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In this work new methods for the characterisation of the RF radiation properties of dif-
ferent smal devices have been investigated. The first two parts of the work relate to the
measurements of smal antennas as used in mobile communication systems. Theamisto
provide an dternative measurement environment to large, fully anechoic chambersin the
specid case of small antenna cdibrations. The use of smal chambers such as GTEM
cdls and smal anechoic chambersis proposed. Both options have been constructed and
investigated by both smulations and measurements. The results show the usefulness of a
GTEM cdl in messuring radiation properties such as 3-dB bandwidth and tota radiated
power of smal, moderatdy directive antennas. The results indicate dso, that asmdl an-
echoic chamber can be used for measurements of 3D radiation pattern and directivity of
andl antennas, with the same uncertainty as in large chambers. Furthermore, the influ-
ence of the feeding cables attached to the radiation of a smal antenna under test has
been reduced by a novel method which suppresses the propagation of leskage and
parasitic currents on the surface of the feeding cable.

The third part of the work concentrates on the definition of radiated EMI pre-
compliance tests, carried out during the design phase of a new equipment by means of
computer smulaions. Hereby, passng the find EMC tests shdl be ensured, or the
probability of compliance increased. One Finite Element Method tool and one Method
of Moments tool have been gpplied to two different test cases conssting of switched
mode power supplies, to predict their radiation. The results have been compared to
GTEM cdl radiation measurements, and they show sufficient agreement to prove the
ussfulness of computer smulations for EMI prediction.

Keywords: Smal antenna measurement, mobile communications antennas, anechoic
chamber, GTEM cdll, Electromagnetic Compatibility (EMC), computer 3D-fidd smula-
tion, radiated el ectromagnetic interference (EMI), pre-compliance test.
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1. Introduction

The determination of the direction and frequency dependent RF radiation characterigtics of
amdl radiating devices is an important research subject in the field of radio engineering. E.g. in
the area of future mobile communication systems the behaviour of antennas in their working
environment is usualy characterised by the three-dimensona radiation pattern, gain, radiation
efficiency and bandwidth with respect to a given maximum return loss at the input of the an-
tenna. Measurements during the design of new smal antennas for the use in mobile handsets
and the final cdlibration of those antennas requires an environment with awell-defined electro-
magnetic fidd drength a the podtion of the antenna under test (AUT). A typica frequency
range of current and nearest future mobile communications sysems is from around 0.9 GHz to
5 GHz

To excite a wdl-defined field, typicaly a caibrated dectromagnetic field sourceis placed in an
environment without reflections from surrounding objects. A fully anechoic chamber (FAC) is
such a so-cdled free-gpace measurement environment, in which al wals are completely cov-
ered by absorbing material, and no conducting surfaces are present. In anechoic chambers one
can reech field homogeneity of + 0.5 dB, which is required by antenna calibration standards
[1, pp. 19-20], or even down to + 0.1 dB. Consequently, in order to determine the radiation
characterigtics of smdl antennas accurately, measurements are typicaly performed in anechoic
chambers. Hereby, the measurement of the directly transmitted eectromagnetic field is poss-
ble without consderable interferences from reflected fields.

The absorber lining is the main part of the ingalation cogts of anechoic chambers. A typica
distance between the AUT/EUT and the measurement antennais 3 - 5 m, or even more. Dis-
tances between the antennas and the side- and backwalls, as wdll as to the floor and ceiling,
are typicdly 1 - 3 m. The dimensons of anechoic chambers are therefore quite impressive,
leading to subgtantiad costs. When performing measurements of smal antennas for mobile
communication systems dternatives with much smaler dimensions and hence lower ingtdlation
cods seem preferable. Therefore, one god of thisthesisisto invedtigate the feasibility of using
gmadl chamber in antenna measurements and to find the limits for their use in terms of dimen-
sons, frequency range and measurements uncertainties.

Chapters 2 and 3 ded with the application of smdler chambers like the Gigahertz Transverse
Electromagnetic Mode (GTEM) cdll and especidly smdl fully anechoic chambers to smdl an-
tenna measurements. In Chapter 2 the gpplicability of the GTEM to smal antenna measure-
ments with certain restrictions is verified by severd measurements of small antennas. Chapter 3
relates to the feaghility of decreasing the size of samdl anechoic chambers to table-top size by
bringing measurement antenna.and AUT, aswell as Sdewalls and AUT very close to another.
In Section 3.4 specid attention is paid to the problem of measurement cables attached to small
antennas or mobile handsets, which cause changes in the radiation characteristics of the AUT.
A smple solution how to minimise the errors is proposed.



Another common case where the radiation characteristics of smal devices are measured are
tedts for radiated electromagnetic interference (radiated EMI) of dectronic equipment. The
measurement set-up and the fidd uncertainty requirements are dightly different to those used in
antenna cdibrations. Instead of afull 3-dimensiond antenna pattern with complex field srength
and two polarisations, dectromagnetic compatibility standards just set alimit for the maximum
tota field strength a 3 m or 10 m distance. During tests for radiated EMC the EUT isbasicaly
rotated around a verticd axis and the maximum field strength is recorded a one or severd
heights [2]. Furthermore, while antennas in mobile communications are typicaly narrowband
devices, EMC tests are performed over severd octaves, i.e. from 30 MHz to 1 GHz, dthough
nowadays alimit up to 2 GHz seems preferable and is under discussion.

Standard tests of the radiated EMC are performed on an Open Area Test Site (OATYS),

where a semi free-gpace environment is created by dlowing the EUT or measurement antenna
to radiate into the atimosphere, while the floor of the measurement site works as a conducting
ground plane. A measurement antenna that picks up the fied excited by the EUT is Stuated at
a distance of 10 m from the EUT that is rotated around a vertical axis. A height scan between
1 mand 4 mis peformed to find the maximum of the interference of direct and reflected field
[3, pp. 51-56]. Requirements for the field strength uncertainty at the postion of the EUT lie
within £ 4 dB. Although these test Stes are less cogt intensive to congtruct than fully anechoic
chambers, they have disadvantages such as the exposure of such test environments to sur-
rounding sources of eectromagnetic waves, e.g. public radio sations and mobile communica-
tion systems. Therefore in future standards the optiona use of anechoic chambers for EMC
test will be implemented [4].

An dternative closed chamber that is nowadays used in sandard EMC testsisthe GTEM cdll
[2], [5], [6], [7]. It is basically awidened, asymmetric, stripline with a very wideband matched
termination. During susceptibility measurementsin a GTEM cdl an EUT is exposed to a verti-
caly polarised dectricd field. During radiated immunity tests the EUT couplesits radiated en-
ergy into the GTEM cdl and the output power a the port of the cdl is measured. By charac-
terising the EUT by dectric and magnetic multipoles, the measurement can be accurately
correlated to sandard OATS measurements. GTEM cell measurements involve no secondary
antennas, and the ingtdlation costs are much lower compared to an OATS or FAC.

However, tests in GTEM cells are not as generaly applicable to larger EUTS, as are tests in
large, conventiond test environments. This is due to the limited sze of GTEM cdlls and the
sengtivity of the field-strength homogeneity in the GTEM cdll to diglectric or conducting mate-
rid placed in the test volume. The field strength in the test volume is basicaly defined by the
voltage and distance between inner and outer conductor. The effective distance is dtered by a
large conducting object which affects the field strength homogeneity much stronger than on an
OATSwhere generdly far fiddd conditions are vdid at the pogtion of the EUT.

In order to fulfil the field homogeneity requirements an EUT in a GTEM cdll can not be larger
than 1/3 of the height between the centre conductor and the floor. This clearly limits the sze of
equipment that can be tested in a moderately szed GTEM cdll. For the same reason, the use
of automated positioner systems introduces more problems than on alarge OATS, aswell as



the power supply to the EUT. Cables leading to the testing volume tend to affect the fields
measured at the position of the EUT consderably.

Even though the GTEM cdll offers a congderably less costly and time consuming method for
EMI measurements, it is till a consderable cost and time factor during the assessment of the
radiated EMI of eectrica equipment, and is thus a method that is used e.g. as a last test be-
fore sending the equipment to the final, accredited EMC test laboratory. In order to get pre-
liminary knowledge of the radiation properties of eg. a new equipment during its design, it
seems preferable to obtain this knowledge without any time consuming and expensve mess-
urements. Therefore, the second god of this thess is to prove the feasibility of computer EM
fidd smulations for predicting radiated EMI of small equipment. Those methods are investi-
gated in Chapter 4. Procedures for two commercia software packages involving the Finite
Element Method and the Method of Moment have been developed, described and eva uated
for two test cases conssting of switched mode power supplies. When comparing the results to
GTEM cdl radiation measurements, they show sufficient agreement to prove the feashility of
computer smulations for EMI prediction of small equipment.



2. GTEM cell and small antenna measurements

In EMC measurements the GTEM cdll is accepted as a sufficient tool for radiated susceptibil-
ity tests as well as for measurements of radiated emissions. From this the idea arose to use the
GTEM cdl to characterise smal antennas. This is however not an obvious procedure, as the
requirements for the field homogenaty in EMC test measurements are less stringent (= 3- 4
dB) than in antenna measurements (+ 0.1 - 0.5 dB). Furthermore, one would expect a strong
influence of the meta cell walls on the radiation characteristics of the antenna, aswell as- pos-
shly multiple - reflections which would affect the measured radiation pattern. In [8] and [9]
was shown that these effects are negligible in a conventional TEM cell. According to [10] the
gain of an antenna can be measured in a GTEM cdll with an average accuracy of better than +
1 dB. All three articles dso mention that reciprocity is fulfilled, i.e., the antenna under test may
be used as the tranamitter or receiver without changing the result. So in the firgt part of thisre-
search work the possible gpplication of a GTEM cdl to smal antenna measurements was
more thoroughly evauated. Test measurements of radiation patterns with severa smal anten-
nas were carried out and compared to reference measurements. Field probe measurements
were used to andyse the field properties insgde the GTEM cdll.

2.1. Measurements of field patterns of moderately directive narrow-band
patch antennas

The radiation patterns of three smdl patch antennas and a smdl helix antenna were measured
a frequencies between 0.9 and 3.8 GHz. The set-up of the antenna measurement insde the
GTEM cdl is described in Figure 1. In dl cases a good correspondence between the GTEM
cdl and anechoic room measurements was seen in the main lobe pattern [P1]. Thereby eg.
the 3-dB bandwidth of the antennas could be determined quite accurately. However, the min-
ima and the back lobe region suffered from the limited dynamic range of the cell, i.e. afront to
back lobe ratio of only 20 dB could be measured. The power reflection coefficient of the ter-
mination of the cdl is about - 20 dB. So, when the main lobe is directed towards the back of
the cell, and the directivity of the antennais in the area of 20 dB or more, the interference be-
tween direct and reflected field is dominant and the information about the back lobe level can
not be recovered.
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Figure 1: Antenna measurement set-up inside GTEM cell

2.2. Measurements of antennas with special characteristics in their
radiation pattern

The results obtained in the measurements with a modified patch antenna that contained two
pardld paragtic patches proved the good isolation of the GTEM cell between co- and cross-
polarisation, which is an important factor in messurements of mobile phone antennas. The
paragitic patch of the antenna caused the radiation to turn the polarisation as a function of fre-
quency. The band in which the polarisation was horizonta instead of vertical could clearly be
determined in the GTEM cdl (see Figure 2). The measurements in the GTEM cdl and in a
FAC were made comparable by doing a pardld reference measurement with a monopole
probe in both GTEM cell and anechoic chamber. The difference of the two curves obtained
from the monopole in GTEM cdll and FAC, was added to the patch antenna curve that was
measured in the GTEM. Hereby, the frequency response of the GTEM cell was cdlibrated.

-30 dB

-40 dB

.50 dB +— m
\ o
<-60 dB =— N

I AN
-70 dB copol., GTEM cell
------ copol., FAC /\/\/
-80 dB crosspol., GTEM cell X
= == crosspol., FAC
-90 dB I I I I I I I

1,6 GHz 1,7 GHz 1,8 GHz 1,9 GHz 2 GHz
frequency

Figure 2: Comparison of the copolarised and crosspolarised E-field of the triple-patch
antennain the GTEM cell (solid) and in the anechoic room of IRC (dotted, dashed).
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2.3. Field uniformity in the testing volume at frequencies above 1 GHz

The fiddd homogenaty of an antennatest Ste is an important factor in the evauation of amess-
urement Ste. Therefore, measurements of the field homogeneity in the testing volume of the 2.1
mlong GTEM cdll a IRC were performed. The vertica field sirength at the centre of the test-
ing volume and the fied strength at positions towards the sde walls of the cdll were compared
(see Fig. 3). An increasng fidd inhomogeneaty of more than +1 dB was discovered at fre-
quencies > 2 GHz (Fig. 4).

dooy// 5 antenna positions

Figure 3: Measurement set-up when determining the field homogeneity inside the test
volume of the GTEM cell.
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Figure 4: Electric field variations along a line per pendicular to the longitudinal axis of
the GTEM cell. At each frequency thefield strength was normalised to the centre
point of the test volume.



Reflections from the termination of the cell, as well as higher order modes excited by the ob-
jectsindde the GTEM cdl [11], are reasons for the fidd fluctuations in the testing area. In the
GTEM cdl used in these measurements the test volume is Situated 1.3 m from the input port of
the cell. At this pogtion the height between center conductor and bottom wall is 390 mm. In
this case, at 1 GHz theoreticaly /5 of the power in the testing volume propagetes in higher or-
der waveguide modes (see Fig. 5). These higher order modes cause a deterioration in the field
homogeneity insde the testing volume of the GTEM cdl. When the antenna is the tranamitter,
the pogition of the antenna has an influence on which higher order modes are excited. In the
case of a patch antenna this means that different aress of the antenna surface may actudly
couple to different modes. Furthermore, the higher order modes cannot propagate al the way
to the input port of the cell, as the decreasing cross sectiond dimensons of the waveguide
rase the cut-off frequency continuoudy until only the TEM mode can propagete further. The
energy is partly transferred back into lower modes and findly reaches the port in the TEM
mode, or it is reflected back towards the termination of the cdl. Thisloss of energy thet is not
measured a the port of the cdll affects the measurements. The amount of energy in the cdll that
may be propagating in higher order modes increases with the frequency. This fact limits the
useful frequency range for the aspired application of the GTEM cell.

At 0.9 GHz the measured field homogeneity seen in Fig. 3 is good enough for the measure-
ments of smdl eg. patch antennas or complete mobile handsets. For such smal antennas one
can furthermore expect a directivity less than 20 dB so the limited dynamic range of the cell
discussed above is not an obstacle. However, with an increased field inhomogeneity in the cell
and a more directive behaviour of a small antenna, measurements at 1.9 GHz have to be ana-
lysed carefully, and above 2 GHz the 2.1 m long GTEM cell does not gppear to be a suitable
device for antenna measurements. This fact is not likely to change with a different sze of the
GTEM cdl. A larger cross section will only increase the probability of higher order modes,
while asmadler cross section will impose atoo smdl limit to the Sze of the measurable antenna,
As a point of reference, the testing volume ingde the 2.1 m long GTEM cdl is about 130 mm
high and atypica mobile handset is about 100 - 130 mm long.

At frequencies below 0.9 GHz, where e.g. some pager systems operate, one can expect the
fidd homogeneity insde the GTEM cedll not to be distorted more than seen a 0.9 GHz. Rather
in the opposite, as the cut-off frequencies of the higher order modes are beyond these low fre-
quencies. However, a lower frequencies the qudity of the wideband termination has to be
taken into consideration, because the radiation termination by the RF absorbers becomes less
effective a lower frequencies. This effect can be expected to be considerable only below 400
-500 MHz for cases where medium sized or large RF absorbers are used for the termination
[12]. So, dready amedium szed GTEM isauseful toal for antenna measurements from about
400 - 2000 MHz.
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Figure 5: Power distribution in fundamental and higher order modesin a GTEM cell at
1 GHz[11].

2.4. Antenna efficiency measurements in a GTEM cell

The accurate efficiency of an antenna is rather difficult to obtain with conventiona measure-
ment methods. Especidly in the case of mobile handset antenna the conventional Wheder Cap
method does not alow to measure the efficiency of a handset together with a human head
model. The size of the radiaing object must be smal enough to fit into the cgp which againis
Szewise limited by the first cavity resonance. Also the incluson of alossy body like the head
model would violate the idea of the Wheder Cap.

Alternatively, during the last years reverberating chambers have been increasingly used for effi-
ciency measurements [13]. As opposed to the Wheder Cap the principle of reverberaing
chambers builds on the existence of cavity resonances as a means of averaging the radiated
power. Therefore the chamber and the AUT are not limited in Sze. However, the incluson of
lossy materid in the measured object is not unproblemétic, as the resonances change and thus
the cdibration of the empty cell becomes inaccurate. The use of waveguides for efficiency
measurements was proposed in [14] presenting two new methods. In both methods the small
antenna is placed indde a relaively smal waveguide. Furthermore, the use of TEM cdls for
total radiated power measurements has been presented in [15]. Generdly, the use of
waveguides overcomes the limitation of the Wheder Cep method in terms of Size of the an-
tenna, as well asthe limitation of the reverberating chamber in terms of including lossy materid.
This is due to the fact that waveguide measurements rely on actualy measuring the radiation
itsdf. Even if it involves the time consuming measurement of the 3D radiation pattern, the use
of GTEM cdlsin efficiency measurements seems like a very promising dternetive for efficiency
measurements.
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3. Small anechoic chambers and the characterisation of
small antennas and mobile handsets

In the second part of this thesis, the feashility of dragticaly decreasing the dimensions of an-
echoic chambers, for the use of smdl antenna measurements at 1- 2 GHz, was investigated.
Table-top szed anechoic chambers can be implemented in a Sraight-forward manner a higher
frequencies, eg. a severa GHz, where the wavelength is only of the order of 10 - 50 mm.
Such a smdl anechoic chamber, even movable, was designed. e.g. in [16]. With dimensons of
only 2.25 " 1.2° 1.2 m®, the chamber that was designed for the frequency range above 18
GHz showed good results. However, a RF frequencies with wavelengths of 100 - 500 mm
the feasihility of such a smal chamber is not obvious. The reasons for that are discussed in the
following.

3.1. Effect of the small distance between the antennas

The minimum possible distance between the AUT and the measurement antenna is an impor-
tant factor that will yield a lower limit for the size of an anechoic chamber. This minimum
measurement distance depends on severd factors.

Firg of dl acertain minimum desired ratio between the far field and the near field of the AUT
should be defined. This ratio can be cdculated eg. for a single eectric dipole directly as a
function of distance. The verticd dectric field excited by an dectric dipole

N j
Eq = Ke XSHQ{W"'W- K3r 3 (1)

[17, p.135] at a distance r, where Ke = ILhk?(4p )*e™ , with the current | on the dipole of
length L, the free-space wave impedance h = 120p , and the wave number k = 2pf/c,.

One can then esimate for the case of a amdl antenna the minimum measurement distance that
IS necessary to reach a certain dominance of the far field. By assuring that the measurements
are proper far-fidd measurements one will not have to perform near fidd to far fidd transfor-
mations.

The smdl radiator can be described with a combination of complex-excitation dectric and
magnetic dipoles with random orientation. Due to the random orientation the near-fidd terms,
i.e. the /k’r® and the 1/k’r terms, in Eq. (1) can be in phase with the far-fidld term. Now the
worst-case relative error in the assumed far field due to the near fidld at the podtion of the
measurement antenna can be estimated to be
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At 900 MHz and a measurement distance of 1 m Eq. (2) yields an error of 5.6% or +0.47 dB
which will have to be taken into account for the estimation of the total measurement error. At a
distance of 0.5 m the near-fidld error isamost 1 dB which would be a generally unacceptable
error margin for antenna calibrations. For comparison, the near-field error at 5 m distance is
<0.1 dB. At 1.8 GHz the error a 1 m decreases down to 0.22 dB, and a 5 m measurement
distance it would even be smdler than 0.05 dB (see Table 1).

Table 1: Possible inaccuracy dueto far field assumption, at 900 MHz and 1.8 GHz.

frequency d=5m d=1m d=05m
900 MHz +0.093 dB +0.47 dB +0.96 dB
1.8 GHz +0.043 dB +0.022 dB +0.44 dB

Nat only the influence of the assumed far-field condition in the transversd fidd, but aso the
influence of the radid fidd component of the near fidd
|

k2r2 - ksrs (3)

E, = 2K, mosq%

[17, p.135] has to be taken into account. The radid field (3) reaches its maximum &t that angle
(namey a q= 0) where the transversal component has its minimum. Therefore, the radia near
field might influence the detection of the nulls of the radiation pattern of an antenna. At 900
MHz and 1 m distance the maximum level of the radid component is 19.5 dB below the
maximum leve of the transversal component.

Mogt antennas that are used as measurement antennas have very good polarisation purity be-
tween transversal and radia fields. In case of a horn antenna, it is dtill possible that asmal por-
tion of the radid field couples into the antenna especidly at the edges of the aperture where
the radid field produces a smal vertica field component in the gperture. However, the power
digribution of the eectric fieds across the gperture of the horn does not support that
waveguide mode and attenuates it. At the feed of the horn only the far-field part of the coupled
fieldsis|eft to be detected.

The measurement antenna is likely to be a larger antenna, e.g. a horn antenna with a certain
aperture. If a spherica wave is assumed to propagate from the AUT, the flat gperture of the
measurement antenna will be illuminated by wave fronts with different phases in the centre and
the corners of the aperture (see Fig. 6). This phase error is investigated in the following, for the
case of awideband corrugated horn antenna with an aperture of 245" 142 mi.
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d+d

1
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Figure 6: The aperture of the measurement antenna is illuminated by wave fronts with
a phase difference of d/I .

Seen from the AUT, the different areas of the horn antenna aperture - like centre and corners
of the waveguide - are effectively Stuated at different distances. Depending on the distance
between the two antennas, the phase error and amplitude error due to this inconsstent dis-
tance is significant or negligible. According to [18] distances smaller than D%4l are consid-
ered to be in the Fresnd region which is characterised by a strong reactive near-fidd effect. D
denotes the maximum dimengon of the antenna. In fact, different sourcesin literature define the
Fresnel zone differently. E.g. according to [19, p. 60, pp. 809-810] 2D/ denotes the sphere
that forms the border between the Fresnel zone and the so-cdled Fraunhofer region in which
far-field conditions are vaid. This means at 900 MHz and with the horn antenna with an agper-
ture of 245~ 142 mn* the Fresndl zone limit is 26 mm according to T. Macnamara and 211
mm according to J. D. Kraus. Apparently, the near-field conditions do not stop abruptly to be
vaid, as little as the far-field conditions are abruptly vaid beyond this border sphere. Rather
one should think of a border area between Fresnd and Fraunhofer regions, within which far-
field conditions may be assumed with a certain error margin which has to be taken into ac-
count.

It was calculated that for distances larger than 4D/l = 422 mm for the same antenna we can
expect the ratio of the measured gain to the gain a an infinite distance to be about 0.99 [18],
I.e.,, an inaccuracy of 1% which is acceptable for a gan measurement. Another effect of phase
variations aong the gperture of the measurement antenna is, that nulls in the radiation pattern
are patidly filled. In Fig. 7 the effect is illustrated for distances 2D%1 , 4D%l and an infinite
difference [1, p.21]. At these distances the phase error is 22.5° and 11.25°, respectively.
Small antennas generdly do not show a strong directivity and the exact position of nulls or the
exact level of sde-lobes below 20 dB are usualy not very important in mobile handsets, o to
st the limit for the measurement distance at d > 4D%/1 is perfectly sufficient.

It should be noted that dso the AUT may cause phase errors. Even if smal mobile handsets
should obvioudy be rotated around the feed point of the antenna, the handset is not a symmet-
ric dipole like a monopole on an infinite ground plane. It is rather an asymmetric dipole dong
which the phase centre may vary as a function of frequency around the feed point of the an-
tenna. In the case of samal distances between the AUT and the measurement antenna, changes
in the location of the phase centre during the rotation of the AUT cause considerable variations
in the measurement distance. The knowledge of the accurate distance is an important factor in
the cdibration, because the path loss between the two antennas determines the correction co-
efficient for the transmission coefficient when measuring the gain of the AUT.

At 5 m measurement distance the deviation in the phase centre is usudly neglected. Thisisrea-
sonable, as the phase centre only varies within the dimensions of the antenna and a possible
phone chasss. The length of modern mobile handsets is around 80 mm - 100 mm without the



17

antenna. Asthe fidd strength E [dB] is proportiona to 20 log d, the displacement of the phase
centre dong the chasss to e.g. 50 mm from the antenna can lead to aworst case inaccuracy in
the fidld strength of about 1% i.e. less than = 0.09 dB. However, when measuring the same
mobile handset a e.g. 0.5 m, the changing phase centre could cause arelative error in distance

of up to 10%, i.e. afied inaccuracy of + 1 dB, which would be unacceptable for antenna cali-
brations.

@

&

= _

=

]

=

(]

e =

=z

g

78]

> R EDE
= o7
=

kil

¥

- 30

- 40 i

4] - a2 ir d

U= [LF]sunE

Figure 7: Calculated radiation patternsillustrating the effect of phase errors encoun-
tered in measuring patterns at the rangesindicated [20, pp. 14-10].

At adistance of 1 m between the antennas and making the optimistic assumption that the ac-
tud displacement of the phase centre from the feed point of the antenna may be about 10 mm,
the relative distance error causes acceptable inaccuracy in the measured amplitude of the E-
fidd of £ 0.09 dB. It hasto be noted, that the phase centre of the radiation can be expected to
be situated close to the feed point of the antenna, i.e. at one end of the handset. So in order to
reach the above calculated reative distance error a 1 m distance one has to make sure the

rotation is actualy performed around the feed point of the antennaand not around the physical
centre of the handset.
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The postion of the phase centre is much more difficult to recongtruct, when the mesasured
AUT is placed in the anechoic chamber together with a human head modd. This is done to
take into account the influence of the user on the efficiency and radiation pattern of the handset
during operation. The head model represents basicdly ardatively large, round and lossy body.
Even if it therefore does not resemble a secondary radiator or a didectric lens, it may Hill
work as asmal reflector at the frequencies that are discussed here (i.e. > 900 MHz). The an-
tenna of a handset in operation is usudly Stuated about 20 - 30 mm from the head of the user.
The effective phase centre of the antenna-reflector combination may be anywhere between
these points, i.e. up to about 30 mm from the feed point of the antenna. Then the above men-
tioned displacement of the phase centre by only 10 mm may not be vaid anymore. Instead,
one has to expect the inaccuracy due to the variance in the phase centre position to be around
+0.1- 0.26 dB (see Table 2).

Table 2: Field strength inaccuracy in case of displacement of the phase centre from the
antenna feed point, d = measurement distance.

Displacement d=5m d=1m d=05m
10 mm +0.02 dB +0.09 dB +0.18 dB
30 mm +0.05 dB +0.26 dB +0.54 dB

As alagt point the influence of multiple reflections between the gpertures of the two antennas
may have to be taken into account [1, p. 17]. In mobile communications systems, resonant
type antennas are used, such as helix or patch antennas. At resonance such an antenna trans-
forms mogt of the incoming radiated energy into an eectric Sgnd a its port, and vice versa
However, the antenna il reflects or scatters some part of the incident wave. At smdler dis-
tances d between the antennas the transmitting antenna will cover a greater solid angle seen
from the receiving antenna, i.e. it is exposed to more of the scattered field reflected back from
the receiving antenna than for a larger distance. Also the free-space attenuation of the scat-
tered fields at distance d is smdller than for conservative measurement distances of severa me-
ters. So, when two antennas face each other at 1 m, those multiple reflections might not smply
be neglected asis done for larger measurement distances and have to be investigated.

The aperture of the horn antenna described above is A; = 3500 mm? and the worst case aper-
ture of a smal radiator can be estimated to be in the range of A, = 500 mm? The back
scattering from the antenna aperture in both cases is assumed to be around 50 %, i.e. r;=r;
= 0.5. The scattered fields can be assumed to propagate sphericdly from the antenna
apertures and thus the scattered power dendity at a distance d is ]/ 4pd? . Theratio of the

power P, that is directly received by one of the antennas and the power P,, that is reflected
twice (once from the receiving antenna and then back from the transmitting antenna) can be
estimated as

R _AYA
) (4pd?)? 75 dB. 4
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where d = 1 m measurement distance. This very low interference level can be neglected during
antenna measurements.

As afind concluson it can be said, that of dl error sources that are related to the smdl dis-
tance between the antennas, the assumption of far-field conditions introduces the largest inac-
curacy to the antenna measurements, as it isamost £ 0.5 dB at 900 MHz and 1 m measure-
ment disance. For 1.8 GHz this effect is again negligible, however, when a head modd isin-
cluded in the antenna measurements of mobile handsets, the unknown exact postion of the
phase centre may contribute up to + 0.26 dB inaccuracy in the measured fidld strength a 1 m
measurement distance.

3.2. Effect of RF absorbers in the vicinity of small antennas

Another limiting factor for decreasing the Sze of a small anechoic chamber is the distance be-
tween the absorbers and the AUT. The distance between the antennas can not be decreased
arbitrarily for two reasons. At a too short distance the carbon loaded foam will be Stuated in
the reactive near fidld of the antenna, whereby the current distribution on the antenna and aso
on the chassis may change, and hence the whole radiation pattern of the handset might change.
The second reason is that when the distance between antenna and side walls decreases, the
incidence at the sde walls between the antennas becomes increasingly grazing. At such non-
normd incidence the reflection coefficient of the absorbers gets poorer. Hence, a stronger in-
terference pattern between direct and reflected field is caused which affects the measured ra-
diation pattern. In [P2] and [P3] these two effects were investigated by both measurements
and computer smulations. It was found that absorbers with the length of 610 mm do not have
any measurable effect on the radiation characterigtics of asmal antennaat around 1.8 GHz, as
long as the distance between the AUT and the absorbers is more than 100 mm. Furthermore
the transmission channel formed by the absorbers between the antennas must be wider than
100 mm in order to have an undisturbed transmission between the AUT and the measurement
antenna. The work has aso proven, that computer smulations are a useful tool for the field
andyss and design of smal anechoic chambers.

3.3. Design, construction, and performance of a small shielded anechoic
chamber

The present work includes the condruction and investigation of a smal anechoic chamber in
which the measurement distance between the AUT and the measurement antenna is decreased
to 1 m. The distance between the AUT and the absorbers on the sde- and backwalls is re-
duced to 200 mm. By using such smdl or even smdler anechoic chambers it would be possi-
ble to perform quick measurements of smal antenna characteristics in decentralised, or even-
tudly even portable, table-top szed measurements environments situated close to the devel-
opers of new antennas. Hereby, faster assessment of the behaviour of the mobile handset in
operation would be possible.
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The sze of the absorbersis determined by the requirements for the reflectivity leve of the an-
echoic room. This again is dependent on the gain of the antennas involved, i.e. the measure-
ment antenna and the AUT. Usudly a horn antenna is used as a measurement antenna. In the
following an average vdue of 8 dB for the gain of a horn antenna, and 2 dB for the generd
cae of a AUT are used. The Sze of the AUT determines the Size of the test volume in which
the reflectivity leve hasto be met. For a20 mm long antenna on a 100 mm long chassis, which
has to be rotated around the feed point of the antenna, a test volume with a diameter of 250
mm is sufficient and will be used in the following.

In the Radio Laboratory a chamber was built with a 9ze of 25 m by 2.5 m and a height of
240 m (Figure 8 (1.)). Rdatively large absorbers were used in this chamber (Figure 9). These
absorbers were needed because the chamber is a'so meant for EMC radiated emissions near-
field measurements down to 30 MHz. The specifications for a test volume with a diameter of
250 mm were given as follows £+ 3 dB variation on the fidld strength amplitude (or a reflectiv-
ity level of - 10 dB) at 100 MHz for omnidirectiond radiating devices, and better than +0.1
dB variation above 900 MHz for moderately directive antennas under test, i.e. areflectivity
levd of - 45 dB. In order to fulfil these requirements the end walls of the room had to be
covered by 450 mm long absorbers, and the side walls, floor and celling of the room by 910
mm long absorbers.

Firstly, measurements were done with a wideband dipole and a wideband double-ridged horn
a 1.6 - 3 GHz. The antennas were placed 1.12 - 1.47 m gpart, in 50 mm steps. The results
show that the performance stays dightly below these specifications, namdy with overdl fied
variations of about £ 0.25 dB (peak to peak). At around 2 - 2.2 GHz, i.e. a the resonance
frequency of the wideband dipole, the fidld homogeneity is dightly better with + 0.15 dB while
a around 2.4 - 2.7 GHz the fidds are least homogeneous with fluctuations of up to = 0.8 dB.
This was probably due to the preliminary fixture of the measurement antenna and the cables,
which were not yet optimised for low fidd interference. An improvement of the field homoge-
neity is expected after the ingdlation of a pogtioning system with two rotators on two perpen-
dicular axes which dlows automated measurements of three-dimensond radiation patterns
(see Figure 8 (r.)). This system will dlow the radiation pattern measurement of a mobile hand-
st together with the head modd of a human user.
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,i Fixture
plate

250 m

Figure 8: Design of small anechoic chamber at IRC, with 25 m long and 2.4 m high
side walls (I.). Automated positioning system with a vertical and a horizontal axis, the
latter driven viaa belt (r.).

Figure 9: Photo of the absorber lining in the small anechoic chamber at IRC, one side
panel open, looking at the opposite, fixed sidewall with 900 mm long absorbers. Also



ceiling and floor are lined with 900 mm long absor bers, and other walls with 450 mm
long absor bers.

3.4. Quarter-wave cap: a means for decreasing the influence of cables

Another mgor problem often encountered when performing antenna measurements especidly
with small antennas in whichever Sze of chamber, is the influence of the involved cables on the
radiation characterigtics. In the cdibration of antennas according to standard methods, a
measurement of the complex transmission and reflection coefficient with the antenna under test
(AUT) and awdl known measurement antenna must be performed. Therefore, a coaxia cable
must be used to connect the AUT and a network anadyser. This Stuation does not resemble
the standard operation situation, especidly for portable communications equipment. The Sgnd
being measured or transmitted by the AUT will induce RF currents on the exterior of the con-
nected coaxid feed cable.

RF apsorber

................................ chassis

coaxial feed cable

Figure 10: Attaching a cap with the open end towar ds handset-antenna combination,
simulating an open end by providing a harrow-band trap for surface currents.

This is caused by two didtinct effects Firdly, the conducting cable is placed in the reective
near fidd of the antenna This will change the resistive and reactive parts of the input imped-
ance, i.e. the matching, and hereby changes the radiation characteristics of the antenna itself.
Secondly, the imperfect baance between antenna and chasss will cause currents to leak from
the chassis to the outside of the connected cable. This causes the cable itself to act asaradia-
tor. Both effects can change the measured radiation characterigtic of the antenna severdly, as
has been shown in [21] and [22] for the case of larger antennas. The effect is especidly
strong, when the cable is Stuated pardld to the polarisation of the antenna. While the effect
can be somewhat controlled during measurements of large antennas, it is much more difficult to
suppress the influence of a feed cable on the radiation of a samdl antenna. This is due to the
fact that a smdler antenna usualy has a lower directivity. While large, directive antennas can
have the feeding cable smply attached in the direction of their radiation minimum, i.e. generdly
in their back lobe, a smal antennawill dways interact more with the feeding cable as it can not
be placed in any minimum. Also, smdl antennas are generdly imperfectly baanced dipoles, or
patches with a smdl ground plane, where the chassis acts like a ground plane. Those antennas
will be affected more easlly by a conducting cable attached to the chasss than a larger horn
antenna or alog-periodic antenna consisting of matched dipole antennas.

A new method proposed here is to Ssmulate an open termination for the energy propagating on
the surface of the feed cable. Thisis possble by placing a coaxia cap with alength of about a
quarter of a wavelength on the outside of the feed cable which works as a trgp to waves
propagating on the shidd of the cable (Figure 10). Especidly at higher frequencies a cap is
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much easier to implement than e.g. ferrite chokes, because suitable ferrite materids with a high
permesbility and low losses are difficult to produce for frequencies around and above 1 GHz.

Computer Smulation were done in [P4] for a handset with the dimensonsh”™ w” t=100"
40~ 10 mm® plus al, = 20 mm long, didectricaly loaded monopole antenna (see Fig. 11),
resonant at 1 GHz and placed at atypica postion on the handset. A 160 mm long metal stub
was attached to the bottom of the chassis to imitate the effect of a coaxid feed cable. Then, a
ferrite bead (Ilength 80 mm, diameter 20 mm) was placed around the cable. The ferrite had a
relaive parmittivity e, = 50, a relative permesbility my = 50, and electric and magnetic loss
tangents of 0.1. In saverd more smulations 60 - 65 mm long caps with diameters of 16 - 20
mm were placed on the cable. The gap between the handset bottom and the open-end of the
cap was 10 - 20 mm. Thus, the effective distance between handset and the closed end of the
cap was about quarter of the wavelength at 1 GHz. The results show that with such a cap the
radiation pattern is much closer to the origind radiation pattern than if ferrite beads are used to
suppress the currents on the outer shield of the feed cable (see Table 3). In case ferrites are
used to block the currents, the error in the pattern is lower than with just a cable, but the fer-
rites absorb much of the energy, the tota radiated power was decreased by dmost 2 dB. It
can aso be seen that the performance of the cap is not very senstive to the length and diame-
ter of the cap or its distance from the handset. The bandwidth of this cap can be expected to
be generaly better than £5 % (see Table 4) thereby enabling measurements over atypica
bandwidth of mohbile handset.

Table 3: Two figures of merit - total radi- Table 4: Figures of merit for two cases
ated power and average of differencesin at 1.05 GHz.
the far-field pattern in the E-plane - com- Cases B
_ ved, [ ABM])|| ave|D(Ea[dB])|
pared tothereference case. f = 1 GHz. (dist.[mm]) | [dB] [dB]
Case description Par | ave|DEL[dB]| cep1(60,15 | 025 107
(length,distance,/[mm]) | [dBm] | [dB] cp3(6510) | 054 238

handset alone (ref.) 28.7 0
160 mm feed cable 28.6 3.29
ferrite bead (80, 30) 26.9 2.80

cap 1 (60, 15) 28.7 141
cap 2 (60, 20) 28.9 1.04
cap 3 (65, 10) 28,6 163

cap 4 (60, 15, A=20) 28.8 1.87

In Fig. 12 and 13 the performance of the two different measures against surface currents on
the feed cable is illudrated with help of the E-plan radiation patterns. It can clearly be seen,
how the radiation pattern of the handset is affected by the attached cable stub, and how the
ferrite bead, and in a better manner the cap of different dimensions, results in a radiation pat-
tern closeto the origind one.
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Figure 11: Dimensions of simulated handset with a cable and cap (open end towards
handset) attached, coordinate system and visualisation of E-plane.
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Figure 12: Smulated E-plane radiation pattern at 1 GHz: |E| at 1 m distance, handset
alone (solid), handset with 2.4 mm thick, 160 mm long cable (dashed), and a 80 mm
long, 20 mm thick ferrite (e,=50-j5, m=50-j5) attached to cable at 30 mm distance (dot-
ted).
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Figure 13: Simulated E-plane radiation pattern at 1 GHz: |E| at 1 m distance, handset
alone (solid), handset with 2.4 mm thick, 160 mm long cable plus cap 1 (length 60 mm,
distance 15 mm, dash-dot), cap 2 (I = 60 mm, d = 20 mm, dashed), and cap 3 (I = 65
mm, d = 10 mm, dotted).
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4. Computer simulations and the prediction of radiated EMI

At the end of the design process of a new dectronic equipment, there is dways the require-
ment to perform a find test for dectromagnetic competibility (EMC) of the device. This in-
cludes the conducted and radiated €lectromagnetic interference (EMI) the device causes as
well as on its part the susceptibility to external sources of EMI. Tests for radiated EMI
according to present standards are performed on open area test Stes or in the low-cost
dternative GTEM cdlls as was discussed above.

Even o, the GTEM cdl with its small sze and ratively straight forward measurement proce-
dureis dill areatively costly equipment to use it for quick, preliminary tests of radiated EMC
during the design phase of a new dectronic product. Preliminary tests of new equipment are
getting more and more important as the product cycles are getting shorter and shorter, which
leads to high additional costs if a device needs to be redesigned after faling the find EMC
tests. In order to provide faster, more cost effective methods of pre-compliance testing, the
last part of the thesis concentrates on the definition of anew procedure usng EM fiedd smula-
tion software for predicting radiation characterigics of smal eectronic devices in terms of
EMC. As opposed to measurements, computer smulations need no prototype of a device.
EM fields software can dso be used to Smulate a device together with several possible shidd-
ing enclosures, which can have large effects on the common mode radiation from eg. 1/0 ca-
bles attached to the device. Therefore, computer smulations as a new method for predicting
radiated EMI of smal eectronic devices are presented and evaluated. Reference measure-
ments have been done to validate the results.

4.1. Available field simulation tools suitable for predicting radiated EMI

There are different gpproaches to the prediction of radiated EMI from equipment. First there
are expert systems which do a quditative analyss of the layout and structure of a device [23].
Then there are software packages, that calculate the actud field strength a a certain distance,
based on the modd of the circuit board in terms of its dimensons and materids on the one
hand, and the current digtribution (i.e. the RF sgnds) in the circuit. Some of these tools can
import an exising PCB layout to streamline the process of EMI prediction [24]. This often
coincides with the usage of the Method of Moments (MoM) for the EM field cdculation.
Other methods like the Finite Difference Time Domain (FDTD) method are more suitable
when the presence of dielectric materid and enclosuresisrelevant for the EMI analysis [25].

After gathering aligt of available commercid computer smulation tool for 3D EM fidd andyss
available on the market, alist of pros and contras was made and evaluated (Table 5). Findly,
Maxwell Eminence (Ansoft) and EMC Workbench (Incases) were chosen for further evaua-
tion with two test circuits. Maxwell Eminence was chosen for its ability to modd dieectric ma-
terids as wdl as farrites, which is useful when modelling whole equipment with possible non-
metallic dements or enclosures. EMC Workbench offers the import of circuit board layout
fileswhich is useful when analysing more complex circuits,
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Table 5: List of five softwar e packages considered most suitable for simulating radi-
ated fields of printed circuit boards, or small electronic devicesin general.

3D-field Maxwell EMC-
HFSS . MAFIA IE3D
solvers Eminence Workbench
provider Hewlett Packard Ansoft CST Incases Zeland
platform UNIX/PC UNIX/PC UNIX UNIX/PC PC
method FEM FEM FIM (TD) MOM MOM
input GUI GUI GUI ASCII GUI
. . CAD, Spice, Pads, Touchstone,
imports - Pro-E, Unigraph. CAD Mentor GDSII
models wires, wires, wires, PCB tracks and lossy & aniso-
dielectrics of any |dielectrics of any |dielectrics of any [circuit elements tropic materials
shape, also shape, also shape, (macro models), lumped elements
anisotropic, anisotropic, lumped elements |enclosures, (S parameters)
antenna arrays antenna arrays no dielectrics
excitation TL input ports voltage and voltage source voltage and current|current sources
multiple ports current source, plane wave source TL ports
voltage gap plane wave, sub grids
plane wave eddy current
solver
calculates radiation pattern [radiation pattern |radiation pattern |radiation pattern [radiation pattern
energy density energy density energy density current density near fields
surface currents |S-parameters TL eigen modes | crosstalk current density
S-parameters TL-parameters S-parameters signal integrity polarised fields
TL-parameters forces s-parameters
output function plots function plots function plots contour plots function plots
smith charts arrow, contour & |arrow, contour & |arrow plots contour plots
arrow, contour & |shaded plots, shaded plots near field scans 3Dfar-field plots
shaded plots, animations 3Dfar field plots |radiation pattern
3Dfar-field plots 3Dfar-field plots
animations

4.2. Simulation of two test structures and analysis of results

Computer amulations with the Maxwel Eminence package employing the Finite Element
Method (FEM) were gpplied to a magnetic fidd generator (Fig. 14) at a frequency range of
30 to 500 MHz. The maximum far field at 10 m distance for a constant loop current was ca-
culated. In pardld, circuit amulations determined the actud current spectrum of the loop.
These were then used to scale the caculated maximum far field to the correct level a each
frequency point. The predicted vaues were compared to far field measurements done with the
field generator in an anechoic chamber a 4.4 m distance. Depending on the frequency, pre-
dicted and measured vaues show differences from a few to 15 dB [P5]. Field cdculaions at
28 frequency points between 30 and 500 MHz took about 100 hours on a typical UNIX
workstation.
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Figure 14: Original layout of magnetic field generator (left) and simplified loop model
(right) for numerical far-field computation

Secondly, the same FEM package, as wdll as the Method of Moments (MoM) software
package EMC-Workbench (Incases) were applied to the radiation caculation of a switched
mode power supply (SMPS). As the posshility to smulate complex structures is quite limited
the calculation modd of the power supply consisted merely of the traces that carried the larg-
est currents during operation and were therefore most likely sources for EMI. The smulation
model of the traces was very close to the actua geometry of the involved current traces on the
PCB (see Fig. 15 and 16). An ided current source was inserted a the postion of the active
element with a constant current for al frequencies.
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Figure 15: Illustrating the relevant current trace when the FET isactive.
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Figure 16: Model of current trace for far-field calculationsin Maxwell Eminence and
EMC Workbench.

The circuit contained two loops with an area of 12 om? through which the switched current
flows dternatively. The switching period ts = 5 s (Fig. 17). The switching is performed by a
fidd-effect trandstor (FET) in combination with a diode. The switching thet is otherwise im-
possible to smulate straight forward can be handled in the frequency domain by adding the
complex field values of the two separately calculated loops during post processing, before de-
termining the maximum field strength. The calculation time of the FEM package was 200 hours
for 28 frequency points. The MoM package on the other hand showed a much faster calcula-
tion time (in the order of minutes) while both FEM and MoM predicted the radiation in the
same order of magnitude. The MoM software package does however not dlow the modeling
of didectric materids or ferrites which might limit its gpplication in some cases. FEM dlows
the modelling of didectric and lossy materids.
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Figure 17: Time domain presentation of the currents through the two main traces on
the PCB, when the diode is conducting (dashed) and when the FET is active (dotted).

In pardld, the current spectrum in each of the two loop traces was caculated in a circuit Smu-
lation software (Fig. 18). The spectrum was used to scae down the results of the smulated
maximum fied srength. The find maximum fied strength cadculatied with the two methods was
compared to the fidd strength measured in a GTEM cdll (Fig. 19). At frequencies from 30 -

330 MHz the predictions by the two software packages agree within + 5 dB with the GTEM
cdl reference measurement. At higher frequencies the Smulated far field increases, in the case
of EMC-Workbench by several 10 dB above the measured values. The reason for this could
not yet be identified. However, a lower frequencies, where SMPSs usudly produce EMI

problems, the results show the usefulness of smulations for EMI prediction.
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Figure 18: Simulated current spectrum of the FET trace calculated by circuit ssimulator
softwar e Saber.
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Figure 19: E-field at 10m distance simulated with EM C-WB and Maxwell Eminence
compared to radiation prediction at 10m, based on GTEM cell measurement. (The
simulated resonance at 460 MHz could not yet be explained).

Simulations prove to be a promising means of pre-evauating the EMI of a device, especdly
as they can be used dready very early in the design process. Other software packages like
MAFIA (CST) should be investigated in a Smilar matter to evaluate possible advantages of a
time domain method. The possible complexity of the models when induding cables attached to
adircuit and shidding enclosuresis dso till a subject for further investigation.
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5. Conclusions

The am of thiswork was to develop and describe new measurement methods for the determi-
nation of the direction- and frequency-dependent RF radiation characteristics of small radiating
devices. Thisis an important subject in research in the fied of radio engineering at frequencies
from 30 MHz up to 5 GHz, as eg. in the area of future mobile communication systems, the
behaviour of the antennas in their working environment must be well known before a new mo-
bile handset can be designed.

The use of large anechoic chambers seems unreasonably expensive for quick test of an an-
tenna, and aso for find cdibration measurements. The feasibility of usng a GTEM cdll or samdl
anechoic chambers for small antenna measurements have been investigated by both mesasure-
ments and 3D field smulations.

It has been found that up to 1-2 GHz amedium sized GTEM cdll can be used to measure cer-
tan characterigtics of the radiation patterns of smal antennas, such as the 3 dB-beamwidth
and the polarisation, as wdl as - within the limits of the dynamic range of the GTEM cell - the
directivity of asmall antenna. The results aso indicate the GTEM cdll be suitable for efficiency
measurements, i.e. the determination of the total radiated power of asmall antenna.

The use of smdl anechoic chambers for smal antenna measurements has been found suitable
a frequencies around 1 - 2 GHz, both by measurements and computer Smulations. As rec-
ommendations for the sze of the chamber a distance between the AUT and the measurement
antenna of 1 m, and a distance between AUT and RF absorber lining on the walls of 15 - 20
cm is recommended. With that smal distances it will be possible to construct table-top sized,
portable anechoic chambers that can be used for quick antenna measurements, including the
measurements of the radiation pettern, directivity and efficiency of a andl antenna, with the
same accuracy that is otherwise reached only in large anechoic chambers.

The dectrically small size of the handsat makes mobile communications antennas very sengtive
to measurement cables used in antenna measurements of their 3-dimensona antenna pattern
with complex field sirength and two polarisations. A new method has been developed that
suppresses the influence of the cables connecting the network analyser and the AUT, e.g. dur-
ing radigtion pattern measurements of new mobile communications antennas, usudly mounted
on ahandset. A quarter-wave long cap close to the AUT or handset acts like an open end that
reflects dl surface currents on the cable. Without any measures the currents on the cable
would change the current distribution on the handset and thus the radiation pattern of the hand-
st consderably, when compared to its norma mode of operation where it will be Stuated
isolated in free space or close to alarge lossy body - the human user. A conventional measure
againg the surface currents on the feed cable would be ferrite beads placed around the cable
relatively close to the handset. In computer Smulations the suppression of the currents on the
cable has been less successful with ferrites than with help of the new quarter-wave cap
method.
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The last part of the thes's concentrates on the development and evauation of new, low-cost
methods of pre-compliance testing. Standard tests of the radiated EMC can be performed e.g.
on an OATS. Even though dternative closed chambers such as the GTEM cell are nowadays
used in sandard EMC tests measurement procedures are gill a relatively costly equipment to
useit for quick, preiminary tests of radiated EMC during the design phase of anew dectronic
product.

Preliminary EMC tests, so-called pre-compliance tests, for new products become increasngly
important because product cycles are getting shorter and shorter. The falure in find EMC
tests means high losses. This has to be avoided by andysing and testing the EMC behaviour
during the design of a new product. Computer Smulations are presented as a good and useful
method for predicting radiated EMI of smal eectronic devices, because they need no proto-
type of a device. Also, a device can be smulated together with severd possble shielding en-
closuresin order to find the optimum solution.



6. Summary of the publications

In the first paper [P1] the goplicability of the GTEM cdl in smal antenna measurements was
Sudied. It is shown thet up to 2 GHz the fidd homogendty in the testing volume of the cdll is
auffident to perform radiation pattern measurements, limited only by the dynamic range of the
cdll which isabout 20 dB due to the imperfect termination of the cdll. The polarisation isolation
of the GTEM cdl is good and dlows polarisation measurements.

The second paper [P2] discusses the effect that the absorbers of an anechoic chamber have
on an antenna, if they reach into the vicinity of the antenna. Measurements revedled that at 1
GHz a distance of 100 mm between antenna and absorbers is sufficient to be able to neglect
the reflected fields from the absorbers during radiation pattern measurements. Also avery nar-
row transmission channel of just 200 mm formed by the Sde wall of the anechoic chamber
would be sufficient to ensure an unchanged transmission between the antennas.

The third paper [P3] relates to computer smulations to investigate the effect of absorbersin
the vicinity of an antenna. Again it was shown that a a distance of 200 mm the interference
pattern between direct and reflected field can be expected to be close to the direct pattern,
closer than 0.1 dB in the main lobe.

In the fourth paper [P4] a new method was introduced that eiminates the effect of cables con-
necting a network analyser to a smal antenna on radiation characterigtics of the antenna during
cdibration measurements. Often, ferrite beads are used to suppress and partly absorb the cur-
rents on the outer of the cable. Nevertheless, the current distribution on the antenna or handset
is changed compared to the norma mode of operation. More promising is a quarter wave cap
Stuated around the cable, short cut to the outer conductor of the cable on one end, and the
open side towards the small antenna. The cap acts like an open end and thereby reflects the
currents flowing on the outer of the cable. The origind radiation pattern of the smdl antennaiis
hereby mostly preserved.

The fifth paper [P5] is a summary of the evduation of two new methods for pre-compliance
test in EMC. One is a near-field method that has been developed by co-author T. Laitinen.
The second method is based on computer simulations to predict the radiated EMI from asm-
plified modd of a switched mode power supply. It was shown that the computer smulations
compared to far-field measurements could predict the radiation within 15 dB, which is enough
to reved future EMC problems dready early in the design phase of anew device.
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