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ABSTRACT

All electronic products appearing on the market of the European Union from 1996
onwards will have to comply with certain EMC-requirements. The radiation emitted by
these products may not exceed certain limits and they have to be immune to a certain field
strength. Checking the compliance of these electronic products will be in the hands of
several test-houses. Because the EMC-measurements carried out by various test-houses
should be comparable, the test sites at which these measurements are conducted must be
of the same (high) quality. Although the validation of test sites is already described in the
standard ANSI C63, in this report a more precise method is presented in order to check
the quality of a test site. It consists of a site attenuation measurement between two linear
wire antennas at the test site. An expression in terms of mutual impedances for the site
attenuation between two linear wire antennas above· an infinite conducting ground plane is
derived. Using the knowledge obtained from the derivation of this expression, we look at
the approximations made in ANSI C63.

The site attenuation has been measured using two linear wire antennas at the Open Area
Test Site (OATS) of Philips Research Laboratories Eindhoven (PRLE) and at the OATS of
Signaal in Hengelo. The results of these measurements are compared with the theoretical
values. The OATS at Signaal shows a closer agreement with theory than the OATS at
PRLE. The relatively poor performance of the OATS at PRLE can be attributed to the
reflections from a nearby measuring shed at the site and the relatively small size of the
conducting ground plane.

Finally, we have investigated the performance of an indoor test site, the Semi Anechoic
Room (SAR) at PRLE. The measured site attenuation in the SAR deviates strongly from
the site attenuation calculated for two linear wire antennas above an infinite conducting
ground plane, especially at low frequencies. By modelling the SAR as a cavity and
accounting for the attenuation by the absorbers, we can describe the behaviour of the SAR
at low frequencies. From measurements of the site attenuation in the SAR, we see that the
cavity model predicts the performance of the SAR up to 50 MHz.
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1. INTRODUCTION

1.1 EMC-MEASUREMENTS

Internationally it has been agreed that the electromagnetic fields ongmating from
electronic products (which can cause radio interference) are to be measured according to a
standard measurement procedure. Within the European Union, many products have to be
subjected to this measurement. The steps to be taken during this measurement are as
follows.

The Equipment Under Test (EUT) is placed on a tum table at a height of I meter above a
metallic ground plane and at a distance of 3 meter (or 10 meter) from a receiving antenna
which can be moved along a vertical pole between a height of 1 and 4 meters. Both
receiving antenna and EUT are above the ground plane that extends beyond the pole and
tum table. The setup is depicted in Figure 1.1.

measuring antenna
vertical or horizontal

I
I

I

I
I

I

/

d

measuring
receiver

Fig. 1.1. Measurement setup.

The tum table with the EUT is rotated until the receiving antenna detects a maximum in
the emitted field at the frequency chosen (normally the range 30 MHz - 1000 MHz is
investigated). After this, the antenna is moved between 1 and 4 meters until detecting
another maximum. This maximum should be less than the specified limit. This procedure
applies both to horizontally polarized fields and vertically polarized fields.

The above mentioned EMC-measurement has to be carried out on an Open Area Test Site
(OATS), i.e. in the open above a relatively large conducting ground plane. Measurements



in the open, however, give some difficulties: one depends on the weather conditions and
the presence of existing electromagnetic fields (generated by legal emissions and other
sources of interference) can influence the results of the measurements. Therefore, it is
common practice to measure in an indoor environment, a so-called Semi Anechoic Room
(SAR). This room is in fact a Faraday cage where all the walls except the ground plane
are covered with absorbers.

Recently there has been much discussion concerning the standardization of these EMC
measurements in international institutions as are Comite Europeen de Normalisation
Electrotechnique (CENELEC), the European standardization institution that decides the
EMC-guidelines for products appearing on the market of the European Union, and the
Comite International Special des Perturbations Radioelectriques (CISPR), part of the
International Electrotechnical Committee (lEe), the world-wide standardization institution
in the field of electrical engineering. Standardization is becoming an important issue as all
products appearing on the market of the European Union from 1996 onwards will have to
comply with certain EMC-requirements.

Of great importance to this standardization is the reproducibility of the measurements. The
quality of the test site and the behaviour of the antennas above the test site form an
essential contribution to this reproducibility.

1.2 VALIDATION OF TEST SITES

If we want measurements carried out on different test sites to agree, the test sites must
have the same relatively high quality. It is not unusual that an electronic product complies
with the emission limits when measured at one test site but fails to meet the requirements
at another test site. If the quality of several test sites is to be compared, an ideal test site, a
standard, should be defined as a reference. A site can then be approved as an official test
site if its quality is comparable to the standard test site. In practice a certain existing test
site is declared "sacred" and used as standard (e.g. in the USA such a site exists in
Boulder supervised by the National Institute of Standards and Technology (NIST) ). The
quality of other test sites is then referred to this standard test site. This implies that a lot
of time and money has to be spend on comparative measurements on the site to be
validated and the standard test site in order to make sure that the site is of the same
quality as the standard. Moreover, not everyone has access to this standard test site.
Therefore, it is much better to define the standard test site as a mathematical half-space
which is bounded by an infinite, perfectly conducting, ground plane and is free of
obstructions. Then everybody has access to this standard test site through theoretical
calculations.

When comparing a practical test site to the theoretical standard it is obvious that the
ground plane of a test site has finite dimensions and conductivity and the area free from
obstructions is also limited. In order to investigate the deviation of the behaviour of a
practical test site from that of the theoretical standard, a transfer measurement between
two antennas at the test site should be done and the results should be compared to those
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computed for the theoretical standard. Setting a certain tolerance, this measurement could
be the basis for the validation of a site.

The validation of a test site by measuring the transfer between two antennas and then
comparing the results to the theoretical values is already common practice and is regulated
in the standards ANSI C63. In ANSI C63 we encounter the voltage transfer between two
antennas at the test site, the Site Attenuation (SA). A quantity related to this SA, the
Normalized Site Attenuation (NSA), forms the basis for validation measurements. This
NSA differs from the SA in the fact that the effect of the antennas on the SA has been
removed. The theoretical NSA for the ideal standard test site is calculated. Measuring the
SA between two arbitrary antennas at the site and then subtracting the effect of the
antennas on the SA gives the experimental NSA. Comparing this measured NSA with the
theoretical NSA gives insight in the quality of the site. In order to derive the NSA from
the SA the effect of the antennas has to be known; in other words, the antennas have to be
calibrated first.

Because the theoretical derivation of the SA and NSA in ANSI C63 contains several
assumptions that are not entirely valid under all measuring circumstances, we have chosen
for a more accurate approach in order to investigate the quality of several test sites. The
quality of a test site will be investigated by measuring the site attenuation in a well
defined configuration, namely between two thin, linear wire antennas above the test site.
First we will describe this measuring setup theoretically. Once the theoretical value of the
site attenuation is known, we will measure the site attenuation on two open area test sites
and in a Semi Anechoic Room and compare the results with the site attenuation calculated
for the ideal open area test site. The situation in the SAR will be investigated more closely
by introducing a model for the SAR at low frequencies which will be evaluated with extra
measurements.

Chapter 2 of this report deals with the characteristics of the linear wire antenna used and
with the effect of mutual coupling. In Chapter 3 an accurate expression for the site
attenuation between two linear wire antennas above a conducting ground plane is derived.
Using the knowledge obtained from the derivation of this exact expression, we also look at
the approximations made in the theory behind the standard ANSI C63. The results of the
measurements conducted on the OATS of Philips Research Laboratories Eindhoven
(PRLE) and Signaal in Hengelo and in the SAR of PRLE are presented in Chapter 4.
Finally, in Chapter 5 the SAR is modelled as a cavity with perfectly conducting walls and
extra measurements in the SAR are done to verify the validity of this model. The last
chapter contains several concluding remarks.
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2. THE LINEAR WIRE ANTENNA

The antennas used for validation of test sites should give easy access to theoretical
calculations. Therefore a linear wire antenna, a dipole antenna, was chosen as the antenna
to be used in the examination of various test sites. As the linear wire antenna will play an
essential part in the measurements, we will first deal with the characteristics of this
antenna.

2.1 CHARACTERISTICS OF THE LINEAR WIRE ANTENNA

In Figure 2.1 the linear wire antenna, also called dipole antenna, is depicted.

z

1/2

Eq>

/

Y

x
1/2

Fig.2.]. Linear wire antenna.

The length of the antenna is I and the wire has a radius a. We assume the current
distribution I(z) on the wire sinusoidal which is a good approximation if the radius of the
wire is thin compared to the operating wavelength. A more thorough examination can be
done by the method of moments [3].
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The current distribution I(z) on the wire is given by

I(z) = Iosin(k(!.-lzl)
2

where k=2n/'A and with 10 the complex amplitude of the current according to

II
10 = ---

sinC kl)
2

where I J is the complex input current at the antenna terminals as depicted in Figure 2.1.

(1)

(2)

From this current distribution the field generated by the wire antenna can be calculated.
The expressions for the field components Ep and Ez are [3]

Z 1 [( I ) -jkR
J

( I) -jkRl kl -jkr]E :::: j 0 .0 z-- _e_+ z+- _e_-2zcos(_)_e_
p 41t psmcp 2 RI 2 ~ 2 r

Z 1 [-jkR1 -j/eRl kl -jkr]E :::: -j~ _e_+_e__2cos(_)_e_
% 41t R. ~ 2 r

where Zo=1201t and

r = Vpz+zz

(3)

(4)

~ = p2+(Z+ ~r .
Because the antenna is rotationally symmetric, £",=0.
The above expressions are also valid in the near field region. As the receiving antenna in
general will be parallel to the orientation of the transmitting antenna, mainly E: will be of
interest.

The input impedance of the wire antenna, when radiating into an unbounded medium, is
given by [3]

Z :::: R +J·X
4 a a

where
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Z
Xa = 4~ ( 2Sj(kl)+cos(kl)[2Sj(kl)-SJ2kl)]-

sin(kl)[2qkl)-C,{2kl)-C{¥)])sin-2( ~)
with r is Euler's constant and S,(x) and Clx) the sine and cosine integrals defined by

oX

S.(x) =Jsin("t) dt
I t

o

oX

C.(x) = Jcos(t) dt .
I t..

2.2 MUTUAL COUPLING BElWEEN LINEAR WIRE ANTENNAS

(Sa)

(Sb)

Our intention is to measure the attenuation between the two wire antennas at the site to be
validated. For this purpose we have to measure the voltage that is induced in the receiving
antenna by the incident field which is generated by the transmitting antenna. Let us first
consider the case of two wire antennas in each other proximity as depicted in Figure 2.2.

I,
v,

Fig. 2.2. Mutual coupling between antennas.
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(6)

(7)

Antenna 1 is excited with a current I} and will generate a field according to Eq.(3) and
Eq.(4). This field will induce an open circuit voltage in antenna 2. With the aid of the
Lorentz Reciprocity Theorem this voltage can be calculated from the field incident on
antenna 2 in the receiving state and the current distribution on antenna 2 in its transmitting
state [6]. The induced open circuit voltage Voc is then given by [6]

-1 If2
jV = V I = - I(z)E (z)dz

OC 2112 =0 1,(0) -If2' iz;

In this expression I,(z) is the current distribution on antenna 2 in its transmitting state and
Ej.(z) the z-component of the field E i incident on antenna 2 ( E;.(z) is the component
parallel to the receiving antenna if we assume that the antennas are aligned along the z
direction). In this case Eilz) is given by Eq.(4).
The ratio of the voltage induced in antenna 2 and the input current of antenna 1 can be
regarded as a transfer impedance, a so called mutual impedance. This mutual impedance is
defined as [3]

V2112~O
Z21 =

II

For two wire antennas of length l=n'AJ2 {n=1,2,.. } analytical expressions for Z2J expressed
in Slx) and Clx) can be derived from Eq.( 1,2,4,6) [3]. For other lengths the integral in
Eq.(6) has to be evaluated numerically.

Let us now consider the case where the antennas are far apart (in terms of antenna
lengths) and the field incident on the receiving antenna 2 can be seen as a plane wave
(Figure 2.3).

1/2

Fig. 2.3. Receiving antenna in a plane wave.
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The z-component of the plane wave incident on the antenna can be described by

E1r.(z,6) = EoSin(6) ejkr,ca.(6) • (8)
. --.

The magnitude of the induced open circuit voltage Voc will be proportional to the strength
of the incident field and the following relation holds

IV~ = h(6)Eo
where h(B) is defined as the effective length of the receiving antenna [13].

(9)

The effective length of a linear wire antenna can be determined using Eq.(6,8,9) as follows

1 lf2
h(e) = f ],(z) Ejz(z,6)dz

Eo ],(0) -1/2

lf2
= • 1 Jsin{k(1/2-lz [)sin(6)ejkzcos(6)dz

sm(kl/2) -1/2

For 8=7tl2 the above integration gives

h(~) = 12(l-COS(kl/2)! .
2 ksin(klj2)

(10)

(11 )

In practice we are not interested in the open circuit voltage of the antenna as generally the
antenna will be terminated with a load across which the received voltage is measured. In
Figure 2.4 an equivalent network is given for the antenna in the receiving state in terms of
the open circuit voltage, antenna impedance and load impedance.

Fig. 2.4. Antenna with load.
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In this context an antenna parameter called the "antenna factor", which is often used in the
world of EMC measurements, is introduced. It is defined as

(12)

where E;(O) is the field incident on the antenna (as In Figure 2.3) and Vr the voltage
across the load.

From Figure 2.4, it can be seen that the antenna factor is related to the effective length as

1 Z +R
AF(8) = __Q_r •

h(8) Rr

(13)

(14)

Although the antenna factor refers to the antenna in the receiving state it can also be used
to describe the antenna in the transmitting state. Therefore, we may derive the relation
between the gain G(O) of an antenna and its antenna factor. First we state the relation
between the gain and the effective aperture A,(O) of the antenna which is based on
reciprocity and is given by

A e(8) = ~G(8) •
41t

If E;(8) is the field incident on the antenna, the foHowing relation holds for the power
density Sj of the wave incident on the antenna and the power Pr generated in the load
resistance R r

p =A(8)S.=~G(e)IEi(8)12 = IVr l
2

•
rei 41t 2Z 2Ro r

From the above relation it is seen that

(15)

AF(8)
1

A

9

(16)



2.3 INPUT IMPEDANCE ABOVE GROUND PLANE

In tile measurements that are done above the ground plane, the antennas will not only be
in each others proximity but also in the proximity of their mirror image antennas. Let us
consider the case of a half-wave dipole above a conducting ground plane. We will look at
the input impedance in case of horizontal and vertical polarization. The antennas and their
mirror image antennas are depicted in Figure 2.5 and 2.6.

J~ I ------

l hd~

image~,J
limage

-__ft_I1__

1height

Fig. 2.5. Horizontal antenna above ground
plane.

Fig. 2.6. Venical antenna above ground
plane.

If we have a perfectly conducting ground plane the tangential electric field must be zero
on the ground plane. In the case of horizontal polarization this implies that the current in
the mirror antenna is exactly opposite the current in the antenna above the ground plane,
so /2=-/' in Figure 2.5. In the case of vertical polarization the current in the mirror antenna
is equal to the current in the antenna above the ground plane, so 12=/} in Figure 2.6. By
making use of the transfer impedance defined by Eq.(7) we can relate the voltage V, to
the input current /} of the antenna

VI = ZllIl +Zl/2 = (Zll +PZ12)l1

where p=-l with horizontal polarization and p=+ I with vertical polarization.

(17)

ZJJ is the input impedance of the antenna radiating into free space, thus in the absence of
a ground plane, given by Eq.(5) which for 1=')J2 gives ZJl=73+j42. In other words, we see
that the "free space" input impedance of the antenna in the presence of a conducting
ground plane is affected and increased or reduced by an amount ZJ]. To illustrate this
influence the input impedance Za=Ra+jXaof a half-wave dipole above the ground plane has
been calculated for both polarizations as a function of the height in wavelengths and the
results are given in Figure 2.7 and Figure 2.8. Note that for vertical polarization the height
has to be greater than IJ4 because of the length of the half-wave dipole.
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Fig. 2.8. Input impedance in case of
vertical polarization.
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Fig. 2.7. Input impedance in case of
horizontal polarization.

From Figure 2.7 and 2.8 we see that when the height increases the effect of the ground
plane on the input impedance diminishes and the input impedance approaches the free
space value of Za=73+j42 with both polarizations. Because the vertical dipole radiates
much less in the direction of the ground plane than the horizontal dipole, the input
impedance of the vertical antenna is less affected by the ground plane. It approaches the
free space value of Za=73+j42 faster.

11



(I8)

3. THE SITE AlTENUAnON

3.1 EXACT EXPRESSION FOR THE SITE ATTENUATION.- . _. --

We will now derive the exact theoretical expression for the site attenuation between two
linear wire antennas above an infinite, perfectly conducting, ground plane. "Exact" refers
to the fact that no far field approximation wiIJ be made. Of course, the sinusoidal current
distribution on the antennas is still an approximation. In Figure 3.1 the configuration of the
two antennas above the ground plane is given.

I, \, \\, \h' ,\ \, ,, ,
\, I

" 4'r'v'
Fig. 3.1. A ntennas above ground plane.

The transmitting antenna, denoted antenna 1, is connected to a signal generator with open
circuit voltage Vg and internal impedance Rg . The receiving antenna, antenna 2, is
connected to the receiver characterized by a load impedance Rr . The voltage over the
receiver load is V r .

The influence of the ground plane can be modeIJed by omitting the ground plane and
introducing the mirror images of antenna 1 and 2, which are denoted by antenna 3 and 4,
respectively. We can now make use of the concept of mutual coupling between the
antennas as treated in §2.2. In Figure 3.1 the various transfer impedances Znm are
indicated.

The definition of the Site Attenuation (SA) as stated in ANSI C63 [1,2] is

V Rr

8R +R
SA = r 8

Vr

The numerator of the SA is in fact the received voltage when generator and receiver are
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(19)

directly connected. The denominator is the received voltage when the transfer between the
two antennas at the site is measured. We will now derive an expression for this SA. The
terminal voltages VI and V2 can be related to the input currents IJ through I.,

VI = Zlll +Z1212 +Z1313+Z1414

V2 = Z21 11+Z2212 +Z2313+Z2414

where ZlJ and Z22 are the input impedances of antenna 1 and 2 in the case where the
antennas would be radiating into an unbounded medium as given by Eq.(5). The other
coefficients are the transfer impedances between the various antennas as depicted in Figure
3.1. These transfer impedances Znm are given similarly to Eq.(7) as

ZMJ = V
n l .

1m /=<>,i.,.m

Because of reciprocity Z23 equals ZJ4 and ZJ2 equals Z2I'

(20)

(21)

We will distinguish two cases in the alignment of the antennas with respect two the
ground plane: horizontal and vertical polarization. In both cases the antennas will be
aligned parallel to each other to ensure maximum signal transfer. The tangential electric
field at the surface of the ground plane must be equal to zero and therefore the mirror
currents 13 and I., have to be equal to II and I] respectively, in the case of vertical
polarization, and of opposite sign in the case of horizontal polarization.
Thus the equations in (19) can be written as

VI = (Z11 +PZ13) II +(ZI2+PZ IJI2

V2 = (Z21 +pZ2Jl1+(Z22+pZ~12

where p can be seen as the reflection coefficient for a perfectly conducting surface, equal
to +1 for vertical polarization and equal to -1 for horizontal polarization.

It is clear that the transfer between the two antennas can be described as a two port with

(22)

where

W22 = Z22 +pZ24

W12 = W21 = Z12 +pZ14 •

The configuration of the measunng setup In Figure 3. I can now be replaced by the
network in Figure 3.2.

13



vJ W11 W12
W12 W22

Fig. 3.2. Network model of measuring setup.

From Figure 3.2 and the preceding lines the SA as defined in Eq.(18) can readily be
deduced as

14
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3.2 SITE ATTENUATION IN TERMS OF ANTENNA FACTORS

The expression for the site attenuation derived in the preceding paragraph is not only valid
for two linear wire antennas but also for two arbitrary antennas. In order to determine the
site attenuation between two arbitrary antennas one would have to calculate the various
transfer impedances as indicated in Figure 3.1. In the case of two linear wire antennas
these transfer impedances can be calculated as indicated in §2.2 in a relatively simple
manner assuming a sinusoidal current distribution on the antennas. In the case of two
arbitrary antennas first the current distribution on the antennas should be found using for
example the method of moments [3] in order to calculate the transfer impedances.
Depending on the structure of the antennas this will lead to a more or less complex
electromagnetic boundary problem. It is, however, possible to express the site attenuation
in terms of the antenna factors of the transmitting and receiving antenna. In this manner
the site attenuation can be calculated if the antenna factors are known. In order to express
the site attenuation in terms of antenna factors several assumptions have to be made.

The first assumption we make is that IWu +RJ' IW22 +R~ > IWl~ ,which simplifies Eq.(23)

to

SA = (Wll +Rg)(Rr +W22) (24)

(Rr+Rg) W12

This approximation is valid if the antennas are placed relatively far apart.
In the following part we will make use of the configuration given in Figure 3.3

Sl(6)
... ----...

/ ,
/ ,

/ ,
/ \

I \
I \

I \
I \

:~

S2(6) '/---',
/ ,

/ ,
/ ,

I \
I \

I \
I \
I \

: 1

I
I
I
I

Fig. 3.3. Transmitting and receiving antenna

If we assume that the receiving antenna is at a relatively large distance from the
transmitting antenna and thus in the far field of the transmitting antenna we can derive a
simple expression for W 12 in terms of the antenna factors of the antennas used.

15



We begin by looking at the receiving antenna. The field incident on the receiving antenna
is the result of two contributions, the direct field Ed incident from an angle (Jd and the
reflected field Er incident from an angle (),. The characteristics of the receiving antenna are
embedded in its effective length h2({}) as defined in §2.2. The angle dependence of this
effective length is expressed as hl{})=h,~l{}). Sl{}) is the normalized voltage pattern of
the antenna in the vertical plane (SlJZ1'2)=1) . With the aid of this effective length we can
write for WI]

(25)

(26)

(27)

he2(S2(6d)EI6d'R)+S2C6,)ErC6,,r»
= ---~....;........;....-------

11

Next we will express the field incident on the receiving antenna in terms of the antenna
factor of the transmitting antenna.

If the transmitting antenna is provided with a power PJ and has a gain pattern Gl{}) given
by Gl{})=GolSl{})/, where Sl{}) is the normalized voltage pattern of the transmitting
antenna, the direct field Ed and reflected field Er can be written as

Zo e -jkR
Z;;P1G01 Sl(6d)"R

Zo e-jkr

-P1GOl SI(6,)-- .
211: r

It is also possible to relate the provided power PI to the current II passing through the
radiation resistance of the transmitting antenna. Generally the antenna connected to the
generator will cause a mismatch and therefore reflect a part of the provided power Pr.

As seen before, the input impedance of an antenna in the proximity of another antenna
changes from its stand-alone val ue. In this configuration the input impedance of the
transmitting antenna is influenced by its mirror antenna and by the receiving antenna and
its mirror antenna. From Eq.(22) we can derive the input impedance of the transmitting
antenna Zal=Ra1+jXa1 by using the fact that V]- R/I]

2W12
Zal = Wu - = WllW22 +R,

where we have neglected the second term because we have assumed that the antennas are
relatively far apart which means that the receiving antenna does not influence the
transmitting antenna and vice versa. Similarly it follows for the receiving antenna

(28)
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Returning to the relation between P, and I" taking into account the power reflection from
the transmitting antenna, we have

P (1 ZQI-
Rgrl = R U .

1 Z +R oJ 2
al g

Expressing PI in I, gives
(29a)

(29b)

(33)

(34)

(35)

IW +R L
PI = 1~ g ~112 .

Rg

We will now use the relation between gain and antenna factor Eq.( 16)

1 41tZoG = - (30)
oJ A2 R AF 2

g 1

where A F] is the antenna factor related to the direction of maximum gam. Substituting
Eq.(29b) and Eq.(30) in the expressions for the field Eq.(26) gives

z IW +R I -jkR
EJ6 R) = 0 11 g 8 (6 )_e-III

d' 2AR AF 1 d R 1
g 1 (31)

_ ZoIW11 +Rgi e -jkr
Er(6r,r) - p SI(6r)-1l11 .

2ARgAFI r

Substituting Eq.(31) in Eq.(25) yields for the absolute value of W 12

z IW +R Ih -jkR -jkr

IWJ:;; 0 11 g e2 S (6)8 (6 )_e-+pS (6)8 (6 )_e_ (32)
121 2AR AF 2 did R 2 r 1 r r

g 1

In order to introduce the antenna factor of the receiving antenna we express the effective
length of the antenna in the direction of maximum gain h'2 in terms of the antenna factor
in this direction AF2. According to Eq.(13) and with Za2=Wn we have

1 W22 +RrAF =
2 h

e2
R

r

Finally we can write for W'2

w :;; ~IWll +RgIIW22+RrIE
I 1~ 2AR R AF AF

g r 1 2

where E is a factor that depends on the voltage patterns of the antennas and the heights
and separation distance of the antennas as well as their polarization given by

-jkR -jkr
E = S2(6

d
)81(6d)_e-+p82(6r)81

(6r )_e-
R r

With this simplification of W'2 Eq.(34) it is possible to rewrite the site attenuation Eq.(24)
as
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SA = AF1AF2RgR;2'A
(Rs+Rr)Zcfi

If we have Rg=Rr=50 n this reduces to

39.79AF1AF2SA ;:
f ME

where1M is the frequency in MHz.

3.3 EVALUATION OF ANSI C63

(36)

(37)

In this investigation of test sites we will make use of the exact expression for the site
attenuation, that is Eq.(23). It is though common practice to use the simplified version
according to Eq.(37). This simplified expression for the site attenuation is used in the
standard ANSI C63. Depending on the validity of the assumptions made in the preceding
paragraph this will give more or less accurate results. We will now look at two subparts of
this standard, C63.5 and C63.4.

ANSI C63.5

In ANSI C63.S a three-antenna calibration procedure is described that makes use of
Eq.(37) for the site attenuation. The antenna factors of three antennas are determined by
measuring the site attenuation three times between two antennas out of the set of three.
With Eq.(37) the antenna factors can then be determined from the three measured site
attenuations. During this measurement the transmitting antenna is usually placed at a
height of y J= 1 m and the height of the receiving antenna is varied until a maximum in
signal is detected (usually Y2 varies from 1 to 4 m), that is, the minimum site attenuation
is determined. In this way one avoids measuring at a position where due to destructive
interference of the direct and reflected wave the total field is zero which would be
impractical because of the large spatial variation around a null and the inaccuracy provide
by the low signal level at the receiver. The separation distance between the antennas is
usually 3 or 10 m.

In this procedure it is assumed that the antenna factors are independent of height, that is,
Eq.(37) is used as

39.79AFr4F2

fMEI~-4m
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It is clear from Eq.(13) that the antenna factor in general will not be independent of
height, since it is directly influenced by changes in antenna impedance. For the case of a
half-wave dipole it is clear from, for example, Figure 2.6 that this impedance varies as a
function of height . Although there are antennas that are less affected by the presence of a
ground plane, at lower frequencies this influence will certainly be noticeable (see for
example [7] for the often used biconical dipole). Therefore, it is advisable to determine
the true antenna factor as a function of height at lower frequencies.

Normally the antennas are calibrated using horizontal polarization. In this case the
antennas, because of the axial symmetry, are always radiating in the same direction of the
radiation pattern (8=1t12) and the antenna factor in this direction is determined. The same
antenna factor will then apply when the antenna is used to measure the emission from an
EUT with horizontal polarization. Calibration in case of vertical polarization though is
more complicated. Knowledge of the voltage pattern in the vertical plane (SlB) and S:lB)
is of great importance to the accuracy with which the antenna factor is determined. In
ANSI C63.5 it is assumed that the voltage pattern of the antennas used in EMC
measurements can be approximate by S(B)=sin(8). Although this may hold in some cases,
it can be seen that for example the voltage pattern of the biconical dipole starts to deviate
from this S(B)=sin(8) at higher frequencies (f >150 MHz) [7]. In the case of vertical
polarization also measurements of the radiation pattern are recommendable.

Apart from the above-mentioned approximations there is another fundamental
approximation: Eq.(37) is based on a far field analysis. The field generated by the
transmitting antenna is calculated as a far field and at the receiving end the induced
voltage is calculated assuming an incident plane wave on the receiving antenna. To ensure
this far field condition in practice the separation distance between the antennas during
calibration should be large compared to the antenna length.

Another way to determine the site attenuation and, eventually, to calibrate an antenna
which lies in between using the exact expression Eq.(23) and using the simplified one
Eq.(37) could be as follows. The transmitting antenna should be a known (theoretically
easy tractable) antenna, for example the linear wire antenna from §2.1. The variation of
the antenna impedance above a ground plane is then known or in the case of a short wire
antenna even neglectible. If a generator with a unity open circuit voltage is connected to
the transmitting antenna terminals, the current through the antenna is known and the exact
field E, a superposition of the direct field and the field from the mirror antenna (given by
Eq.(4) in the case of a wire antenna), at the location of the receiving antenna can be
calculated. If the receiving antenna is small enough or at a great distance from the
transmitting antenna, the field incident on the antenna can be seen as a plane wave and the
antenna factor (AFr ) can be used to calculate the voltage generated over the load. In this
case the far field approximation is thus only made at the receiving end. Using the above
approach the site attenuation is given by
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(39)SA-~
A
AFr

Now the site attenuation can be calculated or if desired, the site attenuation can be
measured and the antenna factor of a small receiving antenna can be determined.

-s ..............
o 50 100 150 200 2SO 300 350 400

f (MHz)

Fig. 3.5. SA with height dependent
antenna factors.
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Fig. 3.4. SA with height independent
antenna factors.

In order to illustrate the influence of the various approximations the site attenuation
between to half-wave dipoles with horizontal polarization has been calculated in various
ways. The antennas are 3 m apart and both at a height of 1,2 m. Thus the receiving
antenna is not varied in height as with ANSI C63.5. The length of the dipole is adjusted to
a half wavelength at every frequency. The result is shown in Figures 3.4 and 3.5

45 45 .-----,---.,------:---;-----;----,--.,-----,

40

In both figures the exact calculation of the site attenuation according to Eq.(23), given by
line 1, is depicted for comparison with the approximations, line 2 and 3. The
approximation of the site attenuation according to the method described above (using the
exact field expression for the transmitting antenna and the antenna factor for the receiving
antenna) is given by line 2 and the approximation of the site attenuation according to
Eq.(37) which is also used in ANSI C63.5 is given by line 3 . In Figure 3.4 the site
attenuation according to line 2 and 3 has been calculated in both cases using height
independent antenna factors and thus neglecting the influence of the ground plane on the
antenna impedance. The antenna impedance (used to calculate the antenna factor from
Eq.(13» is set equal to ZQ=73+j42, which is the impedance of a half-wave dipole radiating
into an unbounded medium. It is clear that at frequencies below 300 MHz the
approximations, line 2 and 3, deviate strongly from the exact value for the site attenuation,
line 1. These approximations do not predict the fluctuations in the site attenuation which,
as we will find out later on, will be present in measurements. The peak at f=360 MHz is
caused by the destructive interference between direct and indirect wave. It is also predicted
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(40)

by the approximations.

A more accurate approximation is possible if we use height dependent antenna factors. In
Figure 3.5, line 2 and 3 are now calculated departing from the correct value for the
antenna impedance as seen in Figure 2.6. We see that including the effect of mutual
coupling with the mirror antenna gives a much closer agreement of line 2 and 3 with the
exact value, line 1. The fluctuations in the site attenuation at lower frequencies are clearly
the result of fluctuations in the antenna impedance and not of destructive/constructive
interference between the direct and reflected wave. Below f= 100 MHz line 2 and 3 do not
longer follow the exact curve, line 1. This deviation is due to the fact that the far field
approximation is no longer valid. We see that line 2 follows the exact curve more closely
than line 3. Line 2 has been calculated using the exact expression for the field on the
transmitting side, so the deviation is entirely due to the fact that the field incident on the
receiving antenna is no longer a plane wave and the antenna factor is not a correct
description for the relation between the incident field and the induced voltage across the
load. Line 3 gives a worse description of the site attenuation at lower frequencies because
it also includes the far field approximation at the transmitting side.

ANSI C63.4

In ANSI C63.4 a procedure is described for the validation of a test site using the
Normalized Site Attenuation (NSA) criterion. This NSA is related to the SAmin Eq.(38) and
is given by

39.79NSA = ----

fMEI~-4m

In this NSA the effect of the antennas has been excluded. This NSA is used to validate
test sites. The site attenuation between two arbitrary calibrated antennas is measured and
then the antenna factors are eliminated from this site attenuation leading to a NSA. This
NSA is compared with the theoretical value according to Eq.(40). A tolerance of ±4 dB is
permitted. This 4 dB includes approximately·2 dB inaccuracy for the antenna factors, I dB
measuring inaccuracy and 1 dB site imperfection.

The concept of NSA is only valid if the far field approximation holds, thus the antennas
should be far apart. Nevertheless the main uncertainty lies in the antenna factors of the
antennas used. The antennas will normally have been calibrated with the three antenna
method of ANSI C63.5 on another test site that is nominated as reference site.
Imperfections of this site are then included in the antenna factors of the calibrated
antennas. The site that is then investigated with these antennas and the NSA concept can
thus be wrongly evaluated. What really is determined with this method is the difference
between the reference site and the site to be investigated. Therefore, in order to investigate
the quality of several test sites, we will not use the NSA concept but we will compare the
measured site attenuation between two half-wave dipoles with the exact calculations
according to Eq.(23).
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4. MEASURING SITE ATIENUAnON

4.1 THE MEASUREMENT SETUP

When measuring the site attenuation we have to take into account some practical
implications of the measuring setup. First of all, the transmitting and the receiving antenna
are not directly connected to the generator and receiver, so losses in the cables have to be
known. Also, the dipole antennas used are not completely ideal, because they have a balun
which introduces some loss.

4.1.1 CABLE LOSS

In the measuring setup de transmitting and receiving antenna are connected to the signal
generator and receiver by means of a coaxial cable which of course is not included in the
theoretical model for the site attenuation so far. The practical measuring setup can be
modelled as depicted in Figure 4.1.

Rg
Y'Zo y, Zo

Vg I I I

vIO)Ii r' wI!\((11) i q Vr(O)

I
I I I

I
I I ~ :
6 J1 y-u+JP 0

'
2

Fig. 4.1. Practical setup.

The set of antennas has been replaced by the equivalent two port and the coaxial cables
are given by their transmission lines, characterised by the complex propagation constant y
and characteristic impedance Zo which is usually 50 n. Because Rg=Rr=50 n, the
generator and receiver are matched to the cables. The impedance Z; seen at the input of
the two port (given by Eq.(27)) will generally not be matched to the cable and therefore
cause reflections. The voltage at the input of the two port is given by

(41)
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At the output of the two port the voltage across the load is given by

IV,(~) I = IV,(O) Ie -u~ • (42)

If we compare these voltages to the ones in the situation where the antennas would be
directly connected to the generator and receiver, we see that the measured values should

be corrected by a iactor eu(ll+l,) . This factor can be automatically accounted for by first

measuring the received voltage V dir with the generator and receiver directly connected by
the coaxial cable, and then measuring the received voltage V;nd when the antennas are
introduced. The measured site attenuation is then calculated from

(43)

4.1.2 THE BALUN

The linear wire antennas used in the measurements are equipped with a so-called balun
(balance to unbalance). This balun allows the transition from the asymmetric coaxial
system to the symmetric transmission line of the antenna. The balun used is given in
Figure 4.2.

I·

Coaxial
line

·1

Shorted together

Fig. 4.2. The balun.

We model the balun as a two port with the T-network In Figure 4.3 .

.--------t------/l ~r--1 If----+----a----------,
Bl1-B12_~ B2f B 12

Z.
1

~

Fig. 4.3. T-network for balun.
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By terminating the balun with various loads R, (R,=50 n, open and short-circuit) and
measuring the input impedance Zj with the aid of a network analyzer, we have found the
values of the two port parameters B11,B12 and B12 as a function of frequency. In Appendix
I these measured parameters are given. Also· the power transfer in case of R,=50 Q and
R,==73 Q is illustrated. We see that, depending on the load, the balun introduces roughly a
loss of a 0.5 dB.

If we account for the balun on the transmitting and receiving side we get the model of
Figure 4.4. for the measuring setup.

R.

Fig. 4.4. Baluns in measuring setup.

The three two ports in Figure 4.4 can be replaced by one two port with the following
parameters

2B12(Wll +B22)
E22 = Bu - 2

(Wu +B22)(W22+B2J- W12

and similar to Eq.(23) we get the following expression for the site attenuation

(44)

SA
(Ell +Rg)(E12 +Rr)-(E12)2

(Rr+Rg)E12
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4.2 SITE ATTENUATION ON OPEN AREA TEST SITES

In this paragraph the results will be given of various measurements on two open area test
sites: the OATS at Philips Research Laboratories Eindhoven (PRLE) and the OATS at
Signaal. The results will be compared to those computed for the ideal open area test site.

4.2.1 OPEN AREA TEST SITE AT PHILIPS

At PRLE the open area test site forms part of the EMC-testing facilities. It was
constructed long ago in the sixties with little specifications. We have submitted it to
various measurements in order to find out its quality with respect to the ideal open area
test site. In Figure 4.5 the layout of the OATS is depicted. In Appendix 2 a more detailed
map and a picture can be found.

measuring
shed

2,5 m 3,0 m 7,5 m X
~-----Xl ~ ... X 2 ....~----------j----~ 3

conducting ground plane (6x9 nf)
---=------'

Fig. 4.5. OA TS at PRLE.

On this test site the site attenuation between two identical tunable half-wave dipole
antennas has been measured, both for horizontal and vertical polarization. At each
frequency the length of the antennas has to be adjusted. The scale on the tunable antennas
was such that when the length of the antenna was tuned, it was about 10% shorter than
half a wavelength. This is done to minimize the imaginary part of the input impedance
(42 n in free space) and to make the antenna fully resonant [5]. For the calculation of the
site attenuation according to Eq.(45) we have used the real lengths of the dipoles and not
the half wavelength. The radius of the dipole antennas was 3,5 mm.

The measuring equipment is in the shed which adjoins the conducting ground plane
consisting of a wire mesh (6x9m2

). We have measured the site attenuation for a separation
distance of d=3 m and d=10,5 m. The receiving antenna is at position Xl and the
transmitting antenna at position X 2 and X3. Both antennas where at a height of y=1,2 m in
the case of horizontal polarization and at a height of y= 1,05 m in the case of vtlrtical
polarization. With horizontal polarization the frequency range of 30 MHz - 250 MHz has
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42 r--...,..--.......,.--...,....-----,----,

been examined. With vertical polarization the lower part of the frequency range was
limited to 80 MHz because of the height/length of the antenna. The measured site
attenuation as a function of frequency is given in the Figures 4.6a through 4.6d. Also the
theoretical site attenuation for an ideal test site according to Eq.(45) is given. To give an
impression of the influence of the balun also the theoretical site attenuation without balun
according to Eq.(23) is given in Figure 4.6a. We see that the two baluns introduce a loss
of roughly 1 dB.
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Fig. 4.6. Calculated and measured site attenuation as a function offrequency.

a) Horizontal polarization, d=3m, transm Wing position x] and receiving position x /.
b) Horizontal polarization, d=lO,5m, transmitting position x j and receiving position Xl'

c) Vertical polarization, d=3m, transmitting position x] and receiving position XI'

d) Vertical polarization, d=lO,5m, transmitting position X J and receiving position Xl' •
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With horizontal polarization and d=10,5 m (Fig. 4.6b) the site attenuation shows some
remarkable peaks at certain frequencies which do not occur in the theoretical site
attenuation. If we compare this measurement to the same measurement but at d=3 m (Fig.
4.6a), we encounter the peaks at the same frequencies only less strong. We get the

-impression that the wall of the measuring shed which is behind the receiving antenna at
position XI causes this peaks. Although the shed was mainly constructed with electro
magnetic "transparent" materials, it is still possible that it causes disturbing reflections.
The construction may have become less transparent e.g. by accumulation of moist in the
bricks of the walls. Moreover, the shed contains the measuring equipment and personnel.
Extra measurements have been carried out in order to investigate these possible reflections
from the measuring shed. The results are presented in Appendix 3. It can be concluded
from these measurements that the shed causes the peaks in the measured site attenuation.
Therefore it would be recommendable to remove the shed and place it at a larger distance
from the antenna setup. This would give a better agreement with the theoretical site
attenuation. This shows the importance of an obstruction free area around the test site.

With vertical polarization (Fig. 4.6c and 4.6d) the deviation from theory is even greater.
Besides the peaks, there is a general discrepancy especially with d=10,5 m (Fig. 4.6d).
With vertical polarization there is an extra measuring uncertainty, the coaxial cable that
feeds the antenna is hanging parallel to the antenna and interacts with the antenna. This
piece of cable starts to act as an antenna, disturbing the measuring results. The cable
should therefore be led horizontally away from the antenna and be damped with ferrite
beads. This could be a reasonable explanation for the larger deviation with vertical
polarization.

An general explanation for the divergence from theory is the relatively small size of the
conducting ground plane (6x9 m\ A rule of thumb for the required size of the conducting
ground plane is given by the Fresnel ellipses (see Appendix 4). According to this rule of
thumb the size of the test site should be at least 12x16 m2 if it is to be used for f=30 MHz
and d=10,5 m while transmitting and receiving antenna are at a height of 1,2 m.
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4.2.2 OPEN AREA TEST SITE AT SIGNAAL

We had the opportunity to repeat the measurements done at PRLE on another OATS at
Signaal in Hengelo. The OATS at Signaal- is of temporary nature. The ground plane
consists of several stretches of iron wire mesh with a grid diameter of approximately 1 em.
The size of the ground plane is approximately 12x12 m2

• The ground plane was laid out
on the relatively wet lawn of a football field. The nearest obstacle is the measuring van at
a distance of about 20 m. A picture of this OATS is given in Appendix 5.

The various positions of the antennas on the OATS are indicated in Figure 4.7.

10,5 m

•

~ ~

3,0 m

conducting ground plane (12x12 m 2)

Fig. 4.7. VA TS at Signaal.

The results of the measurements and the corresponding theoretical curves according to
Eq.(45) are given in the Figures 4.8a through 4.8d.
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Fig. 4.8. Calculated and measured site attenuation as afunction offrequency.

aJ Horizontal polarization, d=3m, transmitting position x J and receiving position X 4.

b) Horizontal polarization, d=10.5m. transmitting position Xl and receiving position XI'

c) Vertical polarization, d==3m. transmitting position x J and receiving position X 4

d) Vertical polarization, d==]O,5m, transmitting position Xl and receiving position XI.
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When comparing the results to the measurements at PRLE, it is clear that the strange
peaks present at PRLE are absent and that the measured site attenuation shows a better
agreement with theory. So, the OATS at Signaal is a better approximation to the ideal test
site than the PRLE OATS.- The OATS at Signaal has a targer ground plane than the PRLE .
OATS and the obstacle free area is larger (no nearby measuring shed).

At first we doubted the effectiveness of the stretches of iron wire mesh as conducting
ground plane. The lawn on which the mesh was deposited, was very wet because of the
rain. The question was how much could be attributed to the mesh and what was the
contribution of the wet underground to the conductivity. The stretches of iron wire mesh
are galvanicly connected only at a few points and the mesh consists of twisted iron wires
which are corroded thus deteriorating its conductivity. In order to find out what the quality
of a wet lawn is as a OATS we have also investigated the football field at PRLE. The
results of this measurements can be found in Appendix 6. From these measurements it
follows that with horizontal polarization the wet lawn approximates the performance of the
iron mesh but is not as good. With vertical polarization the performance of the wet lawn
as conducting ground plane is much worse compared to the iron wire mesh. The iron wire
mesh at Signaal therefore forms an essential contribution to the conducting ground plane..

4.3 SITE ATTENUATION IN SEMI ANECHOIC ROOM AT PHILIPS

We have also investigated the semi anechoic room (SAR) at the EMC-department of
PRLE. The geometry of the SAR is given in Figure 4.9 (see also Appendix 7).

side

side
Fig. 4.9. Top view oj SA R at EMe-department.
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The dimensions of the SAR without absorbers are : length (back-front) 6.71 m, width
(side-side) 4.88 m and height 5.48 m. The walls and ceiling of the room are covered with
pyramidal absorbers. The absorbers on the back and front wall are about 36 inch in length
and the sidewall absorbers are about 30 inch in length. The walls behind the absorbers and
the ground plane are made of highly conductive material. The size of the absorbers is in
fact much to small compared to the wavelengths of the frequency range in which the SAR
is normally used (30-300 MHz). The SAR will thus only partially comply with the
specifications of an OATS. To investigate the shortcoming of the SAR the site attenuation
as measured on the OATS has also been measured in the SAR.
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The site attenuation for both horizontal and vertical polarization has been determined. The
transmitting antenna is placed at position XI and the receiving antenna is at position x2.

This is normally the approximate position of the EUT and the receiving antenna, so any
anomalies which appears will also be present in the standard EMC-radiation
measurements. The height of the antennas is 1,23 m for horizontal polarization and 1,08 m
for vertical polarization. The measurements could only be carried out for d=3 m due to the
limited dimension of the SAR. Also the frequency range for horizontal polarization had to
be reduced at the lower end due to the dimension of the SAR (40 - 250 MHz). The results
are given in Figure 4.10a and 4.10b together with the calculated curves according to
Eq.(45).

26 r---~----;-----;""'---:--------,

Fig. 4.10. Calculated and measured site attenuation as afzmctionof frequency.

a) Horizontal polarization. d=3m. transm itting position x I and receiving position x:r
b) Vertical polarization. d=3m, transmitting position XI and receiving position Xl"

It is clear that the performance of the SAR strongly deviates from that of the ideal OATS,
especially at frequencies below f=150 MHz. This deviation is probably caused by the
absorbers whose reflection increases with lower frequencies to an inadmissible amount.
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5. ELECTROMAGNETIC MODEL FOR SEMI
ANECHOIC ROOM

By means of site attenuation measurements we have compared the quality of the SAR to
that of the ideal OATS. The SAR is known to deviate from an OATS especially at the
lower end of the frequency range (f < 150 MHz). We will investigate the characteristics of
the SAR closer by introducing a model valid for the lower frequency range. Extra site
attenuation measurements have been done in order to check the validity of this model

5.1 THE SAR AS CAVITY AT LOWER FREQUENCIES

The electromagnetic modelling of a semi anechoic room is a difficult task. A boundary
value problem arises with complicated boundary conditions caused by the absorber lined
walls and the conducting ground plane. It is possible to model the reflections from the
absorbers by introducing image sources. Assumptions have to be made about the
magnitude and phase of the reflection coefficient at various angles of incidence. This
would lead to a so-called ray tracing model where the field at a position in the SAR is
calculated as a superposition of various rays originating from the emitting source.

In this report we have chosen for another approach, a so-called modal expansion. With this
approach the problem is solved in closed form. We simplify the above mentioned
boundary value problem by assuming all the walls of the SAR conducting. This leads to
more tractable boundary equations.This assumption seems valid at lower frequencies, as
from measurements and calculations ([8], [9]) it follows that the magnitude of the
reflection coefficient of these relatively small absorbers approaches unity at frequencies
under 100 MHz. We assume that at lower frequencies the absorbers hardly absorb
anything and that an incident wave in fact "sees" the perfectly conducting wall. We will
now derive the model for the SAR as a cavity with perfectly conducting walls. In Figure
5.1. the geometry of the SAR as cavity is given.

y

l(x,y,z).....-.

b

o a x

z
-=------------'-~

Fig. 5.1. SAR as cavity.
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The cavity is excited with a current distribution J(x,Y,z)

In order to find the fields that are produced by this current distribution in the cavity, we
consider the vector Helmholtz equation known from antenna theory

where k : c»J€o~o and the vector potential ~(xJ',z) is given by

E(xJ',z) : -j<J)(4(x,Y,z)+~VV~(x,y,z» •
k

Expanding this for each vector component

(46)

(47)

(48)

1 ( aA OA)E : k2A +O:A +_x +__y
z j<J) ~oEo z z z o,Xoz OyOZ

We will now solve this problem for the case where the current is a point source at position
(xo,yo,Zo) and flows in the x-direction prescribed by

J(x,Y,z) : J,X(xJ',z)I1,X = a(x-xoJ'-Yo,z-Zo)I1,X •

From the Helmholtz equation we obtain an equation for A>: (A y =A z=0)

(a;+~+a;+k2)A,X(xJ',z) = -~oJx(xJ',z) •

(49)

(50)

The tangential component of the electric fielp at the walls of the cavity has to be equal to
zero and this supplies the following boundary conditions

E = (k 2 +cf:.)A : 0
X X x

for y=O and y=b at any (x,z), and for z=o and z=c at any (x,y)

oAxE = - = 0
y °xOy

for x=O and x=a at any (y,z), and for z=o and z=c at any (x,y)

oAxE:- =0
z 0xoz

for x=O and x=a at any (y,z), and for y=O and y=b at any (x,z).
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We will now make use of Fourier theory and expand A.. in basis functions that satisfy
these boundary conditions. The applied Fourier transform is a threefold, finite Fourier
transform as the cavity has finite dimensions. An arbitrary function !(x,y,z) can be
expressed in these basis functions according to

... CO> CD

j{x,y,z) = E E E](kx,k"k:;)cos(kxx)sin(k,y)sin(kzz)
peQ q=O r-<l

. h k = p1t k;;:; q1t k rn d {O I 2 }WIt x a ' , b ' z;;:; c an p, q , r E ,.....

(54)

The function jCkx,k"kz) can be found, using the theory of finite Fourier series [15], from

abc

j(kx,k"k:;) = (2-ap)---±-.ff!f<X,y,z)cos(kxx)sin(kyy)sin(kzZ)dxdydz
abc 000

with op=1 if p=O and op=O if p;C(). If we apply this Fourier transformation to both sides
of the Helmholtz equation (50) for Ax we have

(-k; -k; -k; + k2 )AxCkx,ky,k:;) ;;:; -~ojikx,ky,k:;)

abc

Jx(kx,ky,kz) ;;:; (2-ap)~ f! jJx(X,y,z)cos(kxx)sin(kyy)sinCkzz)dxdydz •
abc 000

Using Eq.(49) we find

Jx(kx,ky,kz) ;;: (2-ap)a~cos{kxxO>Sin(kyYJ~(kzzO)

From Eq.(56) we have for AxCkx,ky,kz)

A (k k k) = ~ojx(kx,ky,kz)
x x' y' z (k2 +k2 +k2 _k 2)

x , z

and with the inverse Fourier transformation Eq.(54) this gives for A ..(x,y,z)

(55)

(56)

(57)

(58)

(59)
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Finally, we can determine the electric field from A r with the aid of Eq.(48)

(61)

where the second x in the index indicates that the field originates from an current excitation
orientated in the x-direction.

In a similar way the field generated by a current flowing in the y-direction respectively in
the z-direction can be found. For an excitation with a y-orientation we have

1 CD CD CD 4sin(k xJeos(k Yolsin(k zo>
E = -~~~ (k2-kJ(2-l> " x y <; sin(k x)cos(k y)sin(k z)

yy • L.JL.JL.J y qJ 2 2 2 2 x y <;
jWEOP=O q=O r:() abc(kx +Jc; +k<; -k )

(62)

and for an excitation with a z-orientation

CD CD .. 4sin(kzXolsin(k YJeos<k zo>
Eu. = -.l_E L L (k 2-k;> (2-l>,) 2 / 2 <; sin(kxx)sin(kyy)cos(kzZ)'

jWEop=O q-Q r=O abc(kx +ky +kr. -k2 )

(63)
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We have now found the solution for the field of a point source with a current in an
arbitrary direction. This is the so-called Green's function of the cavity. With this Green's
function we can find the fields generated by an arbitrary current distribution. If we define
the matrix G as

E;a Exy E:x:z

G= E,x Eyy EyZ

Ezr E~ Ez;z

(64)

(65)

the electric field E generated by a current J. can be calculated from

E = fGol dV 0

y

We will now use the above deduced to calculate the fields in the SAR of PRLE in the
case that no absorbers are present. The dimensions of the SAR without absorbers .are given
by a=4.88 m, b=5.48 m and c=6.71 m .

As excitation we use the theoretical point source given by Eq.(49). The point source is
located at position (1.75,1.2,1.0). We calculate the field at a point of the same height and
at a distance of d=3 m, position (1.75,1.2,4.0). The field is calculated for a current flowing
in the x-direction (horizontal polarization) and for a current flowing in the y-direction
(vertical polarization). We regard the component of the field that is parallel to the current
of the transmitting antenna. In the Figures 5.2 and 5.3 the results are given. As comparison
also the fields are given that exist in free space (no ground plane) and with a ground
plane.

60 60 r----------,-----,-------,

-10 " -free 0
" ---with gr.plane"

-20 "0 ---SAR -10
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Fig. 5.2. E-Jield horizontal
polarization.
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Fig. 5.3. E-Jield vertical
polarization.
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(66)

The peaks in Figure 5.2 and 5.3 are the results of the resonances in the cavity occurring at
the specific resonance frequencies fr (in MHz) given by

fr~.M = 150 (~)\(:)\(~r
where no subset of 2 out of {p,q,r} may be both equal to zero (this would lead to a zero
field solution). In Figure 5.4a and 5.4b we look in more detail to the results from Figure
5.2 and 5.3 for the frequency range up to 80 MHz. Also the resonance frequencies
according to Eq.(66) are depicted in this range.
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Fig. 5.4. Detailed views of Figure 5.2 and 5.3 with resonance frequencies.

Not all the resonance frequencies cause a peak. If the transmitting antenna is placed at the
location of a null of a certain mode which would cause a resonance, this mode is not
excited. The same situation occurs if the field is calculated at such a null.

5.2 THE EFFECT OF ATTENUATION BY THE ABSORBERS

Although we have modelled the SAR as a cavity with perfectly conducting walls and
calculated the field in the preceding paragraph, we do not expect to find these strong
resonances when measuring the field in the SAR. We expect that though the reflection of
the absorbers is high they will introduce a certain amount of attenuation, resulting in some
smoothing of the peaks in Figures 5.2 and 5.3. We will try to include the attenuation of
the absorbers into the cavity model in the following way. The attenuation of the absorbers
is modelled by adding an imaginary part to the frequency and thus in fact implicitly
adding a certain amount of propagation loss. The question is how much loss is reasonable.
If the wave number k is given by k=kr-jk; the propagation loss over a distance D is given
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bye-kiD . If the distance between two reflections is D, this propagation loss could then

be attributed to the attenuation caused by one reflection from an absorber. The average
distance between two reflections is more or less the average of the three room dimensions.
We take the average distance Drefav between two reflections in· our SAR to be· 5 m. So
the following relation holds for the magnitude of the reflection coefficient and the path
loss

-k,Dref_ I Ie •. = p • (67)

However, the wave of the direct path between transmitter and receiver also suffers from
this added attenuation and therefore the introduced propagation loss should not exceed a
certain amount. We decide that the direct wave may suffer a maximum attenuation of
3dB. The average distance of the direct path Ddirav in our configurations is more or less
3m. This imposes the following

(68)

which gives k;~O, l.
If k; exceeds this value the model is sure to loose its validity. Using Eq.(67) and keeping
in mind this limitation for k i, we can relate k j to the reflection coefficient as a function of
frequency of a practical absorber. Based on measurements of the magnitude of the
reflection coefficient as a function of frequency for normal incidence [8], [10] we have
come to the approximation given in Figure 5.5 for the reflection coefficient of the type of
pyramidal absorbers (30 and 36 inch) used in our SAR.
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Based on this profile we add an imaginary part to the frequency during computation so
that Eq.(67) holds. If the reflection coefficient is smaller than 0.6, kj exceeds 0.1 and the
model becomes doubtful. This happens at frequencies greater than f=50 MHz. In the

following computations the value of Ip I will be kept constant at 0.6 for frequencies

above f=50 MHz. When representing the results of the measurements afterwards, we will
plot the site attenuation calculated with this cavity model over the entire frequency range
but the reader will have to keep in mind that mainly the part below f=50 MHz is of
interest because we do not expect the model to hold for higher frequencies.
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5.3 MORE SITE ATTENUATION MEASUREMENTS IN THE SAR

In §4.3 the site attenuation was measured in the SAR between two half-wave dipole
antennas and compared with the site attenuation of an ideal OATS. We will now take a
closer look at the SAR and investigate the validity of the cavity model for the SAR with
more site attenuation measurements.

5.3.1 MEASUREMENT SETUP AND THEORY

We will measure the site attenuation between two wire antennas of a fixed, relatively
small length (58 cm). To make the numerical calculations simple and fast we will describe
the relatively short transmitting wire antenna as a point source with an equivalent dipole
moment I dip given by

1{2 1{2 I I
= JI(z)dz = J . 1 sin(k(--lzl)dz

-1{2 -1{2 sm(kl/2) 2

= I 2(1-cos(kl/2»
1 ksin(kl/2) .

(69)

Because the length of the dipole is small compared to the wavelength the antenna will
suffer very little from the mutual coupling with its multiple mirror antennas (in a cavity
with perfectly conductive walls there are in fact an infinite number of mirror antennas) and
the input impedance of the antenna is given by its free space value which can be readily
calculated from Eq.(5). With this input impedance the input current I J of the antenna is
known. Using the equivalent dipole moment Eq.(69) of this current I J and the Green's
function derived in §5.1 the field generated in the cavity by this short wire antenna can be
calculated. Now the site attenuation can be calculated as was done in § 3.3 using Eq.(39).
The antenna factor of the receiving antenna can be found from Eq.(13). As a comparison
also the theoretical site attenuation for the ideal OATS will be given. This site attenuation
is calculated according to Eq.(23).

5.3.2 RESULTS OF MEASURED SITE ATTENUATION

We have measured the site attenuation between two wire antennas of fixed length (58 cm)
in the frequency range 10-250 MHz. This time we have made sure that the influence of
the coaxial cables leading to the antennas is reduced to a minimum by surrounding the
cables with ferrite beads and leading them horizontally away in the case of vertical
polarization. Where possible the cables were tucked away into the absorbers. The setup of
the various measurements is given in Table 5.1. The position of the antennas is according
to the coordinates (x,y,z) from Figure 5.1. The plane xz is taken as ground plane of the
SAR, so the y-coordinate gives the height of the antenna.
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Table 5.1. Setup of various measurements.

measurement polarization transmit position receive position

ml hor (3.65, 2.28, 2.72) (1.50, 2.28, 2.72)

m2 vert (3.65, 2.13, 2.87) (1.50, 2.13, 2.87)

m3 hor (3.65, 2.28, 2,72) ~ 1.50, 1.20, 2.72)

m4 vert (3.65, 2.13, 2.57) (1.50, 1.05, 2.57)

m5 hor (2.55, 2.22, 4.90) (2.55, 2.34, 1.90)

m6 vert (2.40, 2.07, 4.90) (2.40, 2.19, 1.90)

m7 hor (2.38, 1.20, 4.98) (2.3 8, 2.25, 1.98)

m8 vert (2.23, 1.38, 4.98) (2.23, 2.10, 1.98)

With the measurements m1 through m4 the antenna setup, that is the line between the two
antennas, is in the x-direction and in fact perpendicular to the setup that is normally used
during EMC-measurements in the SAR. Normally the antenna setup is in the direction of
maximum length of the SAR (the z-direction). The latter is the case with measurements
m5 through m8. We will therefore refer to ml-m4 as transverse measurements and to m5
m8 as longitudinal measurements.

The results of the measurements ml through m8 are given in the Figures 5.6 up to and
including 5.9. Besides the measured site attenuation also the calculated site attenuation for
an ideal OATS and for the cavity model is depicted in these figures.
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From the above figures we can see that the cavity model for the SAR predicts the
behaviour of the SAR reasonably well at frequencies below 50 MHz. Although not all
measurements display the same behaviour, we can distinguish a general trend at
frequencies below 50 MHz which are also predicted by the cavity model. At frequencies
below approximately 30 MHz the site attenuation in the SAR rises to about 10 dB higher
than the site attenuation would be on an OATS. At frequencies between 30 MHz and 50
MHz the site attenuation in the SAR even gets 10 dB below the site attenuation of an
OATS.

It is remarkable that the cavity model gives a better fit with the measurements using
vertical polarization (Figures 5.6b, 5.7b, 5.8b and 5.9b). This could be explained by the
difference in size of the absorbers on the side walls (that is the plane x=O and x=a in
Figure 5.1) and of those on the front and back wall (that is the plane z=0 and z=c). The
absorbers on the side walls are smaller than the absorbers on the front and back wall. If
we look at the longitudinal measurements we see that in the case of vertical polarization
the side wall absorbers are more illuminated than in the case of horizontal polarization
because of the radiation pattern of the transmitting antenna. The better fit with theory of
the vertical site attenuations measurements (compare Figure 5.8a to 5.8b and 5.9a to 5.9b)
could therefore be an indication for the fact that the profile for the reflection coefficient
used in the model and given by Figure 5.5, approximates the reflection coefficient of the
side-wall absorbers the most. With the transverse measurements the difference in fit with
theory is much less because the side wall absorbers are illuminated almost equally with
both polarizations. Therefore, the difference in fit with theory between both polarizations
is not as large as with the longitudinal measurements (compare Figure 5.6a to 5.6b and
5.7a to 5.7b)

At frequencies much higher than 50 MHz the cavity model is no longer a good description
(as expected) and should be discarded. When the frequency increases we see that the
measured site attenuation tends to the site attenuation for an OATS. We expect the SAR to
behave like an OATS at higher frequencies, the dimensions of the absorbers become large
compared to the wavelength and they will cause little reflections.
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6. CONCLUSIONS AND RECOMMENDAnONS

EMC-measurements on different test sites will only be comparable if the test sites are of
the same relatively high quality. It has been found that the existing standard ANSI C63 to
investigate the quality of a test site is not very accurate, especially at low frequencies and
should therefore be handled with care. When validating a test site with this standard the
receiving antenna should be in the far field of the transmitting antenna and if the antenna
impedances are sensitive to the presence of a conducting ground plane, height dependent
antenna factors should be used. In the case of vertical polarization attention should be paid
to the radiation patterns of the antennas. It should be checked whether the approximation
S(B)=sin(B) is valid for the antennas used. A better procedure for the confirmation of the
quality and validation of a test site is possible with site attenuation measurements between
two linear wire antennas at the test site. A precise theoretical description of this site
attenuation can be given.

With this measurement of site attenuation between two linear wire antennas the quality of
several test sites has been examined. The Open Area Test Site (OATS) at Philips Research
Laboratories Eindhoven (PRLE) is of a rather poor quality. The main reason for its poor
performance lies in the presence of the nearby measuring shed which causes unwanted
reflections. Also the size of the ground plane is too small. On the other hand, the OATS at
Signaal has a much better performance in spite of its provisory nature. The iron wire mesh
as ground plane is a good approximation for a conducting ground plane. If we look at the
properties of a wet lawn as a test site, we see that a wet lawn is rather good as a
conducting ground plane especially in the case of horizontal polarization. In all situations
the performance of the test sites is more critical in the case of vertical polarization.

If EMC-measurements that are prescribed on an OATS are to be performed in a closed
environment, i.e. in the Semi Anechoic Room (SAR), it should be clear that the measuring
results will deviate from the measurements on an OATS. From measurements of the site
attenuation in the SAR we see that deviations of 10 dB from the performance of an OATS
are possible. At the upper end of the frequency range (f=250 MHz) the site attenuation in
the SAR starts to resemble the site attenuation of an OATS.
By modelling the SAR as a cavity we can describe the performance of the SAR
reasonably well at frequencies below f=50 MHz. The attenuation caused by the absorbers
is accounted for by introducing a certain amount of path loss according to a profile for the
reflection coefficient of the absorbers. Further investigations into the profile for the
reflection coefficient of the absorbers could lead to even better results.
In the intermediate frequency range (50- 250 MHz) the cavity approach no longer holds. It
is in this range that the absorbers have a medium reflection. This range should be studied
more closely with another model, perhaps a ray tracing model as developed by Eindhoven
University of Technology.
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APPENDIX 1. THE BALUN PARAMETERS

In Figure A 1.1 and A1.2 the measured two port parameters B lJ , B 11 and B21 are
depicted.
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To illustrate the losses caused by the balun, the power transfer of the balun has been
calculated with a load of RI=73 n en RI=50 n. The power transfer is given in Figure
A1.3.
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APPENDIX 2. OPEN AREA TEST SITE AT PIllLIPS
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Fig. A2.i. Map of OATS at PRLE.
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(a)

Fig. A2.2. Two views of OA TS at PRLE.
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APPENDIX 3. REFLECTIONS CAUSED BY THE
MEASURING SHED

Before the measurement we introduce a simple model for the setup at the OATS of
PRLE. The model refers to the setup of Figure A3.1.

d3 receiver dO transmitter
4--=-.------ X ......t---------------AX

Fig. A3.1. Antennas at the measuring shed.

The direct path from transmitter to receiver (departing from point sources) produces a field
at the receiver according to

.f30PG _j2n doE=V t e A.
o do

where P, is the transmitting power and G. the gain of the transmitting antenna.

(AI)

It is possible to express the contribution of an arbitrary path (reflection with complex

reflection coefficient pi"~ ) in Eo as

_ do -j2: (d,-d".) -i'i
E. - Eo-e p~

I d. I
I

The total field E at the receiver is the result of the sum of all these contributions

IV

(A2)

(A3)



We can now write

E

Eo

with

(A4)

(A5)

2n
~, = -(d -d \-q>A I 0' I

which is the ratio of the total field strength and the field caused by the direct path.

We will include three paths (N=3). The antennas are horizontally polarized and we
consider the wall of the measuring shed perfectly conducting. We take the following
values for the various reflection coefficients

Po=1, <1>0=0
pi=1, <l>l=n
p2=1, <P2=2n
p3=1, <P3=n •

The receiving antenna is placed at distance dJ in front of the shed and the transmitting
antenna is at a distance dJ+I0 m from the shed. Both antennas are at a height of 1,2 m.
For this configuration the ratio given by (A4) has been calculated. The result for various
values of dJ is given in Figure A3.2.

10

5

- 0
::;;
[ll.......
[ll

-5.....,
OJ)
0..
~ -10 -

-15

-20 L...L....~J........o.~J........o. ............'--'--............~............~.............~............J

o 50 100 150 200 250 300 350

t (MHz)

Fig. A 3.2. Relative field strength at the receiver.

The period between two maxima/minima in this configuration IS mainly decided by the
path dJ . This period is given by : Y2(3*108/dJ ).
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In order to investigate the reflections we have again conducted several measurements on
the OATS of PRLE. To get insight in the behaviour of the reflections as a function of the
frequency we have used broadband antennas. The transmitting antenna is a biconical
dipole and the receiving antenna an active dipole. The receiving antenna is placed at a
distance of 5 m from the shed and the transmitting antenna at a distance of 9,75 m from
the receiving antenna. We have measured the signal transfer between the antennas in two
cases. First we left the shed as it was and then we covered the wall behind the receiving
antenna with metal plates in order to have a reference for the reflectivity of the wall. We
have also measured the transfer between the two antennas when they were placed far away
from the shed. At this location no metallic ground plane is present but as a second
reference for the measurement with shed reflections this is no objection. Note that the
transfer includes the losses in the cables. With the measurement far away from the shed
longer cables were used, so especially at higher frequency this will reduce the signal
transfer with respect to the other measurements. The results of the above mentioned three
measurements is given in Figure A3.3. Also the setup of the antennas is indicated.
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Fig. A 3.3. Transfer between biconical en active dipole.
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We see that covering the wall of the shed with metal plates makes little difference to the
transfer, that is, the wall is already highly reflective without the metal plates. Comparing
the transfer at the shed to the measurement far away from the shed clearly indicates the
presence of the reflections. The period of this reflections is also exactly as expected,
namely Y2(3* 108/5 )=30 MHz. Looking back at the results of §4.2.l (Figure 4.6b) we see
that the period of the reflections is approximately 60 MHz which is in accordance with the
separation distance from the shed, namely 2,5 m.
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APPENDIX 4. FRESNEL ELLIPSES AND SIZE OF
GROUND PLANE

Our point of departure will be a transmitter and a receiver at a separation distance d in
free space as depicted in Figure A4.1.

y

b

d

a

x

Fig. A 4.1. Configuration transmitter/receiver.

The nth Fresnel zone is bounded by the ellipsoid composed by the revolution of the ellipse
descri bed by

This results in the following equation for the ellipse

x2 y2
-+- = 1
a2 b2

with

A da = n-+-
4 2

(A6)

(A7)

(A8)

b =
A An-(d+n-)
4 4

VIII
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We now look at the setup of a transmitting and recelvmg antenna above a conducting
ground plane, both at a height h and a distance ddir .

•

Top view

x

h

Side view

ftlCdvcr
X

lmaao
x

Fig. A 4.2. Transmitting and receiving antenna above conducting ground plane.

The reflection from the ground plane can be seen to originate from the image source of
the transmitting antenna. It is possible to prove that the field at the receiving antenna is
dominated by the contributions from the first Fresnel zone. If the finite, conducting ground
plane is to approximate the performance of an infinite, conducting ground plane, then this
first Fresnel zone should be free of obstructions, that is, a conducting ground plane should
be present. Thus the size of the intersection of the ground plane and the ellipsoid
composed by the first Fresnel zone between the image source of the transmitting antenna
and the receiving antenna is an indication for the minimum size of the ground plane. One
could tighten this criterion by including higher order Fresnel ellipses.

This intersection also has the shape of an ellipse and in this configuration (same height
receiving and transmitting antenna) the dimensions of this ellipse are (see Figure A4.2.)

Fl = b

where a and b are given by (A8, A9) with d = dref = V(2hi+(dd)2 and

(AIO)

(All)

2hm =-
dref

For the setup of a transmlttmg and recelvmg antenna at a height of h=1.2 m and a
separation distance of ddir=3 m and ddir=1O.5, Fl and F2 of the Fresnel zones I through 6
are given in the Figures A4.3 and A4.4.
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APPENDIX 5. OPEN AREA TEST SITE AT SIGNAAL

(a)

._-_.._----- -----

(b)

Fig. A5.1. Two views of OA TS at Signaal [14].
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APPENDIX 6. SITE ATIENUATION ON WET LAWN
AT PIllLIPS
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The same measurements done at the OATS of Signaal were conducted on a wet lawn at
PRLE. The measured site attenuation for the different configurations is given in the
Figures A6.1 and A6.2. In Figure A6.3 the measurement setup is depicted.
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Fig. A 6.J. Calculated and measured site attenuation as afunction offrequency.

a) Horizontal polarization, distance 3m.
b) Horizontal polarization, distance JO,5m.
c) Vertical polarization, distance 3m.
d) Vertical polarization, distance JO,5m.
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(a)

Fig. A 6.2. Two views of measurement setup on lawn PRLE.
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(b)



APPENDIX 7 . SEMI ANECHOIC ROOM AT PHILIPS

Fig. A 7.1. Semi A nechoic Room at PRLE.
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