupling to the interior of the electronic
equipment has two major contributions, first how ”efficient” the coupling through
apertures in the shield is, and secondly the interior of the electronic equipment will
affect how much energy that is absorbed in the very most critical component.

In this report we show outgoing from measurement results on real rather well
shielded electronic equipment, how the shielding effectiveness consist of many sub-
contributions. In this work we will also find that transfer effectiveness is a more
convenient quantity to use than shielding effectiveness. The presentation may look
rather theoretical, but that is only an optical illusion. It does only include a few new
ways to tackle an important problem complex. The report is concluded with a practi-
cal example. We are actually so far only in the beginning of using this model; we have
here substantial work to do in understanding the complex nature of electromagnetic
coupling to real electronic equipment.
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We study the electromagnetic coupling to the interior of electronic equipment.
The presentation in [1] support that the results of Coupling Measurements is also
applicable to high level Radiated Susceptibility testing. Although the work in [1] still
holds, it does not include all the effects caused be non-linearities in electronics, and
here we have a new open and relevant research field.



Chapter 2

Shielding

2.1 Shielding effectiveness

Shielding effectiveness is a quantity which intuitively is easy to understand. Some
electronic equipment is surrounded by some sort of screen which protect the elec-
tronic equipment from incident electromagnetic power, and the shielding effectiveness
describes how efficient that screening is. Despite that the concept is so easy to un-
derstand, it is in many, to the Electromagnetic Compatibility (EMC) community
practical situations, not easy to define the quantity shielding effectiveness, and the
concept has caused a lot of problem including improper design and protection prop-
erties being much lower than expected. The problems has been so large that some, in
one or an other way, have suggested to just skip the concept. However, the concept is
still widely used, and it is fascinating to see how new engineers and scientist entering
the field, including the author of this report, intuitively begin to use the concept
almost at once. Consequently, the concept of shielding effectiveness will probably
continue to be used for a long time, and we will here try to bring some light on the
concept.

The shielding effectiveness (A)! is generally defined as the quotient between the
absolute value (E;) of the electric field of an incident electromagnetic plane wave,

and the absolute value (F;) of the transmitted electric field behind the screen,

Et — Etét y (22)

E.
A= 2.3
B (2.3)

!The shielding effectiveness is often denoted SE, but a one letter notation is preferable in math-
ematical formulas, so we introduce the letter A do denote the shielding effectiveness.
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The definition of the shielding effectiveness according to (2.3) is a quotient between
two field values. That probably reflects that the EMC-community is used to express
their measurements in electric (and magnetic) fields. It is however somewhat sur-
prising that the shielding effectiveness is not defined as quotient between two power
values. As will be shown below power values will turn out to be the most obvious
choice. Some people get around this issue by only defining the shielding effectiveness
in dB,

. 2

Agp = 201og,, E = 10logy, ﬁ (2.4)
t t

Iy
I

Figure 2.1: Intuitively, the shielding effectiveness is the quotient between the field in
front of and behind a screen, respectively.

However, disregarded from that important but somewhat philosophical issue, the
above definition of the shielding effectiveness has severe obscurities. The definition
is clear and unequivocal if we like in Fig. 2.1 has an incident plane wave on a two
dimensional infinite flat screen, and the wave is transmitted as a plane wave. The
measurement procedure performed in Fig. 2.1 is actually a measure of the shielding
properties of the material in the shield. That is a relevant measurement procedure
if the shielding properties of a new material is to be tested. However, for typical
shielding materials used in the EMC-branch, e.g. metal 1 mm thick, the shielding
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properties for microwaves is far more than sufficient. It is also very well known that
leakages through shielding screens is through practical imperfections in the screen
such as riveted seams, gaskets, ventilation apertures etcetera and not through the
screen itself.

s N E,
,

Figure 2.2: In practice the situation is most often not as easy as indicated in Fig. 2.1.
The protection obtained by the screen depends on the irradiation direction (£2) and
polarisation (E;/ |E;|) of the incident field as well as the position (¥,) and orientation

~ —

Q E.

1/

Q) of the measurement probe behind the screen.

Fig. 2.2 shows a typical situation where the protection is performed in form a box,
and electromagnetic energy leaks through one or more apertures in the screen. If we
put a probe inside the box, and measure the field, we will find that the result will
depend on from which direction,

= %(ég, és), (2.5)
we irradiate our box, and in difference to the situation in Fig. 2.1, we cannot say that
the maximum field measured by the probe is reached for normal incidence. The field
measured by our probe (E,) will also depend on the polarisation of the incident field,

E;
= —. 2.6

To that it has also to be added that the result depends on the position (7,) as well
as the orientation,

- 1

Qr = E(égr, éfb’“)’ (27)

of the probe inside the box. Hence it is not possible to define an unequivocal shielding
effectiveness in accordance to (2.3).
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To complicate the situation even further, it should be mentioned that the result
of a shielding effectiveness measurement in accordance with Fig. 2.2 and (2.3) is not
only a function of the leakage through apertures, but also a function of the size and
electromagnetic loading of the box, see [2]. Observe that also the measurement probe
in itself will load the box and change the result.

2.2 Transmission cross section

Figure 2.3: The interesting parameter characterizing an aperture is the transmitted
power (P;) through the aperture relative to the threat seen from outside. The threat can
e.g. be measured in form of the power density (S) of the incident wave. An alternative
measure of the outside threat is proposed in section 2.3.

However, if one withdraw from insisting on measuring the field, it is possible
to solely characterize the electromagnetic leakage through an aperture. The most
intuitive quantity to characterize the leakage through an aperture is the (real, not
reactive) power (P) being transmitted though the aperture?, see Fig. 2.3. It is often
convenient to define the transmission cross section,

2Please observe that it is not easy to define something like the ”transmitted field through the
aperture”.
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o b
=35
by normalising the transmitted power by the power density () incident on the aper-
ture. In the optical limit when the dimensions of the aperture is much larger than the
wavelength of the field, and at normal incidence, the transmission cross section equals
the physical area of the aperture, but for dimensions smaller and similar to the wave-
length of the field, the transmission cross section does generally differ substantially
from the physical area of the aperture.

In a case like e.g. Fig. 2.2, the transmission may be through many apertures, but
then P, is simply the total power transmitted through all apertures, and the definition
in (2.8) is still completely valid. However, it should be noticed that the transmitted
power through the apertures does depend on the irradiation direction as well as the
polarisation of the incident electromagnetic field,

(2.8)

O

5 P, ¢;
Ut(Qvl_ﬁ = %7 (29)

and for a complex aperture, the maximum transmission cross section is not necessarily
reached at perpendicular incidence. The maximum transmission cross section,

maze » { P, Q,éi
O—t,max = 9761{575( )}7 (210)

is perhaps the most interesting quantity, but to perform enough measurements to, with
a reasonable accuracy, find the irradiation direction and polarisation corresponding to
the maximum transmitted power through the aperture, is often in practice considered
as too time-consuming. An other interesting quantity is the average transmission cross
section,

< P(Q,6) >4 ..
<oy >= 4 s) hé (2.11)

and this quantity can actually easily be measured by irradiating the aperture from a
reverberation chamber?.

2.3 Transmission Transfer/Shielding Effectiveness

Still many people want to use the concept of shielding effectiveness. We therefore here
propose a new way to define the shielding effectiveness of the transmission through
a screen with apertures. In doing so we will however first define the inverse of the
shielding effectiveness, the transfer effectiveness. The reason for starting by defining

3Tt has not been possible to include how that is done in this report. Some descriptions of how
that can be done is found in [3, 4, 5]; though we admit that the these references do not in detail
describe how the measurement is performed.
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the transfer effectiveness is that it has some nice mathematical features which the
shielding effectiveness does not have. Actually, as will hopefully be seen in this and
in the next section, the transfer effectiveness is a more convenient quantity than the
shielding effectiveness.

In defining the transfer effectiveness of the transmission through a screen with
apertures, we normalise the power transmitted through the apertures with the power
received by an antenna being irradiated with the same electromagnetic plane wave as
the screen. The power received by an antenna irradiated by a plane wave of power
density S is [6, p. 86], [7, pp. 64],

. A2

As seen in 2.12, the received power by an antenna depends on the impedance mis-
match factor (¢), the radiation efficiency (n), the polarisation efficiency (p) and the
directivity (D)of the antenna as well as the wavelength of the electromagnetic field.
Hence the power received by an antenna is not unequivocal. To get an unequivocal
value, we will use the received power by an idealised antenna, being completely im-
pedance matched implying that ¢ = 1 and having 100% radiation efficiency implying
that n = 1. Our idealised antenna will also have a directivity equal to the average
value for the directivity,

<D >=1, (2.13)

as well as a polarisation efficiency equal to the average value for the polarisation
efficiency,

1
<p>=3. (2.14)

Under these assumptions the received power by the antenna has an unequivocal value,

)\2
PTi = —S’ 2.15
& (2.15)
and we define the transmission transfer effectiveness through apertures in a screen
as?,
A Pt 87T Pt
Th=—=—=—. 2.16
" P AS (2.16)

The transmission shielding effectiveness through apertures in a screen, is defined as
the inverse,

4Please observe that the assumption of an idealised antenna (g =n =D = 1,p = %) was only
necessary to get an unequivocal definition of the transmission transfer effectiveness. To perform an
actual measurement it is only necessary to measure the power density of the incident field with any
convenient antenna.
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1 P, XS
2= = (2.17)

A = — = ——,
‘"7, P 8rPh

In accordance with (2.10) and (2.11), we also introduce the maximum transmission
transfer effectiveness,

mazg . {Pi(Q, &)} 8rmazg, {P(Q,6)}

Tt mae = s 2.18
b Py A2 S (2.18)
the minimum transmission shielding effectiveness,
1 P, A2 S
At ymin = = - = — R : (2.19)
E,mam maxaéi{Pt(Q, éz)} 87 maxﬂ’éi{Pt(Q, él)}
the average transmission transfer effectiveness,
< P 6) >0 8t < PAQ,&) >q.
<T, >= = = 2.20
' Py A2 S (2:20)
and the average transmission shielding effectiveness,
1 A2 1
<MN>=Pi< ———>q:, =5 < —x—>q. - (2.21)
Pt(Qv é’b) o 87T Pt(Qa él) o
It should be observed that generally,
<N > # ! (2.22)

We will now stop the description of the transmission transfer /shielding effective-
ness, and in the next section turn into an other description of transfer/shielding
effectiveness.

2.4 Receiving Transfer/Shielding Effectiveness

In testing of real objects we are often not only interested in the penetration of
electromagnetic power through apertures, but also of how much power is coupled
to critical electronic components inside the object. A simple schematic picture can
be found in Fig. 2.4. The Equipment Under Test (EUT) is irradiated with a plane
electromagnetic wave of power density S, and somewhere in a critical component
inside the EUT, the power P, is received. The smaller the received power in the
critical component is, the better the protection is. To get an as simple description
as possible of this electromagnetic coupling to our component, we may look upon
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.\PI.

Figure 2.4: FElectromagnetic power penetrates through the screen and somewhere in a
critical component inside the EUT, the power P, is absorbed.

the whole EUT (including the critical component) as being an antenna®. The EUT
is of cause not an intentional and optimized antenna, rather the opposite, but it
receives energy from the incident electromagnetic field and hence it is antenna. As a
consequence thereof, the received power in the critical component can be described
with (2.12).

By simply dividing the power received in the critical component as given by (2.12),
by the power received by the idealised antenna described in (2.15), we propose to
define the receiving transfer effectiveness as,

>

P
" — 2gnpD 92.23
p. = 2awD, (2.23)

and the receiving shielding effectiveness as,

T,

A A 1 P”‘ 1

"TT. P 2pD

The directivity (D) of the EUT may in some directions be much larger than one,

and consequently, the receiving shielding effectiveness may be smaller than one (or

negative in a dB-scale). It is however nothing strange in that this definition for

some irradiation directions and polarisations of the incident field may give a negative

receiving shielding effectiveness. It only reflects that unluckily, for some irradiation

directions, the directivity of the EUT is so high that we got gain instead of shielding
of the incident electromagnetic field.

(2.24)

5Caution has to be taken here. Power will be absorbed in many different components of the EUT,
and the whole EUT actually consists of many antennas. However, we do here solely pay attention
to the power absorbed in the very most critical component, and for that power, the whole EUT
together with the critical component act as one antenna.
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In accordance with (2.18)-(2.21), we introduce the maximum receiving transfer
effectiveness,

T maw = mazg o {2qnp(€, &) D(Q)} = 2q1Dinaa, (2.25)
the minimum receiving shielding effectiveness,

1 1 1

Ar,min = = N ~ = > (226)
Tr,max maan’éi {2(]77]?(9, éﬂD(Q)} 2q77Dmaa:
the average receiving transfer effectiveness,
< T, >=<2qnp(Q,&)D(Q) >4 .= qn, (2.27)
and the average receiving shielding effectiveness,
1 1 1 1
<A, >=< >80 >06< == >q-  (2.28)

2mp(@.6)D@) ™ 2 " p(@e) " D@)

If it has not been obvious earlier, comparing (2.27) and (2.28), should make it ob-
vious that the transfer effectiveness is a more convenient quantity than the shielding
effectiveness. It is actually natural, because we are normally interested in what stress
does the incident electromagnetic power cause onto our electronic equipment. The
receiving transfer effectiveness is a measure of that. The receiving shielding effective-
ness is a measure of what incident power caused a certain stress onto our electronic
equipment.

Often there is demand for a one value description of a phenomenon. The real world
is often more complex, and a more complex description than one value is necessary,
but if someone stresses the need for one value describing the protection, we suggest

the average transmission receiving effectiveness of (2.27).

2.5 Receiving cross section

Just as we defined the transmission cross section in section 2.2, we may also define
the receiving cross section,

AP )2
L =21, (2.29)

where the last equality is found using (2.15) and (2.23). Obviously, the receiving cross
section and the receiving transfer effectiveness are similar quantities. Which one to
use is actually a very subtle question. Both the receiving transfer effectiveness and
the receiving cross section describe how well we have managed to protect the critical
electronic component from the incident electromagnetic field. The receiving transfer
effectiveness gives a clear dimensionless value of the electromagnetic protection, but

Or
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the receiving cross section tells us directly how much power will be absorbed in the
critical component due to an incident electromagnetic plane wave.

The receiving cross section has, in difference to the receiving shielding effectiveness,
the same nice properties as the receiving transfer effectiveness. In accordance to (2.25)
and (2.27), the maximum receiving cross section is,

P\
Ormaz = g - Eanmax7 (230)
and the average receiving cross section is,
)\2
< 0y >= —qn. (2.31)

81



Chapter 3

The Contributions to the Transfer
Effectiveness

3.1 Coupling Measurements

Figure 3.1: A close-up of the measurement probe inside one of test objects.

In a real Coupling Measurement (CM) on complex electronic equipment, it is
hardly possible to know which is the most critical component, and hardly possible
to measure the power absorbed in it. As a consequence thereof we us a different
approach. We introduce a probe inside the Equipment Under Test (EUT), and mea-
sure the power received in that probe. The probe is representative for typical wires
receiving electromagnetic power inside the electronics. The probe is also positioned

13
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Reference
Antenna
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Network l
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EUT
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7|
Network
NN NNI Analyzer P N N N N N D—

(b)

Figure 3.2: Principal figures of the measurement set-ups. In Fig. a, the power received
by the in section 2.8 proposed ideal antenna (Py;) is measured with help of a reference
antenna. In Fig. b, the power received in our measurement probe (P,) is measured.

at a representative place inside the EUT, see Fig. 3.1. Thereby we do not measure
the exact power received in the very most critical component inside the EUT, but
instead a representative power, which could have been the power received in the very
most critical component. In doing these Coupling Measurements we actually perform
a measure of the in (2.23) defined receiving transfer effectiveness,

T.(Q, é:,v) = 2qw)n(v)p(Q, é:,v)D(Q, V). (3.1)

In (3.1), we have included that the receiving transfer effectiveness does not only
depend on the direction (Q) from which the EUT is irradiated and the polarisation
of the incident field (é;) but also on the frequency (v) in use.

It is actually very possible that even if we receive a lower power in our probe than
is received in the very most critical component, we will receive the higher power value
in our pin probe for a slightly different irradiation direction, polarisation and/or fre-

quency, and hence the result of our measurement of the receiving transfer effectiveness
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Figure 3.3: The receiving transfer effectiveness as function of frequency for one irra-
diation direction for a typical test object.

is representative for the real situation.

Fig. 3.2 shows in principal how a measurement of the receiving transfer effective-
ness is performed. First, the power received by the in section 2.3 proposed ideal
antenna (P,;) is measured with help of a reference antenna. Secondly, the power re-
ceived in our measurement probe is measured, and finally, in direct accordance with
the definition in 2.23, the receiving transfer effectiveness is simply calculated as the
quotient between the two power values. The description in Fig. 3.2 is however only
measurement theory describing the principles, in practice the measurement procedure
is slightly more complex, but this description does include all the here important as-
pects. The real measurement procedure is similar to the one described in [8]. The
real measurement procedure does also describe why we use a Network Analyzer and
not the more obvious choice of a power meter.

Fig. 3.3 and 3.4 show some typical measurement results of the receiving transfer
effectiveness. In Fig. 3.3, the receiving transfer effectiveness is shown as function of
frequency for one test object. In Fig. 3.4 the receiving transfer effectiveness is shown
for the same test object as in Fig. 3.3, but here as function of irradiation direction
within one plane for the specific frequency 12.0 GHz. In both Fig. 3.3 and 3.4 the
EUT has been irradiated with the same linearly polarised field.

As can be seen in (3.1) there are four factors which contribute to the receiving
transfer effectiveness. They do all four depend on the frequency in use, two depends on
from which direction the EUT is irradiated but only one depends on the polarisation
of the incident field. We will now take a closer look on these four factors.
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Figure 3.4: The receiving transfer effectiveness for the same test object as in in
Fig. 3.3, but here for the specific frequency 12.0 GHz and as function of the irradiation
direction in one plane.

3.2 Impedance mismatch factor

EUT

P 4
Measurement Probe

load

Coax cable

Figure 3.5: The power received in our probe is measured in a load.

As can be seen in Fig. 3.1 our measurement probe is connected to a coax cable.
At the other end of the coax cable the power is received and measured in a load, see
Fig. 3.5. The first factor in (3.1), the impedance mismatch factor, is the received power
in our measurement load compared to the maximum possibly receivable power reached
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U ("') ZA
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A d

Figure 3.6: A circuit diagram of the measurement of the impedance mismatch factor.

by using an impedance matched load. Due to this impedance mismatch, power will be
reflected and reradiated by our EUT. Apart from this reflected and reradiated power,
the incident electromagnetic field on the EUT will also cause currents on the EUT,
which will radiate power and which any choice of load to our probe cannot prevent.
This so called structural scattering is not, and shall not be, included in (3.1). For a
further description of this phenomenon, see e.g. [6, p. 93].

In our measurement system, the measurement load is the input impedance of our
network analyser and it is impedance matched to the characteristic impedance of the
coax cable. Both the characteristic impedance of the coax cable and the impedance
of the load is resistive, Ry = 50€2. A circuit diagram can be seen in Fig. 3.6, where Z 4
is the impedance of our "antenna”, i.e. our EUT including the measurement probe.
We can easily measure the reflection coefficient seen from the network analyser,

U _ Za= Ry
Ut Zi+ Ry

(3.2)

In (3.2) we have also included a theoretical expression for the reflection coefficient
[9, p. 400]. The theoretical expression makes it clear that the absolute value of the
reflection coefficient is identical independent if seen from the network analyser or the
"antenna”. Hence, the impedance mismatch factor can be calculated as,

Ro— Za|”

-2 3.3
Rot Zs (3.3)

q=1—|Fl2=1—‘

Fig. 3.7 shows one example, for a typical test object, of how the impedance mis-
match factor varies with the frequency. As discussed already in section 2.1, the
impedance mismatch factor of the pin probe does not only vary with the frequency
but also with the orientation of and the position of the pin probe inside the test ob-
ject. That can also be seen in Fig. 3.7, where the result of two different positions and
orientations of the pin probe is shown.
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Figure 3.7: The impedance mismatch factor for two identical measurement probes but
at two different positions and orientations in the same test object.

The impedance mismatch factor is an important part of the electromagnetic pro-
tection built into the EUT, but by combing the two graphs in Fig. 3.7, it is easily
concluded that there is a large risk that the very most critical component is situated in
such a way that the impedance mismatch factor is close to one. The, by us chosen po-
sition and orientation of our pin probe does however often not for the whole frequency
interval give a value of the impedance mismatch factor which is close to one. To com-
pensate for that we thereby may underestimate the receiving transfer effectiveness,
we often calculate the impedance matched receiving transfer effectiveness,

A Tr Qa Aia A A A
(@0 650) 2 T — o0, 66) DO (3.4
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Figure 3.8: The same graphs as in Fig. 3.7, but here in dB-scale.

The impedance matched receiving transfer effectiveness is often a more relevant quan-
tity than the (non impedance matched) receiving transfer effectiveness. However, it is
overpessimistic for the lower frequencies, where the impedance mismatch for typical
electronic objects always will be an important part of the protection of the electronic
components.

3.3 Polarisation efficiency

Now we will look upon the third term in (3.1), the polarisation efficiency, but we
will not omit the second term, we will come back to it later in this chapter. The
polarisation efficiency is defined [10, p. 22] as the power received by our measurement
probe in the EUT from a given plane wave with arbitrary polarisation to the power
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Figure 3.9: A typical example of how the polarisation efficiency varies with the irra-
diation direction within one plane of the EUT. Precisely this graph shows the result
at 12.0 GHz for the same test object as in Fig. 3.10.

that would be received by the same probe from a plane wave of the same power flux
density and direction of propagation, whose state of polarisation has been adjusted for
a maximum received power. As a direct consequence of the definition, the polarisation
efficiency varies between,

0<p(Q,é,v)<1. (3.5)

The polarisation efficiency is also called the polarisation mismatch factor, but that is
actually a misleading name, because the factor is a measure of the polarisation match
and not a measure of the polarisation mismatch.!

By use of standard antenna theory [11, p. 106] it can be shown that the polarisa-
tion efficiency can be calculated outgoing from measurements of the receiving transfer
effectiveness, and in performing this measurements it is only necessary to irradiate
the EUT two times?. The two measurements of the receiving transfer effectiveness
are performed identically, but with the exception that the polarisation of the inci-
dent field differs between the two measurements. It is most convenient to let the two
polarisations be orthogonal and we will assume so here, because it simplifies the the-
oretical description, increases the accuracy in the final result and does almost always

! Actually the same thing is true for the impedance mismatch factor, it is a measure of the im-
pedance match, not a measure of the impedance mismatch. However, no other commonly accepted
term than impedance mismatch factor is known to us, and hence we decided to use the term im-
pedance mismatch factor.

2A bit of caution here; Two measurements are sufficient to take the influence of the polarisation
of the incident field into account. As pointed out in e.g. 3.1 the polarisation efficiency does also
depend on from which direction the EUT is irradiated as well as the frequency in use.
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Figure 3.10: As function of frequency, the polarisation efficiency varies rapidly be-
tween zero and one.

in practice not imply any restriction, but formally any two non-identical polarisations
would do.

We denote the two orthogonal polarisations é;5 and é;;,. One might think of the
H- and V-polarisations as being horizontal and vertical polarisations, respectively,
but the statements below hold for any two orthogonal polarisations. To the two
polarisations correspond two polarisation efficiencies,

é( é; = &g, V)
;p y & — GiH, (36)

(3.7)

Any polarisation can be described as a superposition of the two orthogonal polari-
sation modes introduced above. Hence the two polarisation modes are a complete set,
orthogonal and actually, as a consequence of the exact definition of the polarisation
efficiency, also orthonormal. That implies that the maximum possible electromag-
netic energy transport to the EUT is equal to the sum of the electromagnetic energy
transport in the two orthonormal modes, and consequently, the sum of the two modes
polarisation efficiencies is,

A N

pu(Q,v) +pr(Q,v) =1. (3.8)
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Figure 3.11: The same graph as as in Fig. 3.9, but here in dB-scale.

By simply combining 3.7 and 3.8 we finally get the following expressions for the
polarisation efficiencies,

~

pH(Qv V) = 1 Tr‘l/(fl,u)
i T @ (3.9)
Qv)=———

pv(§2,v) H_;,T,‘jégz))

Fig. 3.9 shows for one of our test objects how the polarisation efficiency varies
with irradiation direction within one plane and for one fixed linear polarisation. The
polarisation efficiency varies rather systematic, but hardly predictable in advance.
The one not convinced of the unpredictability of the polarisation efficiency, may look
upon Fig. 3.10, where we have fixed the irradiation direction but varied the frequency.

The polarisation of the incident field can often easily be changed so that the
polarisation efficiency is close to one. Hence it is relevant to in accordance with (3.4)
define the polarisation matched receiving transfer effectiveness,

A

T.($, é; .
TTP(Qﬂ/)é T( ’6“1/)

o) 2q()n(v)D(Q,v), (3.10)

and, of course, also the impedance and polarisation matched receiving transfer effec-
tiveness,

T (@) & GV o0 pa, ), (3.11)
q(v)p(2, é;,v)

However, the quantities in 3.10 and 3.11 are in practice preferably calculated as,
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Figure 3.12: The same graph as as in Fig. 3.10, but here in dB-scale.

Tp(Q,v) = Ty (Q,v) + T (Q, v), (3.12)
and
~ 1 ~ N
Trgp(Q,v) = E[TTH(Q, V) + T, (2, v)). (3.13)

The equations (3.12) and (3.13) are easily shown by by plugging (3.7) and (3.8) into
(3.10) and (3.11), respectively. Some thinking does also make them obvious.

3.4 Directivity

The forth term in (3.1) is the directivity. The directivity is the ratio of the power
received in our measurement probe when the probe is irradiated from a specific di-
rection (Q) to the received power averaged over all irradiation directions. For all
irradiation directions the polarisation efficiency is assumed to be one, or at least
identical for all irradiation directions. The directivity can consequently be calculated

as,

D(Q,V) _ TT(IP(va)

= - . (3.14)
< Trgp(Q,v) >4

It is formally easy to calculate the directivity in accordance with (3.14), but to be

able to calculate a good value for the average impedance and polarisation matched

receiving transfer effectiveness, we have to irradiate our EUT from many different
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Figure 3.13: The directivity of a test object as function of frequency.

directions. We have in our experiments made the averaging over 1074 different irra-
diation directions. In Fig. 3.13 we show an example of the directivity as function of
frequency for one test object, and in Fig. 3.14 we show the directivity as function of
the irradiation angle in one plane at 12.0 GHz.

The directivity has one property which make it different to all the other quantities
in 3.1, it has in principal no upper limit for its value; all the other quantities in 3.1
are upwards limited to the value 1. However our knowledge from testing of many
objects tells us that for normal test objects, the maximum directivity is very seldom
larger than 15dB5.

3.5 Partial Directivity

The fact that the power received, varies strongly with from which direction the EUT
is irradiated has reached more and more attention in reascent years. Often the expres-
sion "directivity-problem” and similar expressions are used. However, what people
often do is that they rotate the EUT in one plane and irradiate the EUT from dif-
ferent directions. It is certainly true that the directivity of the EUT varies between
the different irradiation directions but also the polarisation efficiency will change be-
tween the different irradiation direction. Please observe that this is true even if the
polarisation of the incident field on the EUT is not changed, see Fig. 3.9. Hence, the
term ”directivity-problem” is slightly misleading, because it is not only a directivity
issue but also an issue of polarisation match between the incident field and the EUT.
It is actually the product of the directivity and the polarisation efficiency which is
the interesting quantity, and that product has actually been given its own name in
the IEEE-standard [10, p. 20]: partial directivity,
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Figure 3.14: The directivity of the same test object as in Fig. 3.13, but here as

function of irradiation direction within one plane of the test object at the frequency
12.0 GHz.

D,(Q,é:,v) £ D(Q,v)p(Q, é,v). (3.15)

We urge on the community to use the expression partial directivity to recognize that
in many cases there is not only a directivity issue but also a polarisation efficiency
issue.

3.6 Radiation efficiency

The second term in (3.1) is by the antenna community called the radiation effi-
ciency. The name is perhaps not so descriptive in our case, but we will keep it. The
antenna terms which we have introduced are, with the exception of the polarisation
efficiency, not defined in the receiving mode of the antenna but in the transmitting
mode of the antenna [10]. However, as the description of the terms above shows it
is possible to define the impedance mismatch factor and the directivity also in the
receiving mode of the antenna, but when it comes to the radiation efficiency the situa-
tion is different. We have not managed to find a reasonable definition of the radiation
efficiency in the receiving mode, and we therefore define it in the transmitting mode3.

30ne could assume that it should be possible to define the radiation efficiency in the receiving
mode as something like the fraction of the total power absorbed in the EUT that is received by
our measurement probe. That definition is simple but not appropriate, the reason being the in
section 3.2 briefly described structural component. Part of the absorption is, in the general case,
in the structural part, and that part of the absorption is included in the definition just proposed
in this footnote, but it should not be in an appropriate definition. It is e.g. possible to through
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Figure 3.15: The radiation efficiency as function of frequency. Generally the value of
the radiation efficiency is small, being equivalent to that the EUT has a good protection

performance, but for a few discrete frequencies the radiation efficiency is close to one.

Suppose that we feed the probe in Fig. 3.1 with a current, the radiation efficiency is
then the ratio of the total power radiated by our EUT (including the probe) to the
net power accepted by the EUT (including the probe) from the feeding current [10].

The reason why we saved the radiation efficiency to the last, is that it is very hard
to measure. However, we have above managed to directly measure, or outgoing from
measurement data, calculate all the other quantities in (3.1), and hence we can in
principle simply solve (3.1) for the radiation efficiency. To increase the accuracy of
the result it is however beneficial to use average values, and we get from (2.27),

) < T, é,0) >4
V)= —
! q(v)

When we perform the averaging in (3.16), we take as many irradiation directions (§2)
as possible into account, to get an as good accuracy as possible. In performing the
averaging over polarisations (¢;) it is only necessary to use two polarisations. That is
easily shown. By help of (2.14) and (3.1) it follows that,

(3.16)

~

< TT<Q7 € V) >e= Q(V)T/(V)D(Q7 V)? (317>
but at the same time (3.7) and (3.8) show that,

L) L ED) o)) D@0, (315

the structural component have a substantial absorption in the EUT, but at the same time have a
radiation efficiency close to 1.
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Figure 3.16: The same graph as in Fig. 3.15, but here in dB-scale.

and it follows that the average taken over two orthogonal polarisations is sufficient,

. T (2, T (€,
< T, 61, 0) o Lo ”)‘; v(®y) (3.19)

Fig. 3.15 shows the radiation efficiency as function of frequency for a typical test
object. Generally the value of the radiation efficiency is small. That is not surprising,
our Equipment Under Test is not constructed to be an intentional and optimized
antenna as seen from our measurement probe, rather the opposite. We may actually
hope that the EUT is constructed to be an as bad antenna as possible. A small value
of the radiation efficiency is actually a sign of that the electronics inside the EUT are
well protected. It should therefore be noticed that for a few discrete frequencies, the
radiation efficiency is close to one, corresponding to a bad protection of the electronics
inside the EUT. Fig. 3.16 show the same graph as in Fig. 3.15 but in dB-scale.

3.7 Inherent and semi-inherent properties of the
Equipment Under Test

As stated in section 3.4, the directivity has a property making it different to all the
other quantities in (3.1), but the polarisation efficiency has a property making it
even more different to all the other quantities in (3.1), including the directivity. All
the other properties are inherent* properties of the EUT only, but the polarisation
efficiency is not. It is obvious that the impedance mismatch factor and the radiation

4By inherent property of the EUT, we mean a property that we can define solely outgoing from
knowledge of the EUT.
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efficiency are inherent properties of the EUT and not properties of the irradiated field
on to the EUT. The directivity differ with from which direction we irradiate our EUT,
but that is equivalent to not moving the radiating source but only rotating the EUT,
see Fig. 3.17. Hence, the directivity is also an inherent property of the EUT.

’ semi ®,

?;
) — D

Q
> U
gﬁ:((pl,(pz,%)

Figure 3.17: Changing the irradiation direction ((Q) of the EUT, is equivalent to
rotating the EUT in a specific way. Chancing the orientation of the polarisation (é;)
of the plane wave incident on the EUT s equivalent to rotating the EUT around the
wrradiation direction (Q) Howewver, it is also possible to change the type of polari-
sation, e.g. the extreme case of changing linear polarisation to circular polarisation.
Such a change in polarisation has no equivalence in rotating the EUT. Hence chang-
ing both the orientation and the type of the polarisation of the incident plane wave is
semi-equivalent to rotating the EUT.

v

In this report we have assumed that the irradiated field is a plane wave, but we
do not a priori assume anything about the polarisation of the field. In most cases the
field is linearly polarised. For a linearly polarised field we can change the orientation
of the polarised field, but that is equivalent to rotate the EUT around the irradiation
direction (Q) So if we assume a linearly polarised field®, the polarisation efficiency is
an inherent property of the EUT.

However, we may actually also change the type of polarisation. Fig. 3.18 shows the
general case of elliptic polarisation. The xy-plane is here chosen to be perpendicular
to the direction of propagation of the irradiated field. The general (complex) elliptic
polarisation vector can be written as,

~

éi =V1—a*(cosa é, +sina é,) £ ja(—sina é, + cosa é,), (3.20)

where a is a real constant,

0<a (3.21)

1
< —
T V2

« is a real constant,

5The statement actually holds for any specific type of polarisation.
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Figure 3.18: The general elliptic polarisation. The field vector rotates around the
dashed ellipse.

0<a<m, (3.22)

¢, and €, are two unit vectors in the x- and y-directions, respectively, and 7 is the
imaginary unit. The choice of plus or minus-sign depend on if the field is right or
left polarised®. By changing the parameter o we rotate the polarisation ellipse in the
xy-plane, and thereby we also affect the polarisation efficiency. We will however reach
exactly the same affect by simply rotating our EUT in the reverse direction around
the irradiation direction (Q) By changing the parameter a we change the ellipticity
of the polarisation ellipse, or differently stated, we change the type of polarisation.
In the extreme cases of, @ = 0 and a = 1/v/2, the field is linearly and circularly
polarised, respectively. The choice of polarisation will affect the coupling between
the irradiated field and the EUT, and hence also the polarisation efficiency. There is
no way to get the same effect by rotating the EUT. Consequently, the polarisation
efficiency is not generally a property of only the EUT, but also affected by the type
of polarisation of the irradiated field”. We say that the polarisation efficiency is a

SWhich is which of right and left polarised field there are many opinions about, see e.g. [12, p. 300],
despite there actually should be place for only two different points of view. We here withdraw from
defining which is which of left and right polarised field.

" Actually, if we look upon Fig. 3.17, we can see in the left figure that the irradiation direction (Q)
plus the polarisation of the incident field (é;) gives us in total four degrees of freedom, but the
rotation in the left figure gives us only three degrees of freedom, and hence rotating the EUT cannot
be sufficient to include all coupling cases between the incident field and the EUT.
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semi-inherent property of the Equipment Under Test.

From the above discussion and (3.1) it follows that the receiving transfer effective-
ness also is a semi-inherent property of the EUT, but the in (3.10) defined polarisation
matched receiving transfer effectiveness is a truly inherent property of the EUT. It
is therefore often beneficial if the polarisation efficiency can be treated separately.
In [13] a statistical description of the polarisation efficiency can be found.



Chapter 4

An application: Interchanging
directional and frequency
dependencies

4.1 Introduction

So far our presentation has been rather theoretical in chapter 2 and descriptive in 3,
but we will know turn to an application of the model proposed in chapter 2 and 3.
This is done in a rather simple way, and despite that the full potential of the model is
not used, this example still shows an interesting application. We start by describing
a problem with the radiated susceptibility testing of today.

4.2 A shortcoming in radiated susceptibility test-
ing

As can be seen in Fig. 3.4, the receiving transfer effectiveness varies substantially
with from which direction the Equipment Under Test (EUT) is irradiated. The case
shown in Fig. 3.4 is not extreme, our measurements performed on real electronic
equipment have shown differences as large as 40 —50d B [14]. True high level Radiated
Susceptibility testing performed later [1, 15] showed smaller differences for high level
Radiated Susceptibility Testing than for the low level Coupling Measurements, but a
substantial difference is still left, and applying the results of [1, 15] on [14] could leave
a difference of the order of 20 — 30dB5.

In general it is not possible to guess in advance the angle of incidence corresponding
to the largest susceptibility of electromagnetic irradiation. In [16] it is convincingly
shown that even an experienced EMC-engineer cannot in advance point out the most
susceptible orientation of the EUT. It has been shown, theoretically [17, 18] as well
as experimentally [17, 18, 19], that thousands of different angles of incidence may be
needed in Radiated Susceptibility testing to, with a reasonable uncertainty, find the

31



32 FOI-R--1395--SE

most susceptible orientation of the EUT. Such an extensive susceptibility testing is
in almost all cases treated as far too expensive to perform. In practical commercial
testing only a few, or even only one, irradiation direction(s) are used. Hence, the risk
for a substantial undertesting is not only huge, but almost ”guaranteed”.

4.3 A proposal of an alternative test method

As can be seen in Fig. 3.3 and 3.4 the receiving transfer effectiveness varies not only
with from which direction the EUT is irradiated, but also with the frequency in use.
We therefore simply simply propose to interchange the very most proper test, using
thousands of different irradiation directions, with a test using only a few irradiation
directions but also including many frequencies in a frequency interval around the
frequency of interest. A criterion for how well the proposed method works is to what
extent it reduces the risk of undertesting, but it should also not substantially increase
the risk for overtesting. Overtesting gives us the impression that the EUT sustains
less than it actually does. It is, of course, not as critical as undertesting, but may
lead to redesign or unnecessary restrictions. Overtesting may also cause the testing
procedure to be more extensive and expensive than what is necessary.

4.4 Evaluation of the alternative test method

To be able to evaluate the proposed method we have tested it on different test objects
using the low level coupling measurements described in chapter 3. We decided to eval-
uate the proposed method for the in our measurement probe received power (P,), and
not for the receiving transfer effectiveness. That because we think that the received
power is the interesting quantity which causes disturbances in and/or destructions of
electronic equipment. It is however also interesting to test the proposed method for
the receiving transfer effectiveness (7)), and we will do so in the future. We should
also not forget that, as (2.15) and (2.23) show, the two quantities are close connected,

A o N 22 c? A
PT Q7 Aia - TT' Qv Aia PTZ' - TT Qu Aiv _S - —TT' Q7 Ai? S? 4.1
(,6,0) = T, 6,0) P = TR 6,0) 58 = <T@ 600)S, (A1)
where c is the speed of light. In similarity to the treatment in section 3.2, it can be

shown that the impedance matched received power,

2

P (Q,é;,v) = Trg(2, 65, 0)S, (4.2)

i
is often a more relevant quantity, and we will therefore use it in this chapter.

To be able to test our method we want to now the true maximum value of the
impedance matched received power,

Py ymaz (V) = maxﬂ’éiPTq(Q, éi, V), (4.3)
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which we approximate with the maximum value taken over our 1074 different irra-
diation directions, and for every irradiation direction two orthogonal polarisations.
This value we compare with the maximum value taken over a frequency interval (Av)
around the frequency of interest (v), but with only a few irradiation directions ({'),
P, (Q,¢é;,v), (4.4)

AN
Prqu(ya Ay) = maxflefl’7éi,VEAl/

which we call the frequency maximum impedance matched received power. We have
performed the comparison in the frequency interval 0.5 — 18 GH z.

As a measure of the error we introduce by using the frequency maximum im-
pedance matched received power (P, ) instead of the true maximum impedance

matched received power (P,gmaz), we define the error bias as’,

A P, (v, Av
g(l/, Al/) = Pq<—(y))7 (45)
rqgmazx

and the logarithmic error bias as,

Eap(v, Av) = 10log,,[E (v, Av)]. (4.6)

To be able to get a correct comparison between (P, ) and (P,gma:) we keep the
incident power density constant in all measurements®. As a consequence thereof,
(4.2) tells us that if we use a small a frequency interval (Av) around the center
frequency (v), an error bias based upon the receiving transfer effectiveness (7)) would
not differ much to the in (4.5) defined error bias which is based upon the received
power (F,).

It is to be noticed that the value of frequency maximum impedance matched re-
ceived power (P, ), and hence also the error bias, depends on the size of the frequency
interval in use, as well as the explicit irradiation directions (') in use. A priori the
logarithmic error bias can be both smaller and larger than zero, because the frequency
maximum impedance matched received power can be both larger and smaller than
the true maximum impedance matched received power, but the logarithmic error bias
will increase (or at least not decrease) with the size of the frequency interval in use.
To test the influence of the size of the frequency interval, we have tested ten different
sizes of frequency intervals, but to increase the readability, we here limit the presenta-
tion to five sizes of frequency intervals. For a more complete description, see [20]. The
actual sizes of the frequency intervals are chosen in a somewhat complicated fashion
and vary with the frequency, see [20], but interval 2 (3, 4 and 5) is always two (three,
four, five) times as large as interval 1. One example of the sizes of the frequency
intervals can be seen in Table 4.1.

We are not interested to investigate how the error bias depends on the explicit
choice of irradiation direction, because that would only implicitly bring us back to

IThe error bias is often denoted EB, but a one letter notation is preferable in mathematical
formulas, so we introduce the calligraphic letter £ to denote the error bias.
In those cases it is not kept constant, we compensate for the discrepancy.
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Frequency Interval
Interval number [GHz]

min max

1 2.9 3.1

2 2.8 3.2

3 2.7 3.3

4 2.6 34

5 2.5 3.5

TABLE 4.1: Frequency intervals at 3 GHz

the original question of directional and polarisation dependence. Instead we do a
statistical investigation of the error bias. That is done outgoing from a set of 100
randomly chosen subsets of irradiation directions (€). The number of irradiation
directions within every subset (Q’ ) is somewhat arbitrarily chosen to be three, and
for every irradiation direction we have chosen two orthogonal (linear) polarisations.
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 [21]. We use
the so-called urn model [21], and thereby three random directions are generated 100
times.

4.5 Results

In Fig. 4.1 the distribution of the logarithmic error bias is plotted in form of a
histogram over all 100 samples of the error bias?. It is known to the EMC-community
that logarithmic values tend to be normal (=gauss) distributed. That can also be
explained by the Central Limit Theorem [22], and that logarithmic data are additive.
Hence it is reasonable to assume that also the logarithmic error bias should tend to be
normal distributed. In Fig. 4.1 we have superimposed the normal distribution, where
the sample mean value,

£
n= "5 (4.7)

and the sample standard deviation,

3The results are shown for frequency interval 1.
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Figure 4.1: Histogram of the error bias at 3 GHz for one of the test objects. The
normal (= gauss) distribution, with the sample mean value and sample standard de-
viation as parameters, is superimposed (red curve). (The figure shows the results for
frequency interval 1.)

o |3 il (48)

N
k=
have been used as parameters to the normal distribution?. Outgoing from Fig. 4.1 we
can say that the normal distribution is not a too bad estimate, but a more rigorous
investigation will follow.

We will however first notice that Fig. 4.1 does only show the result for one fre-
quency. To be able to show the result for the whole frequency interval 0.5 — 18 GHz,
we show in Fig. 4.2, a colour plot with the frequency shown on the abscissa and the
distribution of the logarithmic error bias shown on the ordinate and in the colours.
The redder, or lighter, colours correspond to a larger value in the histogram. As a
general statement, the logarithmic error bias seems to be distributed around a value
close to 0d B, but in the centre of the frequency interval, the spread of the logarithmic
error bias is larger. The reason for the larger spread in the centre of the frequency
interval is to be further investigated, but our experience make us guess that it is due
to aperture resonances in the test objects.

4The parameter N is the number of observed data. In our case, the number of chosen subsets of
irradiation directions, which were 100.
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Figure 4.2: Histogram of the error bias as function of the frequency for one of the
test objects. (The figure shows the results for frequency interval 1.)

Until now we have shown the results for frequency interval 1, but an interesting
question to investigate is the influence of the size of the chosen frequency interval.
Fig. 4.3 and 4.4 respectively, show the sample mean and sample standard deviation of
the logarithmic Error Bias as function of the frequency for the five different frequency
intervals mentioned above. The different curves are not easily distinguished in the
black and white version of this report, but actually not too easily in the coloured
version either. That actually brings us to the conclusion that the advantage of in-
creasing the frequency interval is limited. The risk of undertesting is slightly reduced,
but to the price of increased risk of overtesting. Here the results are only shown for
one test object, and for one position of the measurement probe in the EUT, but the
results are generally applicable to our test objects. In [20] it can also be seen that
increasing the frequency interval even further does not change the conclusions drawn
above. The larger spread in the histograms in the frequency region 4 — 11 GHz in
Fig. 4.2 is, of course, reflected in an increase of the standard deviation in Fig. 4.4 but
it is also striking how independent the standard deviation seems to be of the size of
the frequency interval in use. A key point to observe in Fig. 4.3 is the dip at 7 GHz.
The minimum values in the dip are almost identical, independent of the size of the
frequency interval in use. Our method simply fails here. The reason is that there is a
strong peak in the true receiving cross section at 7 GHz. Hence, for all the frequen-
cies around the centre frequency (7 GHz), the receiving cross section is always smaller
than the receiving cross section at the centre frequency, and consequently our model
fails at the frequencies where the EUT has a major resonance peak in the receiving
cross section. Just as stated above we assume that the physical explanation to the
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Figure 4.3: The mean of the error bias as function of frequency. Interval 1-5 corre-
spond to frequency intervals described adjacent to table 1 above.

peak resonance in the receiving cross section is a major aperture resonance in the
EUT. Some mathematical thinking does also tell us that the major peak resonance
in the true receiving cross section explains the striking behaviour of the curves in
Fig. 4.3 and Fig. 4.4 from 6 to 12 GHz.

In Fig. 4.1 we superimposed the normal distribution and we concluded somewhat
vaguely that the normal distribution is not a too bad estimate. It is obvious that the
histogram in Fig. 4.1 is not exactly normally distributed, but we cannot conclude that
the logarithmic error bias is not normal distributed outgoing from only the diagram in
Fig. 4.1 because the discrepancy might be due to quantisation errors or simply random
errors. To be able to draw a stricter conclusion on whether the distribution is normally
distributed or not, we have performed a chi-square goodness-of-fit test. The chi-square
goodness-of-fit test is one of the oldest and best known tests in statistics, and it is
described in many text books e.g. [23, pp. 261-278]. To be able to understand the
results we will briefly review it here. The chi-square goodness-of-fit test is performed
outgoing from a histogram, e.g. the one seen in Fig. 4.1. A test variable is defined,

[I>

Q

(O, — B}’
kZ—’“Ek £ (4.9)

1

where n is the number of data intervals (10 in Fig. 4.1), Oy is the number of observa-
tions in interval k and E}, is the expected number of measurements in interval k, given
the measurements really are governed by the assumed distribution (in our case the
normal distribution). It is obvious that the larger the test variable is, the unlikelier it
is that the assumed distribution is correct, and if @) is very large we can with a very
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Figure 4.4: The standard deviation of the error bias as function of frequency. The
same frequency intervals as in Fig. 4.8 are used.

large probability reject the assumed distribution. The @)-values for the histograms in
Fig. 4.1 can be seen in Fig. 4.5.
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Figure 4.5: The test variable Q for every measured discrete frequency. The risk of

erroneously reject the normal distribution is less than 1% (5%) above the red (green)
curve.

We can however be more specific than that. We can quantify the probability of
rejecting a correct distribution, because it can be shown that the test variable 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 Ej,. That
is the case independent of the assumed underlying distribution [23]. In our case, the
normal distribution, we need to calculate three parameters, the number of observed
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data, the sample mean value and the sample standard deviation.

Hence, we know that for our case, our test variable () is chi-square distributed with
7 degrees of freedom, and by looking in a mathematical table or using a mathematical
software it is easy to see that if Q is larger than e.g. 14 (18), the probability of making
a mistake by rejecting the assumed distribution is less than 5% (1%). These levels
have been superimposed in Fig. 4.5. It is not proper to draw a conclusion for a
specific frequency in Fig. 4.5 because the result for a specific frequency is also random.
However, we may e.g. draw the conclusion, that the normal distribution cannot be
rejected for the higher frequency interval, but by looking on the whole frequency
interval we can probably reject the normal distribution because there are so many
points above the horizontal curves.

The later statement can be proven in a more strict way, by use of Fisher’s
method [24]. In Fisher’s method we test the hypothesis that the assumed distrib-
ution (the normal distribution in our case) is true for every tested frequency. We will
again only briefly review the method here. In Fig. 4.5 we have drawn the lines for
1% and 5% significance rejection level, but it is also possible to calculate the specific
significance rejection level for every measurement point in Fig. 4.5. Those specific sig-
nificance rejection levels are denoted p;. In Fisher’s method, all specific significance
rejection levels are added logarithmically,

M
PZ-PY Ip, (4.10)
=1

where M is the number of tested frequencies. If we assume that our assumed distrib-
ution (the normal distribution in our case) is correct at every tested frequency, some
thinking tells us that every p; is uniformly distributed on the interval 0 to 1. As a
consequence thereof, it can be shown that P in (4.10) is chi-square distributed with
2M degrees of freedom. Hence, we can calculate a significance rejection level (p,) for
the whole frequency interval, just as we calculated the specific significance rejection
levels for every specific frequency (p;). The result in our case is that p, is extremely
small® and hence we can, with an extremely large confidence, reject the hypothesis
that the error bias is normally distributed for all measured frequencies.

4.6 Measurement Uncertainty

Generally the measurement accuracy of our measurement system is low in the lower
frequency intervals around and below 1 GHz, but is much better in the higher fre-
quency intervals [25]. In [18], with help of [25], the measurement uncertainty in the
received power in our measurement probes is calculated to be approximately +3 dB
at 0.5 GHz, and £0.5 dB at 18 GHz. E.g. the in (4.5) defined error bias is a quo-
tient between two power values, and both power values have attached measurement

5The value is so small that the software MatLab represents it as 0.
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uncertainties (ep). We calculate the total measurement uncertainty (eq) as the root

sum of squares,
Ctot — \/6%3"‘6%3: \/§€P, (4].1)

giving us a total measurement uncertainty of 4 dB at 0.5 GHz, and 0.7 dB at 18 GH z.
The measurement uncertainties should only be taken as estimations, because, the
formulas used for adding measurement uncertainties in [18, 25] and in (4.11), are
based on the assumption of small measurement uncertainties, which is not really the
case here.

4.7 Discussion

Above we concluded that the error bias is not normally distributed. The conclusion is
scientifically correct, but does unfortunately not give much practical guidance. One
major reason why we could reject the normal distribution was the extensive amount
of measurement data; 1074 different irradiation direction, 2 different polarisations and
1403 different frequencies, giving us in total 3013644 different measurement points.
With such an extensive amount of data almost any distribution can be rejected.
On the other hand, from a practical point of view, the normal distribution may be
completely sufficient as an approximation of the histogram in Fig. 4.1. Here there is
a lack of new test models. What is wanted is a test giving the result that it can not
be rejected that the measured distribution almost follows an assumed distribution.
Such a test must still give quantified results, making it better than only judging by
subjectively looking on the measurement data in form of e.g. a histogram. The test
should also preferably, not automatically increase the rejection confidence when the
amount of measurement data is increased. This topic is to be further investigated.
If we turn into a more practical point of view, one may ask why we bother about
the statistics of the Error Bias. The reason is that we want to be able to estimate the
error we introduce by using our frequency substitution method instead of an accurate
angular and polarisation resolved susceptibility test. That can be done quit easily if
the distribution of the error bias is known [23]. However, the methods proposed in [23],
and other text books as well, assumes that approximate values for the distribution
parameters, e.g. mean value and standard deviation, can be calculated. That is
however not so easily done in our case, because in using our method in practice, we will
not do an angular and polarisation resolved measurement and hence the distribution
parameters for the error bias cannot be calculated. One way to get around that
obstacle is to use typical values outgoing from measurements on many objects, in a
similar manner as it was proposed that the typical directivity of electronic equipment
is 10— 15dB in [14]. Here there is work to be done by systematically going through all
our measured objects. We invite people with further measurement data from other
test objects to contribute. However, we can already now by studying Fig. 4.2 to
Fig. 4.4 conclude that the error margin we have to add may tentatively be 5 dB and
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most important, is smaller than the directivity margin of 10 — 15 d B which the result
in [14] implies. Hence, it may be vindicable to do that work.

4.8 Conclusions

Generally, the model of substituting angular resolved susceptibility testing with fre-
quency resolved susceptibility testing seems to work. However, the model, though it
does not completely fail, is not at its very best within some limited frequency inter-
vals; the reason being strong peak resonances in the true receiving cross section. Our
experience let us guess that the peak resonances are due to aperture resonances in
the test objects. The error bias introduced by using the proposed method is roughly
normal (=gauss) distributed. The lack of knowledge of good test criterions precludes
a more precise judgement.
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