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Abstract

The subject of Electromagnetic Compatibility (EMC) is introduced. A short overview
of the regulatory EMC requirements in Europe and in the United States is presented.
An explanation is given why it is important for people in the electronics business to
understand the need for EMC regulations.

Electromagnetic shielding is a often used as an electromagnetic barrier for attenuation
of disturbances from radiating sources. An orientation over the concept of electromag-
netic barriers is presented. Ways to characterize barriers are presented and measurement
methods are reviewed.

Results from transfer impedance measurements show that conductive gaskets made
of tin coated stainless steel, can give as good shielding performance as gaskets made of
beryllium copper in the entire frequency interval of the investigation.

The results show that the di�erence in shielding performance with gaskets made of
tin coated stainless steel and of beryllium copper can be insigni�cant compared to the
inuence of a very small change in contact pressure. The di�erence between gaskets with
and without tin coating is small with beryllium copper as base material. With stainless
steel as base material the di�erence is about 10dB at 2MHz and less at higher frequencies.

A method to describe electromagnetic barriers such as �lters, shielded cables and
connectors etc. with circuits consisting of linear discrete components is presented. By
comparing a barrier with a multi-conductor transmission line a lumped circuit can be
constructed where component values are designated by the per-unit length transmission
line parameters.

For barriers that cannot be viewed as transmission lines a method for determining
equivalent circuits outgoing from measured S-parameters has been developed. Di�erent
measurement �xtures were constructed in order to obtain accurate S-parameter values.
Derived models have been used in SPICE simulations and validated by comparison with
measurements.

The current distributions on the surface of a printed log periodic dipole antenna
(LPDA) have been investigated. A position scanned magnetic �eld probe was used to
obtain values of the magnitude and phase of the magnetic �eld at each point of the scan.
From the measurements the time variant instantaneous values of the magnetic �eld and
the instantaneous currents on the LPDA were derived.

The wave nature of the current distribution can be readily observed and problems
with the design such as standing waves on the feeder lines are highlighted. Measured
current distributions are compared with predicted distributions obtained from Method
of Moments (MOM) analysis of the LPDA structure. Measured and predicted far �eld
radiation patterns are also compared.
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Preface

This thesis is a summation of the research I have been participating in since the fall of
1997 and until now, the summer of 2000. After recieving the master of science degree
I came to a decision based on many circumstances at that time, to continue at the
university as a PhD student. When I now start to feel more con�dence in my work I
know that no other alternative would have been good for me.

My interest in the �elds of electronics and electromagnetic phenomenas have always
been present. That is the reason why EM compatibility is something I want to work
with. It was quite a coincidence that the EMC directive in Europe became mandatory
in 1996, making EMC a hot topic in the electronics industry for a couple of years. At
Lule�a University of Technology a work was initiated to gather companies in the region
and start the competence center and laboratory now present at the university.

In 1996 I started on my master thesis project together with Joachim Johansson, study-
ing possible EMC problems related to the use of high speed modems (VDSL) connected
to overhead telecommunication lines. That was my �rst encounter with the concept of
EMC and I really found a lot of new interesting experiences. The occupation of people
near me and discussions with friends doing PhD studies, made me take the step towards
a PhD degree.

I want to thank my supervisors, Professor Jerker Delsing and Professor Dag Bj�orkl�of
for their guidance and kind support. My colleagues at the university, I want to thank
for assisting me and sharing their experiences. I also want to thank my �anc�ee, Karin
Str�omberg and my family for their support and for understanding me sometimes working
late hours.
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Chapter 1

Thesis Introduction

1 EMC

- a real and a legal requirement on electronics

The necessity of electromagnetic compatibility (EMC) is not that obvious for people
with no experience from electronic design. It is however necessary for modern electronic
devices to be designed with electromagnetic compatibility issues in mind to ful�ll the
quality demands and o�er the functionality expected from the device. An apparatus
both emits and receives electromagnetic energy conducted on attached cables or radiated
by enclosure or cables. That is just a side e�ect when a electronic device is o�ering some
functionality and can not be completely avoided. Because of this undesired side e�ect
there are legislated demands on the device regarding its electromagnetic properties.

The European EMC directive (directive 89/336/EEC [12]) states under article 4 that
an electrical apparatus (covered by the directive) should be constructed so that:

� the electromagnetic disturbance it generates does not exceed a level allowing radio
and telecommunications equipment and other apparatus to operate as intended

� the apparatus has an adequate level of intrinsic immunity of electromagnetic dis-
turbance to enable it to operate as intended.

Which means that a manufacturer of a apparatus covered by the directive must design
the apparatus and specify how it should be used so that it does not cause electromag-
netic disturbance harming other devices that do comply with the directive. Also, the
apparatus must be designed to be immune to a normal level of electromagnetic energy
in the environment it is intended to be used.

These statements must be respected by all manufacturers of electric and electronic
equipment to be sold in Europe or they may experience legal actions against themselves.
The way the directive is written (called the new approach) gives the manufacturer re-
sponsibility of the products put on the market even after the products are tested and
approved by an accredited test lab. Since 1 January, 1996, the European EMC directive
has been mandatory in Sweden and it makes it necessary for manufacturers with intent
to put their products on the European market to address EMC issues.

3



4 Introduction

In the United States the FCC regulations (FCC part 15 [14]) states limits on the
maximum acceptable levels (section 15.109) of emitted electromagnetic disturbance from
an apparatus working with signals in radio frequency (RF) range. However there are
no general regulations addressing a required level of a immunity against electromagnetic
disturbance as the case is in Europe. This issue is in the United States left for the market
itself to take care of, except for certain medical technical devices which are regulated by
FDA.

The EMC regulations are an important step since they are helping people to realize
that it is necessary to address electromagnetic compatibility problems. The problems
have to be solved before products involving electronic circuits can be put on the market.

Because of the increasing frequencies for the electromagnetic energy due to the use
of high clock frequencies and fast digital logic circuits in modern electronic designs, the
regulatory requirements gets even harder to meet. It is necessary for the electronic
designer to incorporate EMC into the device at an early stage of the design process. If
the EMC issues are neglected until a working prototype is ready, the cost for �xing the
mistake may be severe. It is sometimes necessary to start over, designing the device
from scratch again. A good approach to reach EMC is usually to use di�erent kinds of
electromagnetic barriers such as �lters and shielding enclosures with conductive gaskets,
or just a well planned layout of the circuit. It is much easier and much less expensive
to meet the regulations if the apparatus is well designed regarding EMC aspects to start
with, than trying to �x an insuÆcient design.

This work aims in general to a better understanding of EMC barriers. From such un-
derstanding we can devise improved design and veri�cation methodologies. Thus cutting
time to market and development costs.

In particular I have investigated ways to characterize barriers. Investigated barriers
include conductive gaskets, �lters, shielded cables, shielded connectors and spatial sepa-
ration of conductors. From experimental barrier characterization I have investigated ways
of generating lumped circuit models that easily could be applied by electronic designers
when making SPICE simulations. In addition to this I have looked into the measurement
of the near �eld of a printed antenna which in the future could be useful for the study of
shielding enclosures with integrated antennas.

Following is a short review of barrier concepts and methods to experimentally char-
acterize barriers.

2 Barriers

2.1 Interpretation

While designing an electronic circuit the engineer is trying to interconnect integrated
circuits or di�erent kinds of discrete components so that the components and integrated
circuits implements a desired functionality. Designing circuits that makes use of high
frequency electromagnetic signals puts extra demands on the interconnections. High
frequency signals can easily cause interference between di�erent interconnections that
damage the intended functionality and the circuit may behave in a way that is very hard
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to predict.
A good approach when designing electronic circuits is to use an electromagnetic topol-

ogy dividing the circuit into zones with di�erent signal quality or di�erent signal ampli-
tudes. The di�erent zones then o�ers di�erent electromagnetic environments (EME). The
boundaries between the zones represents barriers that separates di�erent interconnection
paths and reduces the inuence of charges and charge movements in one interconnection
path on charges in another interconnection path. The electromagnetic barriers thereby
o�ers a certain attenuation of electromagnetic energy that reduces the threat of electronic
equipment in one zone disturbing equipment in another zone.

Barriers can be divided into physical barriers and geometrical barriers. The physical
barrier category contains commercial construction elements where internal component
values and geometrical design is unknown. Typical examples are �lters and conductive
composite material shielding enclosures. The characteristics for these barriers can be
found on datasheets from the manufacturer or have to be obtained by measurements.
The geometrical barriers can be characterized completely by the geometrical design and
material properties, here of course the exact material properties can sometimes be hard
to �nd. Examples of this kind is for instance enclosures made of homogeneous conductive
materials like metals, printed circuit board trace separation and separation between pins
in a multi conductor connector.

2.2 Types of EMC barriers

Electromagnetic barriers used in EMC problem solutions may take many di�erent forms.
A short overview will be given with examples on barriers and how they are used. The
following examples are considered:

� Shields

� Conductive gaskets

� Shielded cables and connectors

� Feed through �lters

� Conductor spacing/routing

To reduce radiated interference or radiated emissions from a circuit, a barrier in the
form of a conductive enclosure can be used as a shield, enclosing the radiating source. The
same kind of barrier can of course be used for protection of a sensitive electronic circuits
that easily su�ers from interference. Then the required electromagnetic environment
is created for the circuit to perform well. The design of a shielding enclosure can be
a tricky task since the enclosure often play many roles and must ful�ll requirements
other than those on electromagnetic shielding. When designing shielding enclosures thus
compromises must be made. The design should o�er:

� Low production cost for enclosure
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� Customer appealing and user friendly product

� Ventilation or cooling for interior parts

� Mechanical protection for interior parts

� Moisture and dust seal

� Electromagnetic shielding

� Care must be taken when choosing materials and production techniques so that the
necessary enclosure properties lasts for the speci�ed lifetime of the product

There are of course many techniques available in each aspect of the enclosure design
problem. Considering the electromagnetic shielding aspect, the enclosure material can be
metallic, nonconductive with conductive surface cover or conductive composite or poly-
mer. The choice of material inuences on the possible techniques available for meeting
the overall speci�cation on an enclosure. It is important that a good compromise can be
reached between material and production cost, and enclosure design regarding shielding
performance and user friendliness. For an enclosure where a high level of electromag-
netic shielding is desired, a metallic material is the best choice since metals o�ers the
best conductivity.

The desired lifecycle of shielding enclosure is a main factor when the designer is
choosing the materials to be used. If metallic materials are used to make an enclosure
o�ering a high level of shielding, bolts, rivets and gaskets are included for the assembly
ensuring high conductivity between the parts. High conductivity paths between the parts
are necessary for the shielding performance but are also a problem considering corrosion
and life cycle of the shielding enclosure.

If the used materials have di�erent electrochemical potential a galvanic cell results
where the least noble material acts as anode and erodes when ions leaves the material.
This transport of ions is accelerated if the gasketed seam is exposed to humid and salt
environments that acts as an electrolytic. The voltage produced by the galvanic cell can
also cause noise in sensitive circuits [36]. To minimize this problem the materials must
be chosen with small di�erence in electrochemical potential.

The base materials in the gasket and in the contact surface can be coated with
materials that has high conductivity and adjusts the electrochemical potential in the
surfaces so that galvanic compatibility is achieved. Commonly used materials for surface
coating are tin, nickel and zinc.

In EMC handbooks [34], [36] for designers, table 1 can often be found as a hint how
common construction materials with a conductive path between each other should be
chosen. Two metals in the same group can be mounted in direct contact with each other
without problems. Two metals in adjacent groups can also be used with an acceptable
rate of corrosion. Fingerstock gaskets made of beryllium copper or stainless steel against
a surface of aluminum or galvanized steel gives shorter life cycle for the enclosure even
though the combinations are commonly used.

Regarding conductive gaskets it is important to understand the impact of introducing
a door or hatch on one side of a otherwise ideal shielding enclosure. The gaps around
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Anodic Catodic
Group 1 Group 2 Group 3 Group 4 Group 5
magnesium aluminium carbon steel nickel gold

zinc iron tin platinum
chromium cadmium lead silver
galvanised steel brass copper

stainless steel titanium
beryllium copper

Table 1: A simpli�ed guideline on how materials with di�erent electro-chemical potential can

be combined (by electrically conductive connection) to avoid increased corrosion rate. Materials

in the same or adjacent columns can be combined, other combinations should be avoided.

the door will degrade the performance because surface currents on the outside of the
enclosure can no longer ow freely on the side with the door. The currents will have to
�nd a path around the opening for the door and the �nite conductivity of the shield will
cause a potential di�erence across the opening because of the increased path length for
the current.

Conductive gaskets used to reinforce shielding eÆciency of enclosures play an impor-
tant role in shielding enclosure design. Small gaps are bridged with conductive gaskets
so that charges can ow across the seam. This keeps the potential di�erential low across
the gap and electromagnetic �elds are prevented from penetrating the shielding enclosure
easily. There are several kinds of conductive gaskets to cover a wide range of shielding
applications. Often conductive gaskets must ful�ll various requirements such as mechani-
cal dimensions, exibility, moisture and dust sealant, of cause electrical conductivity and
other. To meet these requirements a number of di�erent techniques are used to produce
conductive gaskets. For each technique there are material choices to be made.

Filters are used for separating zones in electronics with di�erent electromagnetic envi-
ronment (EME). On a printed circuit board ground planning is necessary when di�erent
parts of the circuit have di�erent signal quality for instance analog ground and digital
ground. When a signal trace is crossing a boundary between electromagnetic zones sur-
face mounted �lters can be used to keep the integrity of the boundary and the signal
in the more sensitive circuit. It is also wise to make sure that the board is routed to
give adequate separation between traces especially for traces with analog signals with
low signal levels and traces that is crossing zone boarders.

2.3 Characterization of barriers

It is desired to �nd ways to describe barriers so that the eÆciency of di�erent barrier
solutions can be compared. That enables manufacturers of �lters, gaskets and other
barrier components to improve component designs and compare material choices. It
would also be a great advantage if circuit simulations were possible with the barrier
components included. That would give the electronic design engineer tools to evaluate
the EMC performance of a design in an early design stage. In order to make such barrier
descriptions, techniques to characterize the electromagnetic properties of the barriers are
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Figure 1: Using scattering parameters to describe signal paths in a two-port

needed.
A barrier is often described in terms of:

� scattering parameters

{ shielding e�ectiveness

{ insertion loss

{ attenuation

� circuit elements

{ transfer impedance and transfer admittance

{ lumped circuit network

Scattering parameters is a commonly used tool in RF and microwave design. The scat-
tering parameter description of barriers are basically used with radiated and transmission
line shielding e�ectiveness measurements. Shielding enclosure materials and conductive
gasket performance can be speci�ed by means of shielding e�ectiveness that is obtained
by an insertion loss measurement. The insertion loss is the di�erence between measure-
ments with and without the object present in a �xture. The loss is the attenuation of
the test object and equals the inverse of the magnitude of the scattering parameter rep-
resenting transmission, S21 (or S12). Scattering parameters can be explained by studying
a passive two-port shown in �gure 1. If a electromagnetic wave enters the two-port via
a connected transmission line, the wave is scattered and both transmitted trough the
two-port and reected back towards the source of the wave. The relationships between
the incident wave, the transmitted wave and the reected wave is called the scattering
parameters (abbreviated s-parameters).

"
b1
b2

#
=

"
S11 S12

S21 S22

# "
a1
a2

#
(1)

If a complete four s-parameter description is available it is often presented in ma-
trix form, equation (1). By transformation of the s-parameter matrix into the what
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is called the chain-matrix the e�ect of cascading networks can easily be calculated by
matrix multiplication. Generalizations of the s-parameter description can be made for
characterization of networks with three ports or more.

Barriers characteristics can also be described by a circuit schematic. The circuit ele-
ments and their values describing the barrier is sometimes easily obtained from datasheets,
sometimes they are possible to extract from the geometry or by measurements. It is some-
times a great advantage to use the circuit description because of the possibility to include
the barrier in a circuit simulation of the entire system. The e�ect of the barrier then
can be studied under correct drive and load conditions in time domain or in frequency
domain.

Depending on the complexity of the barrier its characterization may be obtainable
by modeling the structure of the barriers and applying a numerical electromagnetic �eld
solver that can extract the s-parameters or circuit component values from the geometry
and material data given in the model. This approach are of course desired and it some-
times gives opportunities to study internal characteristics that hardly can be studied by
other means. If an exact description of the structure of the barrier is unavailable then
the characterization is done by measurements on a number of instances of the barrier.
For this kind of measurements an instrument known as a vector network analyzer is used
because of its ability to collect a full s-parameter description of a studied two-port. It is
often necessary to design a custom made �xture for this measurement depending on the
terminals on the barrier and the frequency range that is considered for the measurement.

Shielding performance is sometimes given in form of the transfer impedance. This is
typically the case for shielded cables, shielded connectors and conductive gaskets but it
can also be found for shielded enclosures in general. To completely describe the shielding
e�ect on electromagnetic �elds the transfer impedance description is not enough, actually
there also is a transfer admittance that can be causing leakage through an electromag-
netic shield. The transfer impedance Zt represents two coupling mechanisms namely
the di�usion through the thickness of the shield and the magnetic �eld coupling through
imperfections in the shield [32], see left part of �gure 2. It can be obtained from measure-
ments as the ratio of a potential di�erence across an electric �eld Eout on the secondary
side of a shield due to a current density Jin on the primary side, see equation (2). The
current density used in this context is the current per unit length of a gasketed seam or
per width of a shielding surface rather than the current per area commonly used in other
contexts. The current density since have a dimension of [A=m] rather than [A=m2].

Zt =
Eout

Jin
(2)

Yt =
Jout
Ein

(3)

Transfer admittance Yt that represents electric �eld coupling through imperfections
in the shield, [32], is instead the ratio of the current density Jout on the secondary side
of the shield by the potential di�erence across the primary side caused by an incident
electric �eld Jin, see equation (3). This is shown in the right part of �gure 2.

However the e�ect of the transfer impedance on the shield leakage is often domi-
nant over the transfer admittance which thereby often can be neglected [32], [37]. The
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Primary side

Secondary side

Primary side

Secondary side

Transfer impedance Transfer admittance

Electric field, EE
in

Electric field, EE
out

Current density, JJ
out

Current density, JJ
in

Figure 2: To the left the two coupling mechanisms represented by transfer impedance is shown.

To the right the coupling mechanism represented by transfer admittance is shown.

transfer impedance and transfer admittance are usually considered as being a distributed
homogeneously over the length of a gasketed seam or similarly for other components. It
is therefore practical to use the transfer impedance/admittance description only at fre-
quencies where the wavelength is much greater than the size of the shielding component
to be characterized. Using transfer impedance �xtures, shielding components can be
characterized by measurements with good repeatability [40] from really low frequencies
(dc) up to a frequency dependent on the size of the �xture [25].

3 Measurement methods

3.1 Shielding e�ectiveness measurements

The methods to measure the shielding e�ectiveness of an enclosure or a conductive gasket
or other shielding components includes a variety of standard methods and variation on
standard methods. A performance value can be obtained using radiated measurements
methods, transmission line �xture methods and so on. Each measurement method is
producing a performance value that is hard to relate to the performance value obtained
using another measurement method.

There exists standardized measurement methods for obtaining a performance value
for shielding enclosures and shielding enclosure components such as conductive gaskets.
However, these standardized methods can not always be used because they need well
de�ned samples that is sometimes impossible to make due to the properties of the object
to be measured. In these cases it is necessary to design measurement equipment that
di�ers from standardized equipment. The custom made measurement equipment can be
tailored to be used for measurements on speci�c gaskets or sheets of material with a
particular shape and size. Unfortunately it is very hard to relate the data obtained with
a tailored �xture to corresponding data as obtained according to standards and thereby
the e�ort is not always made. Another reason why this relationship is seldom established
is the fact that it is well known that some standardized measurement techniques struggles
with repeatability problems.
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Test object

Transmit antenna Receive antenna

Figure 3: Shielding e�ectiveness measurement according to the standard MIL-STD-285

3.1.1 MIL-STD-285 type test

The foundation of shielding e�ectiveness measurements has earlier been the American
military standard MIL-STD-285 from 1956 [33]. The method uses two screened rooms
with one common wall as shown in �gure 3. This wall has an aperture where test objects
are mounted.

In one room is the transmitter antenna located and the receiver antenna is located
in the other room, the antennas are directed towards each other and at a �x distance
from each other. The transmitter is transmitting at constant power and the receiver
measure the transferred power with and without test object mounted in the aperture.
The di�erence between these measurements is the insertion loss (IL) for the test object.
Measurements according to MIL-STD-285 have been used to examine new shielding ma-
terials as conductive composites and performance of conductive gaskets. Drawbacks with
the method are that measured insertion loss is dependent on the antenna placement and
the reections of the electromagnetic wave inside the screened rooms. This makes the
repeatability poor.

Improved versions of the method in MIL-STD-285 have developed were the problems
with reections have been minimized by the use of absorbing material in the chambers
[5]. New improved versions of the method in MIL-STD-285 can also be found in the
standards IEEE-STD-299 from 1997 and MIL-G-83528B from 1992. Frequency range a
few MHz to 18 GHz , dynamic range more than 50dB [40].

3.1.2 Dual mode stirred chamber

Ameasurement method called the dual mode stirred chamber or dual reverberation cham-
ber method is being developed by FOA Defence Research Establishment in Link�oping,
Sweden, National Institute of Standards and Technology (NIST) in the USA and others
[40],[38],[18],[16],[47],[39]. It uses two mode stirred chambers next to each other with a
common wall having an aperture for mounting of test objects.

A mode stirred chamber is a shielded room with a mode stirring arrangement to
create electromagnetic �elds with a large number of modes within the chamber, see
�gure 4. The mode stirring arrangement can be a mechanical paddle wheel or some



12 Introduction

Test objectTransmit
antenna

Receive antenna

Stirring paddleStirring paddle

Figure 4: Shielding e�ectiveness measurement using a dual mode stirred chamber facility

other highly conductive structure that can be rotated stepwise or continuously. It can
also be implemented by modulating the signal source and create frequency mode stirring
[44], also referred to as electronic mode stirring.

The multimode electromagnetic �eld in the chambers can be of high amplitude using
a small not to expensive power ampli�er. A 1 Watt ampli�er can be used to create a
�eld in the chamber with electric components of 100 Volts per meter or more, depending
on the quality factor (Q) of the chamber [44].

The facility can be used for mode tuning when the stirring mechanism is stepped be-
tween measurements so that several measurements are obtained in di�erent electromag-
netic environments. A mode stirring action can also be used when the stirring mechanism
is causing a continuously changing electromagnetic environment in the chamber.

This makes the measurements considerably easier, the placement of antennas is for
instance not critical here. Drawbacks are that the needed equipment to control the mode
stirring can be expensive and the method does not show if the test object is particularly
sensitive to a certain �eld polarity from a certain direction. The lower frequency limit for
the method is about 500 MHz and it is dependent on the smallest size of the mode stirred
chambers (the smallest distance inside a chamber should be seven times the wavelength
of the lowest frequency [38], i.e. 500 MHz gives a distance of more than four meters).
Other ways to derive the lowest useful frequency [21],[7],[9] gives di�erent lower frequency
limit and to really know the lower frequency limit, measurement of the �eld uniformity
[21] in the completed chamber is the best way to get an exact realistic value [19].

3.1.3 Apertured TEM cell in a reverberating chamber

This is a simpler method [40], [47] that makes use of one mode stirred chamber. Inside
the chamber a transmitting antenna is located and an apertured TEM cell as receiver
[40], [28]. The location of the transmitting antenna and the TEM cell is not critical but
the antenna should not be aiming towards the TEM cell and the TEM cell should not be
close to the walls or other reecting objects [21], [7]. A TEM cell is an expanded section
of a rectangular co-axial transmission line. The sample is mounted over an aperture
in the TEM cell. An electromagnetic �eld is then generated with the antenna and a
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Termination

Far end measurement
Near end measurement

Signal
source

Test sample

Figure 5: Shielding e�ectiveness measurement using a dual transverse electromagnetic (TEM)

cell

receiving instrument connected to the TEM cell is used to measure the leakage through
the sample. The usable frequency range is 200 MHz to 1 GHz and dynamic range about
100 dB [40].

3.1.4 Dual TEM cell

A related and even cheaper method is the dual TEM cell method [40],[47],[35],[23]. Here
two TEM cells are connected together in a "piggy-back" manner, see �gure 5. The TEM
cells are coupled trough an aperture in the common wall. An important feature with
this measurement method is that near �eld SE measurements are obtained (E-�eld and
H-�eld shielding e�ectiveness).

One TEM cell is connected to a signal source and terminated in the other end. The
second TEM cell have two outputs where electric �eld coupling and magnetic �eld cou-
pling can be measured respectively. The aperture is covered with the sample to be
investigated. A drawback with this method is that the polarization of the electric �eld
is normal to the sample [40]. A nice feature with this method is that both electric- and
magnetic �eld shielding simultaneously can be investigated by measuring the received
power in both ends of the secondary TEM cell. The frequency range for this method is
1 MHz to 200 MHz and the dynamic range is about 60 dB.

3.1.5 Split TEM cell (TEM-T cell)

Another usage of the TEM cell is the split TEM cell [40],[23],[17] described in the standard
ASTM-D4935, it is also called rectangular split transmission line holder. The split TEM
cell is made as an ordinary TEM cell in two halves. A sample is characterized by the
insertionloss calculated from a measurement of attenuation through the empty cell with
the halves joined and a measurement of attenuation through the shorted cell with the
halves joined with the sample in between. Both the centre conductor and the outer
conductor must make good contact with the sample on both sides so that the cell is
shorted by the sample.
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The receiving half of the TEM cell can be modi�ed to measure the magnetic �eld
shielding eÆciency. Then a loop antenna is combined with a box equipped with a 90-
degree angle reector on one wall. The loop antenna is mounted trough the reector
such that three quarters of the loop is inside the box and one quarter outside. When
performing a measurement the wall with the reector and quarter loop antenna is joined
with the half TEM cell and the sample in between. The frequency range for this method
is 1MHz to 1 GHz (1 MHz to 400 MHz for H-�eld) and the dynamic range about 70-80dB
[40].

3.1.6 Circular coaxial holder

There are two quite di�erent versions of this kind of test �xture [17],[40]. The continuous
conductor (cc) version is an expanded 50
 coaxial transmission line with tapered ends to
�t standard 50
 coaxial connector. The sample has to have an annular washer shape to
�t between the inner and outer conductor and thereby short the transmission line. The
other version called split conductor (sc) is very similar to the split TEM cell method with
the di�erence that a circular 50
 transmission line is involved instead of a rectangular.
The outer conductor is equipped with anges to o�er good capacitic coupling between the
two halves of the �xture. A measurement is performed of a loaded transmission line with
a disc shaped piece of the sample of a size to �t the outer diameter of the anges. The
reference measurement is with an unloaded transmission line. Then a disc shaped piece
of the sample is placed between the centre conductors and an annular washer shaped
piece of the sample is �tted between the outer anges. The insertion loss is calculated as
the di�erence between the loaded and the unloaded transmission line. The continuous
conductor test �xture has an operating frequency range of dc to 1 GHz and a dynamic
range of 90 - 100 dB and the split conductor �xture has a frequency range of 1 MHz to
1.8 GHz and a dynamic range of 90 - 100 dB [40].

3.1.7 Dual chamber test �xture (ASTM ES7-83)

A box split into two sections. Each section has an antenna �xed on the inside. A sheet of
the sample material is sandwiched between the two sections and the transmission through
the material is measured. As a reference the transmission between the antennas are
measured without the sample present. From these measurements the shielding eÆciency
is calculated as the insertion loss. The test method has been used for frequencies from
100 kHz to 1 Ghz and gives a dynamic range of 80 dB.

3.2 Transfer impedance methods

The transfer impedance or surface transfer impedance is a way to describe the high
frequency characteristics of an electromagnetic shield in terms of lumped or distributed
circuit elements. Properties inuencing the performance of an electromagnetic shield
are the skin depth, geometrical shape among others. By determination of the transfer
impedance these properties are modeled by a circuit element giving the corresponding
electric �eld on the secondary shield surface for a certain current on the primary shield
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Figure 6: Schematic measurement setup example for the triaxial transfer impedance �xture used

in standard IEC 96-1A

surface. This model are then very suitable for generation of a SPICE model making it
possible to simulate the penetration of an electromagnetic shield in a circuit simulator.

3.2.1 Transfer impedance of coaxial cables

For measuring the eÆciency of a coaxial cable shield a method is commonly used were
transfer impedance is measured. The standard IEC 96-1A [22] describes this procedure
and the design of the test �xture. The triaxial �xture setup used in this standard can for
a characterization of a 50
 schematically be shown as in �gure 6. The �xture is usually
used with a network analyzer and transmission through the �xture (S21) is recorded. The
transfer impedance of the cable shield can then be calculated be a formula (4) given in
the standard.

Zt = abs(S21 � 2 � 1:4 � 60 � ln(
60

d
)) (4)

where d is the outer diameter of the cable screen under test.

Other standards exists for transfer impedance measurements on shielded cables. The
useful frequency range for the IEC 96-1A �xture is DC to 30 MHz. More advanced
�xtures using quadraxial and quintaxial setups are useful up to 1 GHz [20].

3.2.2 Transfer impedance of conductive gaskets

The standard SAE ARP 1705 [42] (from 1981) and the revised version SAE ARP 1705A
[43] (from 1997) describes how transfer impedance measurements is used to determine
the performance of EMC gaskets. Transfer impedance is de�ned as the voltage Uout on
the secondary side of the shield divided by the current density Jin (in Ampere per meter)
on the primary side of the shield, see �gure 7 . The current density Jin may for instance
be induced by an incident electromagnetic �eld. The higher the transfer impedance for
a gasket is the lower is the performance of the gasket since an electromagnetic �eld on
the front side of the shield easier can give raise to electromagnetic �elds on the backside
of the shield.
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Figure 7: The transfer impedance measurement on a conductive gasket

The measurement procedure is straigthforward and to be able to determine the trans-
fer impedance from the measured entities a simpli�ed low frequency model of the test
�xture is used, by improvements of this model more exact results would be obtained [38],
[6]. The test �xture in the standard SAE ARP 1705 is stated to be useful for absolute
measurements up to 700MHz. There are improved versions of transfer impedance test
�xtures for use at higher frequencies [24], [25].

The contact pressure between the gasket and the mating surface is an important
parameter that has to be controlled when a gasket is examined. In the SAE ARP 1705
�xture this is accomplished by pneumatic pressure behind a membrane involving the
"cover" that rests on the gasket. This method has its drawbacks, especially when testing
�ngerstock gaskets that needs a small contact pressure and long compression height [45].
The newer SAE ARP 1705A the membrane is removed and the new construction is using
pneumatic cylinders to set the contact pressure.

3.2.3 Transfer impedance of shielded connectors

For shielded connectors the transfer impedance characterization is also commonly used.
Di�erent �xtures are used in published investigations [13], [46].

3.2.4 Relating transfer impedance to other performance measures

Since transfer impedance is a circuit theory description of the shielding performance.
There are no easy way to convert this measure to the insertion loss measured using stan-
dard MIL-STD-285 since that would require the geometry of the test �xture and the
incident angle of the �eld towards the gaskets to be taken into account [11],[39]. Experi-
mental comparisons have been performed to relate the di�erent measures of performance
[40],[15],[16],[1],[26].
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4 Earlier work related to my research

4.1 Conductive gasket materials

Di�erent materials for use in conductive gaskets have been studied continuously since the
seventies and for military use probably even longer. The kind of metallic gaskets that is
called �ngerstock gaskets found on the market are normally made of beryllium copper.
Special gaskets made of stainless steel (301), phosphor bronze and other metals can be
ordered but have until quite recent not been available in stock. There are alternative
surface treatment materials, most commonly used are tin, tin/lead, nickel, zinc, cadmium,
silver and gold.

Earlier investigations of new materials in EMC gaskets seldom compare the use of
di�erent base materials in �ngerstock gaskets. The scopes of examinations are usually
composite materials [27], [31] for use in gaskets with lower shielding eÆciency. In cases
where �ngerstock gaskets are subjects of examination, the purpose is to clarify the impact
of corrosion on shielding eÆciency and lifetime of the gasket. Here it is also important
what materials the gasket is mounted against. Fingerstock gaskets are in earlier investi-
gations usually mounted between plates of steel (1010), stainless steel (306) or aluminum
[28], [3]. These plates can also be covered with a thin layer of tin, tin/lead, nickel, zinc
or cadmium [27], [28], [2], [3]. The �ngerstock gaskets used in earlier examinations was
made of beryllium copper with or without tin surface treatment and stainless steel (301)
without surface treatment [27], [28]. No investigations have been found where �ngerstock
gaskets made of stainless steel covered with tin were used.

4.2 Electromagnetic barrier modeling

Earlier research in this �eld have investigated discrete component models for improving
the high frequency accuracy of circuit simulations [49]. By including stray capacitances
and pin inductances realistic simulation results were obtained at frequencies up to 1 GHz
for resistors, capacitors and coils.

More recent research have diversi�ed and is covering a wide range of aspects. Numer-
ical modelling techniques for extracting lumped component values or transmission line
parameters from geometrical structures has been an expanding research area [41], [30],
[48], [4]. Finite Di�erence Time Domain (FDTD), Partial Equivalent Element Circuit
(PEEC) and Method of Moments (MOM) are the most commonly used numerical tech-
niques [4]. Generation of a lumped circuit model followed by a circuit simulation using
SPICE or equivalent software tools is an approach many have chosen to use [41], [10].

For circuit simulations of crosstalk in multi conductor cables and on printed circuit
boards models based on transmission lines and multi conductor transmission lines are
commonly used [30], [48]. Earlier work usually focuses on a speci�c barrier or design ele-
ment and do not develop generic approaches to generate lumped element circuit models.
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4.3 Near �eld scanning of antennas and printed circuit boards

Near �eld scanning of antennas is a design tool for antenna engineers that has been used
for several years. In EMC research near �eld scanning techniques has also been used in
di�erent studies.

An investigation on near �eld radiation from traces on a printed circuit board shows
good agreements between measured and simulated �elds [8]. Both E-�eld and H-�eld
probes was used and the magnitude of the �eld was studied. The near �eld scan were
collected using a computer controlled three dimensional positioning mechanism.

A similar study were done using two probes scanning simultaneously at di�erent
height to obtain a phase di�erence and a amplitude di�erence [29]. The measured values
compares well with simulated results using a thin-wire structure analysis program (NEC).
The method of near �eld scanning used in the study is suggested to be accurate enough
for far �eld predictions of the radiation from a printed circuit board.

5 Paper summaries

My research is documented in three papers of which one is submitted to a scienti�c journal
and two are presented at scienti�c conferences and published in conference proceedings.

Paper A:
Lundgren U., "Comparative transfer impedance measurements on �ngerstock gaskets of
di�erent materials", Paper submitted to IEEE Transactions on Electromagnetic Com-
patibility

Paper B:
Carlsson J. and Lundgren U., "An Approach to the Generation of SPICE Models Fea-
sible for EMC Problems", Symposium Record, 2000 IEEE International Symposium On
Electromagnetic Compatibility, (Washington, D.C., USA), 2000

Paper C:
Jenvey S. and Lundgren U., "A comparison of measured and simulated current distribu-
tions on a printed log-periodic antenna", Symposium Record, Antenn 00, Nordic Antenna
Symposium, (Lund, Sweden), 2000

5.1 Paper A: Comparative transfer impedance measurements

on �ngerstock gaskets of di�erent materials

A study was made to investigate how conductive gaskets for EMC applications performs
when made of stainless steel compared to making them of beryllium copper, which is more
common. The stainless steel gaskets that was studied was manufactured with a speci�c
clip-on �ngerstock design for edge mounting, and had to be used in a �xed length. A
beryllium copper gasket was found with a more or less comparable design. Both gaskets
were available in a tin coated �nish and in the bare base material �nish.
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The performance of the gaskets has been compared regarding their transfer impedance.
The transfer impedance test �xture used was designed specially for the gasket design men-
tioned and thereby di�ers from the standardized �xture. Data have been obtained in the
frequency interval 2 MHz to 1 GHz. However, the transfer impedance �xture design
limited the useful upper frequency to about 500 MHz. The contact pressure has been
varied in order to determine its inuence on the transfer impedance. Each measurement
was repeated several times with relaxed and restored contact pressure to get an average
with a known contact pressure.

From the electrical properties of the studied materials it was expected that the beryl-
lium copper gaskets would perform better than the stainless steel gaskets. The measure-
ments show that beryllium copper o�ers better performance than stainless steel for bare
base material �nish. The results also shows that gaskets made of tin coated stainless
steel can exhibit as good or better performance as gaskets made of beryllium copper in
the entire frequency interval from 2 MHz to 500 MHz. Above 500 MHz the poor �xture
performance makes the comparison inappropriate. The di�erence between gaskets made
of stainless steel with and without tin coating is about 10dB at 2MHz and less at higher
frequencies. The di�erence between gaskets made of beryllium copper with and without
tin coating is small.

The results show that a very small change in contact pressure can cause a greater
change in transfer impedance than the di�erence is between the di�erent materials. This
suggests that the attention should be focused on the design of the gasket and of the
part where the gasket is mounted rather than the choice between almost equally well
suited gasket materials. Concerning corrosion the material of the mating surfaces are as
important as the gasket material.

5.2 Paper B: An approach to the generation of SPICE models

feasible for EMC problems

Considering electromagnetic barriers and the desire to be able to simulate barriers in
circuit simulators, work have been done to develop methods to generate SPICE models for
a few barrier kinds. The barriers considered are divided into two groups, physical barriers
and geometrical barriers. In the physical barrier group we can �nd �lters and other
commercially available components with unknown interior structure. The geometrical
barriers are geometrically well known structures like a shielding enclosure or separation
of traces on a printed circuit board.

It has been shown that for a geometrical barrier where the structure has a �xed
cross section, the barrier characteristics can be calculated with inexpensive tools if the
material properties are known. Barriers with stepwise changing cross sections were also
applicable when di�erent circuit model segments were cascaded. A two-dimensional �nite
di�erence program was developed in which the cross-section of the barrier is de�ned using
a CAD-like user interface. The program computes the per-unit length parameters of the
multi-conductor transmission line assumption of the barrier.

Prototype printed circuit boards incorporating the studied barriers was subject to
measurements. Good agreement was obtained between measurements and circuit simu-
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lation results with the generated circuit model of the barrier. The highest useful frequency
for models created with this approach depends on the number of segments in the lumped
circuit model.

For physical barriers another technique was developed based on measurements on the
barrier followed by a error minimization procedure of an assumed lumped component
circuit to the measured data. Models generated this way was also veri�ed by comparison
of measured values to simulation results of the generated model. Good agreement was
obtained for all comparisons at frequencies up to 1 GHz. Some models were performing
well up to 4 GHz (limited by lab equipment), while some models could be improved to
perform well in the frequency range 1 GHz to 4 GHz.

5.3 Paper C: A comparison of measured and simulated current

distribution on a printed log-periodic antenna

The current distribution on a log periodic dipole antenna (LPDA) have been studied using
near �eld measurements and simulations based on method of moments. The antenna was
constructed on a printed circuit board.

Detailed measurements of the magnetic �eld was obtained with 5 mm stepping two
dimensional scanning just above the surface of the antenna. The �eld was sampled
using a loop probe connected to a vector network analyzer. The probe was positioned
by a computer controlled scanning mechanism. Two polarizations of the magnetic �eld
was acquired with magnitude and phase. The current distribution on the antenna were
studied by examining the magnetic �elds obtained by the scanning procedure.

As both magnitude and phase data were recorded for the current distribution on
the antenna, it was possible to determine the instantaneous current distribution and to
e�ectively time advance it by incrementing the phase at each point on the distribution
by the same amount. The wave nature of the current distribution can be observed and
problems with the design such as standing waves on the feeder lines are highlighted for
attention in a revised design of the LPDA.

The use of the printed circuit board to support the radiating elements and the parallel
wire transmission feeder line led to a mixed dielectric environment. This a�ected the
current distributions on the feeder and the radiating elements and hence the radiation
patterns and the impedance characteristics of the antenna.

Measured current distributions were compared with predicted distributions obtained
from Method of Moments (MOM) analysis of the LPDA structure. Comparison results
show that magnetic �eld scanning of a printed antenna is a useful tool for getting a better
understanding of the real performance of the antenna. Measured and predicted far �eld
radiation patterns are also compared.

6 Conclusion - suggested further work

A comparison has been made between stainless steel and beryllium copper for use as
base material in �ngerstock gaskets for electromagnetic shielding applications. The in-
vestigated gaskets exhibited monotonical improvement of performance when the contact
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pressure was increased. The shielsing performance is far more sensitive to changes in
contact pressure than to the base material and surface material in the �ngerstock gasket.

The measurement results shows that gaskets made of stainless steel, coated with tin
can reach as good as or better performance as gaskets made of beryllium copper. The
di�erence between gaskets made of beryllium copper with and without tin cover is small
in the entire frequency interval. For gaskets made of beryllium copper at optimal contact
pressure the performance seem to be insensitive to frequency in the interval 2MHz to
500MHz. Gaskets made of stainless steel covered with tin at optimal contact pressure
exhibit somewhat increasing transfer impedance when the frequency is decreasing below
200MHz.

Further comparisons of materials used in conductive gaskets should be carried out
at higher frequencies than the 400 - 500 MHz possible with the �xture used so far. For
this further work the use of dual reverberation chambers would be a great advantage
due to the large frequency range that will o�er from about 300 MHz and up to 18 GHz
or even higher. It also is a well suited measurement technique for shielding e�ectiveness
measurements on metallic �ngerstock gaskets because it evens out the possible directional
leakage of the non-homogeneous gasket.

In the work regarding techniques to generate models for electromagnetic barriers,
methods have been developed for generating lumped circuit models. The developed
methods so far o�ers generation of lumped circuit models for transmission like barriers as
well as for barriers with unknown geometrical shape. The developed methods have been
veri�ed by comparison of simulation results from generated models and measurements
on prototype printed circuit boards.

Good agreement between SPICE simulation and measurement was found for frequen-
cies up to 1 GHz. For models of transmission like barriers the upper frequency limit for
good agreement is depending on the number of cascaded sections in the circuit model.
The method of adapting an assumed network to measured S-parameters gave an good
agreement up to 1 to 4 GHz when simple networks were assumed. In the high frequency
end the electromagnetic characteristics becomes harder to describe using lumped cir-
cuits. Better agreement in the high frequency range may be reached by assuming a more
complex network.

Development of generation techniques for SPICE models of EMC barriers should be
taken a step further by studying radiated coupling phenomenas. The goal would be to
�nd modeling techniques and measurement methods for generating and verifying SPICE
models making circuit simulation possible of shielding of electromagnetic �elds. Here the
transfer impedance and transfer admittance description of an electromagnetic shield may
be an important approach.

Magnetic scanning of a log periodic dipole antenna (LPDA) has been used in order
to get an understanding of the LPDA operation from its current distributions. The
current distributions observed on the prototype antenna were used to see where problems
existed with the design. They were also used to determine information on the e�ective
relative dielectric constant to be used in MOM analysis of the antenna and its radiation
characteristics. That the patterns predicted matched reasonably well gives con�dence in
this approach.

Observed di�erences in the magnitude of the measured and computed currents on the
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dipoles require further investigation. It is also desired to continue the work on printed
antennas towards integrating antennas onto shielded enclosures. Then the properties
of di�erent antennas and di�erent antenna feeding networks will be studied and their
impact on the integrity of the shielding enclosure. The near �eld scanning technique
used for current distribution characterization can be used as a design tool in complement
with common design rules for the integration of antennas onto shielding enclosures.
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Frpsdudwlyh wudqvihu lpshgdqfh phdvxuhphqwv rq
?qjhuvwrfn jdvnhwv ri gl>huhqw pdwhuldov

Xuedq Oxqgjuhq/ Oxohè Xqlyhuvlw| ri Whfkqrorj|

Devwudfw9Uhvxowv iurp wudqvihu lpshgdqfh phdvxuhphqwv
vkrz wkdw jdvnhwv pdgh ri vwdlqohvv vwhho/ fryhuhg zlwk wlq
fdq h{klelw dv jrrg shuirupdqfh dv jdvnhwv pdgh ri ehu|o0
olxp frsshu lq doprvw wkh hqwluh iuhtxhqf| lqwhuydo iurp
5PK} wr 4JK}1 Wkh gl>huhqfh ehwzhhq jdvnhwv pdgh ri
vwdlqohvv vwhho zlwk dqg zlwkrxw wlq vxuidfh wuhdwphqw lv
derxw 43gE dw 5PK} dqg ohvv dw kljkhu iuhtxhqflhv1 Wkh
gl>huhqfh ehwzhhq jdvnhwv pdgh ri ehu|oolxp frsshu zlwk
dqg zlwkrxw wlq vxuidfh wuhdwphqw lv vpdoo1 Wkh uhvxowv vkrz
wkdw wkh fkrlfh ehwzhhq vwdlqohvv vwhho dqg ehu|oolxp frs0
shu dv edvh pdwhuldo fdq eh lqvljql?fdqw frpsduhg wr wkh
lq xhqfh ri d yhu| vpdoo fkdqjh lq frqwdfw suhvvxuh1 Frq0
fhuqlqj fruurvlrq wkh pdwhuldo ri wkh pdwlqj vxuidfhv duh dv
lpsruwdqw dv wkh jdvnhw pdwhuldo1

L1 Lqwurgxfwlrq

D ?qjhuvwrfn jdvnhw pxvw kdyh kljk frqgxfwlylw| dqg wkh
pdwhuldo pxvw kdyh kljk  h{lelolw| vr lw fdq eh xvhg dv d
vsulqj zlwkrxw ehfrplqj zhdn dqg euhdn1 Ixuwhupruh wkh
pdwhuldo pxvw qrw surgxfh lvrodwlqj r{lgh rq wkh vxuidfh ri
wkh jdvnhw diwhu vrph wlph lq wkh dssolfdwlrq hqylurqphqw1
Ilqjhuvwrfnv duh riwhq pdgh ri ehu|oolxp frsshu exw rwkhu
pdwhuldov vxfk dv vwdlqohvv vwhho duh vrphwlphv xvhg1 Wkh
edvh pdwhuldov duh iuhtxhqwo| fryhuhg zlwk d vxuidfh pdwh0
uldo/ iru lqvwdqfh fdgplxp/ vloyhu ru wlq1 Pdq| ri wkh xvhg
pdwhuldov duh txlwh h{shqvlyh dqg qrw hqylurqphqwdoo| vdih1
Wkh pdwhuldov xvhg lq d ?qjhuvwrfn jdvnhw pxvw kdyh

phfkdqlfdo/ hohfwulfdo dqg fkhplfdo surshuwlhv vxlwdeoh iru
wkh lqwhqghg dssolfdwlrqv1 Iru h{dpsoh li wkh jdvnhw vkrxog
pdnh hohfwulfdo frqwdfw durxqg d grru wkdw rshqv dqg forvhv
iuhtxhqwo|/ wkh fkrlfh ri jdvnhw ghwhuplqh wkh olihf|foh ri
wkh vklhog1 Lw zrxog hdvh wkh zrun iru ghvljqhuv li gl>huhqw
jdvnhwv ri gl>huhqw pdwhuldov frxog eh fkrvhq1
Wkh ?qjhuvwrfn jdvnhwv irxqg rq wkh pdunhw duh qru0

pdoo| pdgh ri ehu|oolxp frsshu1 Vshfldo jdvnhwv pdgh ri
vwdlqohvv vwhho +634,/ skrvskru eurq}h dqg rwkhu phwdov fdq
eh rughuhg exw xqwlo txlwh uhfhqwo| kdyh qrw ehhq dydlodeoh
lq vwrfn1 Wkhuh duh xvxdoo| d qxpehu ri rswlrqdo vxuidfh
wuhdwphqw pdwhuldov/ prvw frpprqo| xvhg duh wlq/ wlq2ohdg/
qlfnho/ }lqf/ fdgplxp/ vloyhu dqg jrog1
Hduolhu lqyhvwljdwlrqv ri qhz pdwhuldov lq HPF jdvnhwv

vhogrp frpsduh wkh xvh ri gl>huhqw edvh pdwhuldov lq ?q0
jhuvwrfn jdvnhwv1 H{dplqdwlrqv xvxdoo| frqfhuq frpsrvlwh
pdwhuldov ^49`/ ^53` iru xvh lq jdvnhwv zlwk orzhu vklhoglqj
h!flhqf|1 Lq fdvhv zkhuh ?qjhuvwrfn jdvnhwv kdyh ehhq
vxemhfw ri h{dplqdwlrq/ wkh sxusrvh kdv ehhq wr foduli|
wkh lpsdfw ri fruurvlrq rq vklhoglqj h!flhqf| dqg olihwlph
ri wkh jdvnhw1 Ilqjhuvwrfn jdvnhwv lq hduolhu lqyhvwljdwlrqv
duh xvxdoo| prxqwhg ehwzhhq sodwhv ri vwhho +4343,/ vwdlq0
ohvv vwhho +639, ru doxplqlxp ^4:`/ ^4<`1 Wkhvh sodwhv fdq
dovr eh fryhuhg zlwk d wklq od|hu ri wlq/ wlq2ohdg/ qlfnho>
}lqf ru fdgplxp ^49`/ ^4:`/ ^4;`/ ^4<`1 Wkh ?qjhuvwrfn jdv0

nhwv xvhg lq hduolhu h{dplqdwlrqv zhuh pdgh ri ehu|oolxp
frsshu zlwk ru zlwkrxw wlq vxuidfh fryhulqj dqg vwdlqohvv
vwhho +634, zlwkrxw vxuidfh wuhdwphqw ^49`/ ^4:`1 Qr lqyhv0
wljdwlrqv kdyh ehhq irxqg zkhuh ?qjhuvwrfn jdvnhwv pdgh
ri vwdlqohvv vwhho fryhuhg zlwk wlq zhuh xvhg1
Wr jhw d ehwwhu xqghuvwdqglqj krz vwdlqohvv vwhho lv

vxlwhg dv pdwhuldo lq ?qjhuvwrfn jdvnhwv/ wkh pdwhuldo lv
frpsduhg wr ehu|oolxp frsshu1 Li wkh hohfwulfdo surshu0
wlhv ri d jdvnhw pdgh ri vwdlqohvv vwhho suryh wr eh jrrg
wkhq vwdlqohvv vwhho fdq uhsodfh ehu|oolxp frsshu dv edvh
pdwhuldo lq ?qjhuvwrfn jdvnhwv lq vrph dssolfdwlrqv vlqfh
vwdlqohvv vwhho lv hfrqrplfdoo| frpshwlwlyh dqg r>huv ehw0
whu  h{lelolw|1 Iurp hqylurqphqwdo dqg fruurvlrq dvshfwv
vwdlqohvv vwhho lv dovr suhihudeoh1

LL1 Phdvxuhphqw phwkrgv

Wkh edvlv iru vklhoglqj h!flhqf| phdvxuhphqwv kdv hduolhu
ehhq dq Dphulfdq plolwdu| vwdqgdug +PLO0VWG05;8 ^4`,
wkdw zdv sxeolvkhg 4<891 Wkh phwkrg xvhv wzr vklhoghg
urrpv zlwk rqh frpprq zdoo +Iljxuh 4,1 Wklv zdoo kdv dq
rshqlqj zkhuh whvw remhfwv fdq eh sodfhg1
Rqh urrp kdv d wudqvplwwlqj dqwhqqd dqg wkh rwkhu urrp

d uhfhlylqj dqwhqqd1 Phdvxuhphqwv dffruglqj wr PLO0
VWG05;8 kdyh ehhq xvhg wr h{dplqh qhz nlqgv ri frqgxfw0
lqj pdwhuldov iru lqvwdqfh frqgxfwlqj frpsrvlwh pdwhuldov/
dqg wr h{dplqh HPF0jdvnhwv1 Gudzedfnv lq wkh phwkrg lv
wkdw wkh phdvxuhg lqvhuwlrq orvv lv ghshqghqw ri wkh sodfh0
phqwv ri wkh dqwhqqdv dqg wkdw wkh wudqvplwwhg zdyh lv
uh hfwhg djdlqvw wkh lqwhulru ri wkh urrpv dqg surgxfh
pxowlsoh zdyh sdwkv1 Lpsuryhg yhuvlrqv ri wkh phwkrg gh0
vfulehg lq PLO0VWG05;8 kdyh ehhq ghyhorshg zhuh pdlqo|
wkh uh hfwlrq sureohp kdyh ehhq wuhdwhg ^6`1 Qhz lpsuryhg
yhuvlrqv ri wkh phdvxuhphqw phwkrg lq PLO0VWG05;8 duh
dovr vwdqgdugl}hg lq LHHH0VWG05<< iurp 4<<4 dqg PLO0
J0;685;E iurp 4<<51
D qhz phdvxuhphqw phwkrg lqyroyhv prgh vwluuhg fkdp0

ehuv ^7`/ ^8`/ ^<`/ ^43`/ ^44`/ ^55` wr fuhdwh hohfwurpdjqhwlf
?hogv zlwk qr grplqdwlqj prgh1 Wklv pdnhv wkh phd0
vxuhphqwv frqvlghudeo| hdvlhu/ wkh sodfhphqw ri dqwhqqdv
lv iru lqvwdqfh qrw fulwlfdo khuh1 Gudzedfnv duh wkdw wkh
phwkrg grhv qrw vkrz li wkh whvw remhfw lv sduwlfxoduo| vhq0
vlwlyh wr d fhuwdlq ?hog srodulw| iurp d fhuwdlq gluhfwlrq1
Wkh orzhu iuhtxhqf| olplw iru wkh phwkrg lv derxw 833PK}
dqg lv ghshqghqw rq wkh vpdoohvw vl}h ri wkh prgh vwluuhg
fkdpehuv +wkh vpdoohvw glvwdqfh lqvlgh d fkdpehu vkrxog
eh vhyhq wlphv wkh zdyhohqjwk ri wkh orzhvw iuhtxhqf| ^8`/
l1h1 833PK} jlyhv pruh wkdq irxu phwhuv,1
Iru phdvxulqj wkh h!flhqf| ri d frd{ldo fdeoh vklhog

d phwkrg lv frpprqo| xvhg zhuh wudqvihu lpshgdqfh lv
phdvxuhg1 Wkh uhfrpphqgdwlrq VDH DUS 4:38 ^5` +iurp
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Ilj1 41 Vklhoglqj H!flhqf| phdvxuhphqwv dffruglqj wr PLO0VWG0
5;8

4<;4, ghvfulehv krz wudqvihu lpshgdqfh phdvxuhphqwv lv
xvhg wr ghwhuplqh wkh shuirupdqfh ri HPF jdvnhwv +Ilj0
xuh 5,1
Wudqvihu lpshgdqfh lv gh?qhg dv wkh yrowdjh Xrxw rq

wkh edfnvlgh ri wkh vklhog glylghg e| wkh fxuuhqw ghqvlw|
Mlq +lq Dpshuh shu phwhu, rq wkh iurqw vlgh ri wkh vklhog1
Wkh fxuuhqw ghqvlw| Mlq pd| iru lqvwdqfh eh lqgxfhg e|
dq lqflghqw hohfwurpdjqhwlf ?hog1 Wkh kljkhu wkh wudqvihu
lpshgdqfh lv iru d jdvnhw wkh zruvh wkh shuirupdqfh ri wkh
jdvnhw vlqfh dq hohfwurpdjqhwlf ?hog rq wkh iurqw vlgh ri wkh
vklhog fdq pruh hdvlo| jlyh udlvh wr hohfwurpdjqhwlf ?hogv
rq wkh edfnvlgh ri wkh vklhog1

Ilj1 51 Vnhwfk iurp wkh uhfrpphqgdwlrq VDH DUS 4:38 ghvfule0
lqj wkh sulqflsoh iru wudqvihu lpshgdqfh phdvxuhphqwv rq HPF0
jdvnhwv

Wudqvihu lpshgdqfh lv d flufxlw wkhru| ghvfulswlrq ri wkh
vklhoglqj h!flhqf| +Iljxuh 6,1 Wkhuh duh qr hdv| zd| wr
frqyhuw wklv phdvxuh wr wkh lqvhuwlrq orvv phdvxuhg xvlqj
vwdqgdug PLO0VWG05;8 vlqfh wkdw zrxog uhtxluh wkh jhrp0
hwu| ri wkh whvw ?{wxuh dqg wkh lqflghqw dqjoh ri wkh ?hog
wrzdugv wkh jdvnhwv wr eh wdnhq lqwr dffrxqw ^54`/ ^55`1 H{0
shulphqwdo frpsdulvrqv kdyh ehhq shuiruphg wr uhodwh wkh
gl>huhqw phdvxuhv ri shuirupdqfh ^7`/ ^;`/ ^43`/ ^45`/ ^48`1

Ilj1 61 Wudqvihulpshgdqfh iru d HPF0jdvnhw

Ilj1 71 Dq h{dpsoh ri d htxlydohqw flufxlw iru wudqvihu lpshgdqfh
whvw ?{wxuh dffruglqj wr vwdqgdug VDH DUS 4:38

Ilj1 81 Dq htxlydohqw flufxlw iru wudqvihu lpshgdqfh whvw ?{wxuh
dw kljk iuhtxhqflhv +vl}h ri ?{wxuh qrw pxfk vpdoohu wkdq wkh
zdyhohqjwk,/ wkh frpsrqhqw ydoxhv zdv rewdlqhg iurp dq lwhudwhg
fxuyh ?w surfhgxuh

Wkh phdvxuhphqw phwkrg dffruglqj wr VDH DUS 4:38
lv vwudljkwiruzdug dqg wr eh deoh wr ghwhuplqh wkh wudqv0
ihu lpshgdqfh iurp wkh phdvxuhg hqwlwlhv d vlpsol?hg orz
iuhtxhqf| prgho ri wkh whvw ?{wxuh lv xvhg +Iljxuh 7,1 Dw
kljkhu iuhtxhqflhv lw lv kdug wr pdnh d phdvxuhphqw ?{0
wxuh zlwk hohfwurpdjqhwlf fkdudfwhulvwlfv wkdw uhvhpeohv wr
wkdw ri wkh orz iuhtxhqf| flufxlw prgho1 Lpsuryhphqwv ri
wklv prgho +Iljxuh 8, zrxog surylgh pruh h{dfw uhvxowv ^8`/
^9`1 Wkh lpsuryhg flufxlw prgho kdv ehhq vlpxodwhg dqg
frpsduhg wr wkh fruuhvsrqglqj phdvxuhphqwv rq d phd0
vxuhphqwv ?{wxuh +Iljxuh 9,1 Wkh uhvxowv lqglfdwh wkdw wkh
hohfwurpdjqhwlf fkdudfwhulvwlfv ri wkh prgho fdq eh vlplodu
wr wkdw ri wkh uhdo ?{wxuh1 Wkh whvw ?{wxuh lq wkh uhfrp0
phqgdwlrq VDH DUS 4:38 lv vwdwhg wr eh xvhixo iru de0
vroxwh phdvxuhphqwv xs wr :33PK}1 Wkhuh duh lpsuryhg
yhuvlrqv ri wudqvihu lpshgdqfh whvw ?{wxuhv iru xvh dw kljkhu
iuhtxhqflhv ^46`/ ^47`1
Wkh frqwdfw suhvvxuh ehwzhhq wkh jdvnhw dqg wkh pdwlqj

vxuidfh lv dq lpsruwdqw sdudphwhu wkdw kdv wr eh frqwuroohg
zkhq d jdvnhw lv h{dplqhg1 Lq wkh vwdqgdugl}hg ?{wxuh
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Ilj1 91 Vslfh vlpxodwlrq uhvxow iru wkh flufxlw prgho dqg phdvxuhphqw
zlwk qr jdvnhw lq wkh ?{wxuh dqg ydu|lqj jds ehwzhhq wkh sodwhv
+314pp/ 31:pp dqg 418pp,

wklv lv dffrpsolvkhg e| sqhxpdwlf suhvvxuh ehklqg d php0
eudqh lqyroylqj wkh 4fryhu4 wkdw uhvwv rq wkh jdvnhw1 Wklv
phwkrg kdv lwv gudzedfnv/ hvshfldoo| zkhq whvwlqj ?qjhu0
vwrfn jdvnhwv wkdw qhhgv d vpdoo frqwdfw suhvvxuh dqg odujh
frpsuhvvlrq khljkw ^:`1

D1 Whvw jdvnhwv

Wkh vwdlqohvv vwhho ?qjhuvwrfn jdvnhwv duh pdqxidfwxuhg
e| Vhjhuvwuùp ) Vyhqvvrq DE1 Wkh edvh pdwhuldo lq wkhvh
jdvnhwv lv frog uroohg vwdlqohvv vwhho ri w|sh DLVL 634 iurp
Vdqgyln Vwhho1 Wkh jdvnhwv kdyh ehhq h{dplqhg zlwk dqg
zlwkrxw wlq vxuidfh wuhdwphqw1 Wr eh deoh wr frpsduh jdv0
nhwv pdgh ri vwdlqohvv vwhho zlwk jdvnhwv pdgh ri ehu|oolxp
frsshu jdvnhwv iurp Rphjd Vklhoglqj Surgxfwv Lqf1 zhuh
fkrvhq dv uhihuhqfh1 Wkh fkrlfh zdv sulpdu| edvhg rq wkh
idfw wkdw wkh jhrphwulfdo vkdsh ri wkh gl>huhqw jdvnhwv duh
vlplodu hqrxjk vr wkdw wkh| fdq eh prxqwhg rq wkh vdph
sodwh1
Wkh nlqg ri jdvnhwv fkrvhq dv uhihuhqfh duh dovr dydlo0

deoh zlwk wlq fryhulqj dqg rwkhu vxuidfh wuhdwphqwv1 Wkh
uhihuhqfh jdvnhwv duh pdgh ri ehu|oolxp frsshu zlwk dqg
zlwkrxw wlq vxuidfh wuhdwphqw1
Wkh duwlfoh qxpehuv ri wkh uhihuhqfh jdvnhwv lq Rphjd

Vklhoglqj Surgxfwv Lqf1 fdwdorjxh duh=
î <<0;43039053[/ euljkw ?qlvk
î <<0;430390;3[/ euljkw wlq vxuidfh ?qlvk
Doo whvw jdvnhwv duh ri wkh nlqg fols0rq> l1h1 wkh jdvnhwv

duh prxqwhg rq d 4pp wklfn sodwh ru  dqjh e| suhvvlqj
wkhp rq vwudljkw wrzdugv wkh hgjh1
Wkh gl>huhqfhv lq jhrphwulfdo vkdsh ehwzhhq wkh jdvnhwv

pdgh ri vwdlqohvv vwhho dqg jdvnhwv pdgh ri ehu|oolxp frs0
shu +Iljxuh :, suredeo| lq xhqfhv wkh frpsdulvrq vrph0
zkdw1
Rq wkh vwdlqohvv vwhho jdvnhw/ wkh frqwdfw ?qjhuv duh vxs0

sruwhg erwk dw wkh hgjh ri wkh sodwh dqg dw wkh hqg ri wkh
?qjhu1 Wklv lv ehfdxvh wkh frqwdfw ?qjhuv duh ehqw grzq
djdlqvw wkh sodwh derxw :pp iurp wkh hgjh1 Wkh frqwdfw

Ilj1 :1 Sur?oh iru wkh jdvnhwv pdgh ri vwdlqohvv vwhho dqg ehu|oolxp
frsshu

?qjhuv ri wkh ehu|oolxp frsshu jdvnhw duh rqo| vxssruwhg
dorqj wkh hgjh ri wkh sodwh1
Wkh zlgwk ri wkh ?qjhuv dqg wkh volw ehwzhhq wzr ?q0

jhuv dovr gl>huv ehwzhhq wkh jdvnhwv +Iljxuh ;,1 Rq wkh
?qjhuvwrfn jdvnhwv pdgh ri vwdlqohvv vwhho wkh frqwdfw ?q0
jhuv pdnhv derxw <3( ri wkh ohqjwk ri wkh jdvnhw1 Rq wkh
jdvnhwv pdgh ri ehu|oolxp frsshu wkh fruuhvsrqglqj udwlr
lv derxw :8(1

Ilj1 ;1 Phdvxuhv rq ?qjhuvwrfn jdvnhw

Fhuwdlq urxwlqhv dqg suhfdxwlrqv kdyh ehhq wdnhq wr hq0
vxuh wkdw wkh shuirupdqfh ri wkh jdvnhwv zrxog qrw ghfuhdvh
gxulqj wkh wlph ri wkh surmhfw1 Joryhv kdyh qrupdoo| ehhq
xvhg zkhq kdqgolqj wkh jdvnhwv/ rqo| lq d ihz rffdvlrqv wkh
jdvnhwv kdyh ehhq wrxfkhg e| eduh kdqg dqg wkhq qhyhu rq
wkh frqwdfw vxuidfhv1 Ilqjhusulqwv dqg frqwdplqdwlrq rq
wkh jdvnhw vxuidfh lqfuhdvh wkh ulvn ri fruurvlrq dqg wkh
surgxfwlrq ri srruo| frqgxfwlyh vxuidfhv1
Zkhq qrw lq xvh wkh jdvnhwv kdyh ehhq vwruhg lq d zd0

whuwljkw frqwdlqhu wrjhwkhu zlwk prlvwxuh devruelqj pdwh0
uldo1 Wkh prlvwxuh devruelqj pdwhuldo kdv nhsw lwv gdun
eoxh froru/ zklfk lqglfdwhv wkdw wkh kxplglw| lqvlgh wkh
frqwdlqhu kdv uhpdlqhg orz1

E1 Frqwdfw suhvvxuh ri wkh jdvnhwv

Dq lpsruwdqw sdudphwhu iru wkh h!flhqf| ri d jdvnhw lv
wkh frqwdfw suhvvxuh ehwzhhq wkh jdvnhw dqg wkh pdwlqj
frqwdfw vxuidfh1 Wklv suhvvxuh lv riwhq vwdwhg dv d irufh shu
duhd ru dv irufh shu ohqjwk ri jdvnhw1 Wkh odwwhu lv pruh
frqyhqlhqw wr xvh zkhq wkh frqwdfw duhd ydulhv zlwk wkh
dssolhg suhvvxuh1 Zkhq frpsdulqj wzr gl>huhqw jdvnhwv
zlwk voljkwo| gl>huhqw jhrphwulfdo vkdsh lw lv suhihudeoh wr
vwdwh wkh frqwdfw suhvvxuh dv irufh shu ohqjwk ri wkh fruuh0
vsrqglqj jdvnhw1
Ghshqglqj rq wkh jhrphwulfdo vkdsh ri d jdvnhw/ lwv  h{0

lelolw| dqg phfkdqlfdo surshuwlhv/ wkh lpshgdqfh dfurvv d
prxqwhg jdvnhw zloo ydu| zkhq ydu|lqj frqwdfw suhvvxuh1
Wzr gl>huhqw jdvnhwv fdq wkxv h{klelw rswlpxp vklhoglqj
h!flhqf| dw gl>huhqw frqwdfw suhvvxuhv1 Wklv rswlpdo frq0
wdfw suhvvxuh pxvw eh irxqg iru hdfk jdvnhw lq wkh h{dpl0
qdwlrq1
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Gxulqj wkh wudqvihu lpshgdqfh phdvxuhphqwv/ wkh frq0
wdfw suhvvxuh kdv ehhq hvwdeolvkhg e| ghwhuplqdwlrq ri wkh
frpsuhvvlrq khljkw ri wkh jdvnhw/ l1h1 wkh glvwdqfh ehwzhhq
wkh sodwhv zkhuh wkh jdvnhw lv prxqwhg1 Wklv khljkw zdv
vhw e| od|huv ri wklq sodvwlf vkhhwv ehwzhhq wkh sodwhv wkdw
wkhq zdv dvvhpeohg zlwk sro|dplgh erowv dqg qxwv1 Wkh
xvh ri wklq sodvwlf vkhhwv jdyh dq dffxudf| ri ÷3=38pp lq
wkh udqjh 3=8 wr 4=8pp1
Wr eh deoh wr shuirup wudqvihu lpshgdqfh phdvxuhphqwv

dw d vshfl?f frqwdfw suhvvxuh dqg wr eh deoh wr frpsduh
gl>huhqw jdvnhwv dw wkh vdph frqwdfw suhvvxuh/ lw lv qhfhv0
vdu| wkdw wkh uhodwlrq ehwzhhq wkh jdvnhwv frpsuhvvlrq dqg
frqwdfw suhvvxuh lv phdvxuhg vhsdudwho| iru hdfk jdvnhw1

F1 Phdvxulqj wkh wudqvihu lpshgdqfh

Wkh whvw ?{wxuh iru wudqvihu lpshgdqfh phdvxuhphqwv kdv
d ghvljq wkdw gl>huv iurp wkh vwdqgdugl}hg whvw ?{wxuh/
pdlqo| ehfdxvh lw kdv txdgudwlf lqvwhdg ri flufxodu furvv
vhfwlrq1 Wklv kdv lq xhqfh ryhu wkh fxuuhqw glvwulexwlrq lq
wkh whvw ?{wxuh1
Wkh whvw ?{wxuh ghvljq kdv ehhq fkrvhq sulpdu| wr ?w

wkh vwdlqohvv vwhho ?qjhuvwrfn jdvnhwv iurp Vhjhuvwuùp )
Vyhqvvrq dqg zrunv zhoo iru uhodwlyh phdvxuhphqwv1 Wkh
frqwdfw suhvvxuh lv ghwhuplqhg e| vhwwlqj wkh glvwdqfh xvlqj
d exqgoh ri wklq sodvwlf vkhhwv ehwzhhq wkh sodwhv zkhuh wkh
jdvnhw lv prxqwhg1
Wkh whvw ?{wxuh lv pdgh ri fduerq vwhho dqg lv htxlsshg

zlwk EQF frd{ldo frqqhfwruv dw lqsxw dqg rxwsxw sruwv1
Wkhvh frqqhfwruv duh vxlwdeoh iru iuhtxhqflhv xs wr 7JK}1
Rq wkh lqsxw vlgh wkh fhqwhu frqgxfwru ri wkh frqqhfwru lv
frqqhfwhg wkurxjk d 7<1<ó/ 319Z uhvlvwru ri phwdo ?op w|sh
wr d oderudwru| soxj1 Wklv duudqjhphqw fuhdwhv d vhulhv
whuplqdwlrq zkhq wkh ?{wxuh lv dvvhpeohg zlwk d jdvnhw
lqvlgh1 Wkh oderudwru| soxj lv frqqhfwhg wr wkh fryhu sodwh
wkdw uhvwv rq wkh jdvnhwv zkhq wkh ?{wxuh lv forvhg1 Wkh
rxwsxw vlgh ri wkh whvw ?{wxuh kdv d vlplodu ghvljq dsduw
iurp wkdw wkh fhqwhu frqgxfwru ri wkh frd{ldo frqqhfwru
lv frqqhfwhg gluhfw wr wkh oderudwru| soxj/ wkdw lv wkhuh lv
qrw dq| vhulhv whuplqdwlrq1 Wkh uhodwlyh wudqvihu lpshgdqfh
kdv ehhq phdvxuhg dv wkh dwwhqxdwlrq wkurxjk wkh ?{wxuh
+V54,1

G1 Fdoleudwlrq ri wkh frqwdfw suhvvxuh

Wr eh deoh wr ghflgh wkh uhodwlrqvkls ehwzhhq frqwdfw suhv0
vxuh dqg frpsuhvvlrq khljkw iru wkh jdvnhwv/ vlpsoh htxls0
phqw kdv ehhq frqvwuxfwhg1 Iljxuh < vkrzv d vnhwfk ri wkh
vhwxs1 Wkh htxlsphqw zdv exlog rq wrs ri d odwkh zlwk
d wrzhu iru guloolqj dqg ploolqj1 Rq wkh wrzhu d vxssruw
fdq eh dwwdfkhg dqg lw fdq eh hohydwhg xs dqg grzq dorqj
d uxohu lqglfdwlqj wkh khljkw zlwk d uhvroxwlrq ri 3138pp1
Ehfdxvh ri vrph ghdg vsdfh lq wkh hohydwlrq phfkdqlvp wkh
dyhudjh zdv fdofxodwhg iru wkh uhdglqj gxulqj grzq hohyd0
wlrq dqg wkh uhdglqj gxulqj xs hohydwlrq1
Rq wkh odwkh dq doxplqlxp edu zdv xvhg dv d ohyhu wr

wudqvirup wkh irufh iurp wzr jdvnhwv +xs wr 633Q, wr dw
prvw 48Q dw wkh hqg ri wkh edu1 Wkh irufh frxog wkhq eh
phdvxuhg xvlqj d vfdoh zlwk pd{lpxp uhdglqj htxlydohqw
wr 48Q1

Ilj1 <1 Vnhwfk ri htxlsphqw iru shuiruplqj wkh frqwdfw suhvvxuh
fdoleudwlrq

Ilj1 431 Wkh uhodwlrq ehwzhhq frqwdfw suhvvxuh dqg frpsuhvvlrq
khljkw iru wkh jdvnhwv

Iru hdfk jdvnhw wkh frpsuhvvlrq khljkw kdv ehhq vwhsshg
lq 314pp vwhsv dqg wkh frqwdfw suhvvxuh uhdg r> wkh vfdoh1
Wklv zdv grqh dw pdq| frqwdfw suhvvxuhv lq wkh udqjh ri
wkh htxlsphqw1 Uhvxowv duh vkrzq lq Iljxuh 431

H1 Phdvxuhphqwv

D yhfwru qhwzrun dqdo|}hu prgho ]YU iurp Urkgh )
Vfkzdu} zdv xvhg wrjhwkhu zlwk wkh whvw ?{wxuh1 Xvlqj
vkruw zhoo0vklhoghg frd{ldo fdeohv wkh phdvxuhphqw zdv vxf0
fhvvixoo| wdnhq1 Wkh g|qdplf udqjh vkrxog eh dw ohdvw
443gE/ zklfk lv qhfhvvdu| iru phdvxulqj wkh jdvnhwv zlwk
ehvw shuirupdqfh1
Wkh iuhtxhqf| udqjh zdv fkrvhq wr 5PK} wr 4JK} lq

vwhsv ri 5PK}1 Wkh uhvroxwlrq edqgzlgwk lq wkh uhfhlyhuv
zdv vhw wr 433K}1 Wkh vprrwk iuhtxhqf| ghshqghqfh ri
wkh wudqvihu lpshgdqfh pdnhv wklv dffhswdeoh1 Wkh wudqvihu
lpshgdqfh kdv ehhq phdvxuhg dv wkh sdudphwhu V54/ zklfk
phdqv wkdw wkh whvw ?{wxuh lv dvvxphg wr eh lpshgdqfh
pdwfkhg1 Dfwxdoo| wklv lv qrw uhdoo| wkh fdvh exw vlqfh wkh
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lqsxw lpshgdqfh dqg rxwsxw lpshgdqfh ri wkh whvw ?{wxuh
gr qrw h{klelw fkdqjhv zkhq gl>huhqw jdvnhwv zlwk gl>huhqw
frqwdfw suhvvxuhv duh ehlqj phdvxuhg xsrq lw lv dvvxphg
wkdw uhodwlyh phdvxuhphqwv fdq eh grqh1 Dq dyhudjh ri ?yh
phdvxuhphqwv zdv xvhg wr uhsuhvhqw d phdvxuhphqw zkhq
frpsdulqj jdvnhwv1

LLL1 Phdvxuhphqw uhvxowv

D phdvxuhphqw zdv grqh ehiruh wkh wudqvihu lpshgdqfh
whvw ?{wxuh zdv frqqhfwhg wr wkh lqvwuxphqw lq rughu wr
fkhfn wkh qrlvh  rru ri wkh yhfwru qhwzrun dqdo|}hu1 Wkh
lqwhuqdo qrlvh  rru lv forvh wr 0443gE1 Wkh dffxudf| ri wkh
phdvxuhphqwv vx>huv iurp wkh vpdoo vljqdo wr qrlvh udwlr/
exw wkh ohyho ri d iuhtxhqf| vzhhs lv lqglfdwhg fohduo|1 Lq
?jxuh 44 d w|slfdo phdvxuhphqw lv vkrzq zlwk lwv <8( frq0
?ghqfh lqwhuydo +iurp w0glvwulexwlrq zlwk irxu ghjuhhv ri
iuhhgrp,1 Dgglwlrqdo phdvxuhphqwv zhuh shuiruphg zlwk
lqfuhdvhg vljqdo wr qrlvh udwlr dqg wkh uhvxow zdv d vprrwkhu
fxuyh exw zlwk wkh vdph ohyho dv lq suhylrxv phdvxuhphqwv1

Ilj1 441 D uhshdwhg phdvxuhphqw zlwk <8( frq?ghqfh lqwhuydo

Ilj1 451 Frpsdulvrq zlwk wkh vdph jdvnhw dw gl>huhqw frqwdfw suhv0
vxuhv fruuhvsrqglqj wr 31: 0 416 pp jds

Wkh wudqvihu lpshgdqfh iru doo jdvnhwv ghfuhdvhg prqr0
wrqlfdoo| zkhq wkh frqwdfw suhvvxuh lqfuhdvhg1 Iru dq
h{dpsoh vhh ?jxuh 45 wkdw lv wkh uhvxow iru wkh wlq fry0
huhg vwdlqohvv vwhho jdvnhw1 Zkhq wkh frqwdfw suhvvxuh ds0

WDEOH L

Vnlq ghswkv iru phwdov ri lqwhuhvw lq wklv lqyhvwljdwlrq dw

gliihuhqw iuhtxhqflhv

4PK} 43PK} 433PK}
Frsshu 31399pp 31354pp 313399pp
Ehu|oolxp 31458pp 3136<pp 31345pp
Vwhho 313399pp 313354pp 3133399pp
Wlq 314:pp 31387pp 3134:pp

surdfkhg lwv pd{lpxp wkh wudqvihu lpshgdqfh lv ohvv vhq0
vlwlyh wr suhvvxuh fkdqjhv1

Wkh wlq fryhuhg vwdlqohvv vwhho jdvnhw glg h{klelw lqfuhdv0
lqj wudqvihu lpshgdqfh zkhq wkh iuhtxhqf| ghfuhdvhg wr0
zdugv 5PK}1 Wklv frxog eh gxh wr lqfuhdvlqj vnlq ghswk
fdxvlqj d odujhu h{whqw ri wkh fxuuhqw wr  rz lq wkh edvh pd0
whuldo zlwk orzhu frqgxfwlylw| wkdq wkh wlq1 Wdeoh L vkrzv
krz wkh vnlq ghswk ghshqgv rq wkh iuhtxhqf| iru vrph pd0
whuldov xvhg lq wklv vwxg|1

D frpsdulvrq ehwzhhq wkh gl>huhqw jdvnhwv zdv shu0
iruphg lq wkh vshfl?f fdvh zkhq doo jdvnhwv kdyh wkh vdph
frpsuhvvlrq khljkw l1h1 wkh vdph glvwdqfh ehwzhhq wkh
sodwhv1 Wklv glvwdqfh zdv fkrvhq wr 31:pp1 Wkh uhvxow lv
vkrzq lq ?jxuh 461 Doo jdvnhwv kdg wkhlu ehvw shuirupdqfh
dw wklv glvwdqfh/ dqg d vpdoohu glvwdqfh zdv qrw vxlwdeoh1
Iru wkh jdvnhwv pdgh ri ehu|oolxp frsshu zlwk dqg zlwk0
rxw wlq fryhu/ wkh glvwdqfh 31:pp ehwzhhq wkh vwhho sodwhv
zdv d olwwoh ohvv wkdq zkdw fdq eh uhfrpphqghg lq qrupdo
xvdjh1 Lq dgglwlrq d ixuwkhu uhgxfwlrq ri wkh glvwdqfh e| d
whqwk ri d ploolphwhu zrxog qrw dowhu wkh shuirupdqfh ri wkh
jdvnhwv vljql?fdqwo|1 Wkh vkdsh ri wkh jdvnhwv dw wklv frp0
suhvvlrq khljkw srlqwv rxw wkdw frqwdfw suhvvxuh lqfuhdvhg
ixuwkhu lv qrw uhodwhg wr qrupdo xvh ri wkh jdvnhwv

Ilj1 461 Frpsdulvrq ehwzhhq gl>huhqw jdvnhwv zlwk pd{lpxp frp0
suhvvlrq suhvvxuh dqg vdph glvwdqfh ehwzhhq wkh vwhho sodwhv

Wkh vhfrqg fdvh zkhuh d frpsdulvrq kdv ehhq pdgh lv iru
jdvnhw phdvxuhphqwv zkhq wkh glvwdqfh ehwzhhq wkh sodwhv
lv dgmxvwhg vr wkdw wkh frqwdfw suhvvxuh +fd1 <33Q2p, lv
derxw wkh vdph iru doo jdvnhwv +Iljxuh 47,1
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Ilj1 471 Frpsdulvrq ehwzhhq gl>huhqw jdvnhwv dw derxw wkh vdph
frqwdfw suhvvxuh

LY1 Frqfoxvlrqv

Wkh jdvnhwv xqghu lqyhvwljdwlrq h{klelwhg prqrwrqlfdoo|
lpsuryhphqw ri shuirupdqfh zkhq wkh frqwdfw suhvvxuh
zdv lqfuhdvhg1 Wkh phdvxuhphqw uhvxowv vkrz wkdw jdv0
nhwv pdgh ri vwdlqohvv vwhho/ vxuidfh wuhdwhg zlwk wlq fdq
uhdfk dv jrrg dv ru ehwwhu shuirupdqfh dv jdvnhwv pdgh
ri ehu|oolxp frsshu1 Dw iuhtxhqflhv durxqg 733PK} wkh
wudqvihu lpshgdqfh lv d ihz ghflehov orzhu iru vwdlqohvv vwhho
jdvnhwv fryhuhg zlwk wlq wkdq iru rwkhu jdvnhwv lq wkh lqyhv0
wljdwlrq1 Wkh gl>huhqfh ehwzhhq jdvnhwv pdgh ri vwdlqohvv
vwhho zlwk dqg zlwkrxw wlq fryhu lv dw ohdvw 43gE dw 5PK}/
derxw 8gE dw 933PK} dqg hyhq ohvv dw kljkhu iuhtxhqflhv1
Wkh gl>huhqfh ehwzhhq jdvnhwv pdgh ri ehu|oolxp frsshu
zlwk dqg zlwkrxw wlq fryhu lv vpdoo lq wkh hqwluh iuhtxhqf|
lqwhuydo1 Iru jdvnhwv pdgh ri ehu|oolxp frsshu dw rswlpdo
frqwdfw suhvvxuh wkh shuirupdqfh vhhp wr eh lqvhqvlwlyh wr
iuhtxhqf| lq wkh lqwhuydo 5PK} wr 833PK}1 Jdvnhwv pdgh
ri vwdlqohvv vwhho dqg fryhuhg zlwk wlq dw rswlpdo frqwdfw
suhvvxuh h{klelw vrphzkdw lqfuhdvlqj wudqvihu lpshgdqfh
zkhq wkh iuhtxhqf| lv ghfuhdvlqj ehorz 533PK}1 Lw lv
lpsruwdqw wr uhdol}h wkdw wkh lq xhqfh ri yhu| vpdoo gli0
ihuhqfhv lq frqwdfw suhvvxuh fdq kdyh juhdwhu lpsdfw rq
wudqvihu lpshgdqfh wkdq wkh gl>huhqfh ehwzhhq vwdlqohvv
vwhho jdvnhwv dqg ehu|oolxp jdvnhwv dw wkh vdph frqwdfw
suhvvxuh lq wklv lqyhvwljdwlrq1 Wkh vhhplqj ghfuhdvlqj shu0
irupdqfh iru doo jdvnhwv zkhq wkh iuhtxhqf| lv dssurdfklqj
4JK} lv gxh wr xqghvluhg surshuwlhv ri wkh whvw ?{wxuh1
Udgldwhg phdvxuhphqw phwkrgv iru kljkhu iuhtxhqflhv

vkrxog eh shuiruphg zkhuh prgh vwluuhg fkdpehuv pd| eh
xvhg1 Shuirupdqfh phdvxuhphqwv xvlqj gl>huhqw phwkrgv
vkrxog eh shuiruphg lq rughu wr lqyhvwljdwh krz pdwlqj
vxuidfh wuhdwphqwv zlwk gl>huhqw pdwhuldov dowhu wkh shuiru0
pdqfh ri wkh jdvnhwv dqg wr vhh krz fruurvlrq lq xhqfh rq
wkh vklhoglqj h!flhqf| ryhu wlph1 Lqyhvwljdwlrqv ri pdq|
jdvnhwv zlwk gl>huhqw jhrphwulfdo vkdshv exw pdgh ri vdph
pdwhuldo zrxog jlyh dq dqvzhu krz vljql?fdqw wkh lq xhqfh
ri jdvnhw ghvljq lv rq d frpsdulvrq olnh wklv1

Uhihuhqfhv
^4` PLO0VWG05;8/ 4Dwwhqxdwlrq phdvxuhphqwv iru hqforvxuhv/ hohf0

wurpdjqhwlf vklhoglqj/ iru hohfwurqlf whvw sxusrvhv/ phwkrg ri/4/

58 Mxqh 4<89
^5` VDH DUS 4:38/ 4Frd{ldo whvw surfhgxuh wr phdvxuh wkh UI

vklhoglqj fkdudfwhulvwlfv ri HPL jdvnhw pdwhuldov4/ Vrflhw| ri
Dxwrprwlyh Hqjlqhhuv/ Frpplwwhh DH07J/ 4<;4

^6` G1 J1 Ergqdu/ K1 Z1 Ghqq|/ E1 P1 Mhqnlqv/ 4Vklhoglqj h>hfwlyh0
qhvv phdvxuhphqwv rq frqgxfwlyh sodvwlfv4/ LHHH HPF Vrflhw|
V|psrvld Uhfrugv/ s1 5:066/ 4<:<

^7` K1 Udkpdq/ S1N1 Vdkd/ M1 Grzolqj/ W1 Fxuudq/ 4Vklhoglqj h>hf0
wlyhqhvv phdvxuhphqw whfkqltxhv iru ydulrxv pdwhuldov xvhg iru
HPL vklhoglqj4/ LHH Froortxlxp rq *Vfuhhqlqj ri Frqqhfwruv/
Fdeohv dqg Hqforvxuhv* +Gljhvw Qr1345, Orqgrq/ s1 <240<29 ri
9;/ 4<<5

^8` M1 S1 Txlqh/ 4Fkdudfwhul}dwlrq dqg whvwlqj ri vklhoglqj jdvnhwv dw
plfurzdyh iuhtxhqflhv4/ LHHH HPF Vrflhw| V|psrvld Uhfrugv/
s1 639063;/ 4<<6

^9` H1 M1 Fduovvrq/ U1 V1 Ndvhylfk/ 4Dqdo|vlv ri wudqvihu lpshgdqfh
whfkqltxh= htxlydohqw flufxlw prgho dqg qhwzrun dqdo|}hu phd0
vxuhphqwv4/ LHHH HPF Vrflhw| V|psrvld Uhfrugv/ 4<;:

^:` Z1 Vwlfnqh|/ 4Lpsuryhg whvwlqj iru HPF jdvnhw shuirupdqfh4/
U1I1 Ghvljq/ yro1 :/ qr1 4/ s1 73077/ 4<;7/ LVVQ= 34960654{

^;` J1 M1 Iuh|hu/ P1 R1 Kdw?hog/ 4Frpsdulvrq ri jdvnhw wudqvihu
lpshgdqfh dqg vklhoglqj phdvxuhphqwv sduw L4/ LHHH HPF Vr0
flhw| V|psrvld Uhfrugv/ s1 46<0474/ 4<<5

^<` P1 R1 Kdw?hog/ J1 M1 Iuh|hu/ 4Frpsdulvrq ri jdvnhw wudqvihu
lpshgdqfh dqg vklhoglqj phdvxuhphqwv sduw LL4/ LHHH HPF
Vrflhw| V|psrvld Uhfrugv/ s1 475047;/ 4<<5

^43` J1 M1 Iuh|hu/ M1 Urzdq/ P1 R1 Kdw?hog/ 4Jdvnhw vklhoglqj shuiru0
pdqfh phdvxuhphqwv rewdlqhg iurp irxu whvw whfkqltxhv4/ LHHH
HPF Vrflhw| V|psrvld Uhfrugv/ s1 5:<05;7/ 4<<7

^44` S1 I1 Zlovrq/ P1 W1 Pd/ 4Whfkqltxhv iru phdvxulqj wkh vklhog0
lqj h>hfwlyhqhvv ri pdwhuldov4/ LHHH HPF Vrflhw| V|psrvld
Uhfrugv/ s1 87:0885/ 4<;:

^45` Y1 H1 Dfxqd/ 4Wudqvihu lpshgdqfh phdvxuhphqw dv d whvw iru
hohfwurpdjqhwlf frpsdwlelolw|4/ LHHH HPF Vrflhw| V|psrvld
Uhfrugv/ 4<:8

^46` J1 P1 Nxqnho/ 4Lqwurgxfwlrq wr wkh whvwlqj iru wkh vklhoglqj
txdolw| ri HPL jdvnhwv dqg jdvnhwhg mrlqwv4/ LHHH HPF Vrflhw|
V|psrvld Uhfrugv/ s1 467046;/ 4<<5

^47` J1 P1 Nxqnho/ 4Ghvljq ri wudqvihu lpshgdqfh whvw ?{wxuh dffx0
udwh wkurxjk 43 JK}4/ LHHH HPF Vrflhw| V|psrvld Uhfrugv/
s1 95;0966/ 4<<3

^48` P1 Nxqnho/ J1 Nxqnho/ 4Frpsdulvrq Ehwzhhq Wudqvihu
Lpshgdqfh dqg Vklhoglqj H>hfwlyhqhvv Whvwlqj4/ LHHH HPF Vr0
flhw| V|psrvld Uhfrugv/ s1 47<0486/ 4<<5

^49` J1 Nxqnho/ 4Fruurvlrq h>hfwv rq ?hog shqhwudwlrq wkurxjk dshu0
wxuhv4/ LHHH HPF Vrflhw| V|psrvld Uhfrugv/ s1 <90<</ 4<:;

^4:` J1 Nxqnho/ 4Fruurvlrq h>hfwv rq HPL jdvnhwhg mrlqwv4/ LHHH
HPF Vrflhw| V|psrvld Uhfrugv/ s1 4<;0536/ 4<:<

^4;` E1 U1 Dufkdpehdxow/ 4HPL ?qjhuvwrfn shuirupdqfh zkhq pdwhg
wr ydulrxv vxuidfhv4/ LHHH HPF Vrflhw| V|psrvld Uhfrugv/ s1
4940496/ 4<;:

^4<` E1 Dufkdpehdxow/ U1 Wklehdx/ 4H>hfwv ri fruurvlrq rq wkh hohf0
wulfdo surshuwlhv ri frqgxfwhg ?qlvkhv iru HPL vklhoglqj4/ LHHH
HPF Vrflhw| V|psrvld Uhfrugv/ s1 79084/ 4<;<

^53` S1 Ohvvqhu/ G1 Lqpdq/ 4Txdqwlwdwlyh phdvxuhphqw ri wkh ghjud0
gdwlrq ri HPL vklhoglqj dqg pdwlqj  dqjh pdwhuldov diwhu hqyl0
urqphqwdo h{srvxuh4/ LHHH 4<<6 Lqw1 V|ps1 rq Hohfwurpdjqhwlf
Frpsdwlelolw|/ V|psrvlxp Uhfrug/ s1 53:0546/ 4<<6/ LVEQ= 3
:;36 4637 9

^54` J1 Glnh/ U1 Zdoohqehuj/ M1 Elunlq/ 4Hohfwurpdjqhwlf uhodwlrq0
vklsv ehwzhhq vklhoglqj h>hfwlyhqhvv dqg wudqvihu lpshgdqfh4/
LHHH HPF Vrflhw| V|psrvld Uhfrugv/ s1 466046;/ 4<:<

^55` M1 S1 Txlqh/ D1 M1 Shvwd/ 4Vklhoglqj h>hfwlyhqhvv ri dq hqfor0
vxuh hpsor|lqj jdvnhwhg vhdpv 0 uhodwlrq ehwzhhq VH dqg jdvnhw
wudqvihu lpshgdqfh4/ LHHH HPF Vrflhw| V|psrvld Uhfrugv/ s1
6<506<8/ 4<<8
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Abstract: A method to describe barriers such as filters, cables,
connectors etc. with circuits consisting of linear discrete
components is presented. The circuit is constructed by viewing
the barrier as a multi-conductor transmission line for which
the per-unit length parameters have to be determined. A
developed two-dimensional finite difference program in which
the cross-section is defined by drawing it using the CAD-like
user interface computes these. For barriers that cannot be
viewed as transmission lines a method for determining
equivalent circuits outgoing from measured S-parameters has
been developed. Derived models have been used in SPICE and
validated by comparison with measurements.

Introduction

When analyzing EMC problems for complex systems it is
necessary to break down the system and characterize each
coupling path or barrier. By describing a barrier with a circuit
consisting of discrete components the propagation of
disturbances in the system can be computed by the use of an
ordinary circuit simulator as e.g. SPICE [1]. However, the
main problem is to find a circuit representation and component
values that describe the behavior of the barrier. Two different
approaches to accomplish this have been used.

For barriers that can be viewed as multi-conductor
transmission lines the cross-section, which is assumed to be
uniform, is divided into small elements and the Laplace
equation is solved. From the solution the charges on each
conductor can be computed and thereby the per-unit length
inductance and capacitance matrices. When the matrices are
known it is a straightforward task to construct a circuit
representation that can be used in a standard circuit simulator.

Barriers such as e.g. commercial filters that cannot be viewed
as transmission lines must be treated in another way. In the
method that we have used the first step is to set up a discrete
circuit and then compute the S-parameters. The computed S-
parameters are then compared with measured for the
frequency range of interest and the weighted difference is
minimized by adjusting component values. This is done in an
iterative scheme searching among component values in a
given range.

Determination of the per-unit length parameters

For some type of barriers it is sufficient to have knowledge of
the geometrical shape and the material in the cross-section in

order to describe its electrical characteristics. One example
would e.g. be the barrier between two parallel conductors on a
printed circuit board for which the crosstalk could be
computed with the knowledge of the geometry and the
material properties of the circuit board. The approach that we
have used for these types of barriers is to first determine the
per-unit length parameters and then create a discrete circuit
representation. The circuit can then be used in a standard
circuit simulator such as e.g. SPICE to obtain the desired
responses either in the time or in the frequency domain. The
requirement for this method to be successful is that the barrier
under consideration can be viewed as a multi-conductor
transmission line, i.e. it must have a uniform cross-section
with an extent that is small compared to the wavelength. For
barriers that don’t have a uniform cross-section it is sometimes
possible to describe them as a number of cascaded sections
with uniform cross-sections, i.e. a staircase approximation.

Since the approach that we have used is based on multi-
conductor transmission line theory we have to determine the
per-unit length parameters in order to arrive at the wanted
circuit representation. Looking at the circuit representation of
a short section of a multi-conductor transmission with three
wires (reference not counted), Figure 1, the following relations
between the entries in the per-unit length capacitance and
inductance matrices and the values of the circuit elements can
be found.
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Figure 1 Circuit representation of a short section of a
three-wire transmission line.



The per-unit length parameters can be computed by using
numerical methods such as the method of moments (MoM)
[2], the finite element method (FEM) [3] etc. For some simple
cases it is even possible to use analytical formulas. The
method that we have used is the finite difference method
(FDM) [4, Sec. 3], mainly because it is simple to implement
and that it easily can handle complicated cross-sections with
different materials. For the simple example shown in Figure 2
the dimension of the per-unit length capacitance and
inductance matrices will be two by two, since we have two
conductors and a common reference (the ground plane). For
the general case theij -element in the capacitance matrix can
be determined by letting the potential on all conductors except
the j:th be equal to zero and evaluating the charge on the i:th

conductor, i.e. [5], jmV
j

i
ij mV

Q
C ≠== ,0 . Thus, in order to

determine the capacitance matrix for the PCB in Figure 2, we
have to solve the Laplace equation for the configuration two
times with different boundary conditions.

Reference (ground plane)

Conductor 1 Conductor 2

Figure 2 Cross-section of a printed circuit board with two
conductors.

The solution of the Laplace equation gives the potential
distribution in the region and we can by applying Gauss’ law
determine the charge per unit-length on conductori as:

∫ ⋅∇−=

il

ii dlnVQ ˆε where il is a closed line around conductori,

n̂ is an outward directed unit vector andV is the potential
distribution. The inductance matrix can be computed by the
knowledge of the capacitance matrix for the case when all
material in the cross section is free space, i.e. [6],

[ ] [ ] 1
000

−= CL εµ where [ ]0C is the capacitance matrix when all

dielectric material in the cross section is replaced by free
space. The remaining problem now is to determine the
potential distribution by solving the Laplace equation. By
starting with Maxwell’s equations for the two-dimensional
electrostatic case and approximating the derivatives with finite
differences we can quite easily write down the following
relation between the potential in neighboring nodes in the
finite difference mesh, see Figure 3.
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By giving all nodes in the cross-section an initial estimate,
0
, jiV , and by scanning through the nodes by an iterative

procedure we can determine the potential distribution in the
whole region and thereby are we able to compute the per-unit
length parameters.

Computer code for determining per-unit length parameters

Based on the method for computing the per-unit length
parameters described above a computer code called FD2D was
developed. The code has a Windows user interface where the
cross-section of the barrier easily can be defined by simply
drawing it on the screen, see Figure 5. The code has been
validated against several test cases and the agreement has been
found to be good with previously published results. As an
example of a simple validation the characteristic impedance
for an air coaxial cable with an inner to outer conductor radius
ratio of five was computed using a grid size of 200 by 200
nodes. The computed impedance was 96.85Ω, which should
be compared to the exact value of 96.57Ω.

Vi-1,j Vi,j

V
i,j-1

Vi+1,j

Vi,j+1

εB

εAεD

εC

Figure 3 A part of the finite difference mesh.

Figure 4 Printed circuit board for measurements of
crosstalk between adjacent conductors.



By defining the length of the analyzed barrier the code is
capable of generating a representative SPICE circuit file or
computing the scattering parameters (S-parameters) for a
given frequency range. The S-parameters are determined by
first setting up the chain matrix for the analyzed device [7] and
then using relations between the chain matrix and the
scattering matrix. These relations can easily be found by
expressing the total voltages and currents in terms of the
scattering voltages and currents, see (2).

Validation against measurements

In order to validate the computed response of a barrier by
using the FD2D program for generating circuit files and then
using them in SPICE a number of measurements have been
conducted. As an example the crosstalk between conductors
on a printed circuit board was analyzed. For the measurement
of near end and far end crosstalk a vector network analyzer
was used to get the scattering parameters from the four-port
made of two adjacent conductors with the length 100 mm
across the circuit board. All four ports were connected to 50Ω
during all measurements. Configurations with different
spacing between the conductors were measured and compared
with simulations on the corresponding circuit models. Also
conductors with a non-uniform cross section along the length
were considered, see Figure 4.
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Figure 6 Crosstalk between conductors on a printed circuit
board determined by modeling the barrier as a discrete

circuit compared to measurements.

One example of the agreement between the computed
crosstalk and the measured crosstalk is shown in Figure 6. As
can be seen in the figure the agreement is good up to 1 GHz,
although the resonance frequencies are not accurately
predicted. One reason for this is that in the circuit model
approach that we have used radiation losses are not taken into
account.

Figure 5 User interface of the finite difference program for determination of per-unit length parameters. In the
example a D-sub connector is analysed.



Barriers that cannot be viewed as transmission lines

For some types of barriers measurement is the only possible
way of characterizing the behavior. For these cases a method
by which it is possible to deduce a network from measured
data has been developed. In this approach we take the
measured S-parameters and compute the same for an assumed
network. The next step is to seek for optimal values for
components in the network so that a best fit, in some respect,
is found. By this procedure the wanted network representing
the measured device can be determined. Of course, the success
of this method is only guaranteed if the assumed network
actually can represent the device under consideration. Thus, a
basic knowledge of circuit theory and some experience are
required.

Since measurements with a network analyzer usually gives the
S-parameters of a network it is natural to use these parameters
as the basis for the comparison with the assumed network.
Thus, we have to compute the S-parameters for the network.
This can be done by first computing the chain matrix for the
network and then convert to S-parameters. The relations
between the S-parameters and the chain parameters are:
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where [A], [B], [C] and [D] are the usual sub-matrices in the
general chain matrix.

When the S-parameters have been determined for all
frequencies of interest we have to compare the values with
measured S-parameters. Figure 7 shows an example of such a
comparison.

In order to find component values in the network that will
make the network representing the measured device we
minimize the average difference between measured and

computed S-parameters, i.e. we minimize the

function ( )∑ ∆=
i

i fQ .

1M 10M 100M 1G
-80

-70

-60

-50

-40

-30

-20

-10

0

∆
i
(f)

|
S

2
1

|
[d

B
]

Frequency [Hz]

Computed
Measured

Figure 7 Example of computed and measured S-
parameter.

Figure 8 Printed circuit board for the characterization of
commercial surface mounted filters with three calibration

traces and four different filters.

In order to validate the method a number of different surface
mounted filters were studied. The filters were placed on a
special circuit board, Figure 8, on which also conductors for
calibrating the network analyzer were present. The
measurement procedure that was used involves calibration to
the footprint of the examined component by a through,
reflection and match calibration method. When the calibration
was done the four S-parameters S11, S21, S12 and S22 for each
surface mounted filter were measured.



Lumped circuit generation for a feed through capacitor filter

For one of the studied commercial filters of the type feed
through capacitor the error function minimization procedure
explained above gave component values to the assumed
network resulting in a lumped circuit model shown in Figure
9. The schematic also shows a 50Ω generator and a matched
load used when running the SPICE circuit simulation.
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Figure 9 A derived lumped circuit model of a feed through
filter used in the computation (note that in SPICE syntax

M or m stands for the prefix milli-).
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Figure 10 Insertion loss for a feed through filter
determined using a circuit model and measurements.

With this developed lumped circuit description of the feed
through capacitor filter the behavior of the filter can easily be
simulated in an electronic circuit simulator such as SPICE. In
Figure 10 the results from a simulation of insertion loss is
shown. For comparison the measured insertion loss for the
commercial filter is shown in the same graph.

Lumped circuit generation for a series inductance filter

A surface mounted series inductor filter was included in the
study. The assumed network for this filter was enhanced
stepwise by adding discrete components one at a time. The

lumped circuit model for the filter finally chosen is shown in
Figure 11 together with the generator and load used in
simulation.
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Figure 11 A derived lumped circuit model of a series
inductance filter used in the computation.
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Figure 12 Insertion loss for a series inductance filter
determined using different circuit models and

measurements.

The different lumped circuit models with increasing
complexity were used when simulating the insertion loss of
the filter in a circuit simulator. The resulting simulated
insertion loss is shown in Figure 12 together with measured
values. As can been seen in Figure 12 the first two attempts to
a network design both failed to agree with measured data at a
frequency close to 100 MHz. The third attempt to choose a
network capable of adapting to the correct behavior was more
successful. After minimizing the error function for this
network a reasonable good fit to the measured insertion loss
was obtained. In this case there is a very good agreement
between the developed lumped circuit model of the filter and
the measurements up to at least 4 GHz.



Conclusions

The developed methods for generating lumped circuit models
for transmission like barriers as well as for barriers with
unknown geometrical shape have been verified against
measurements on prototype printed circuit boards. Good
agreement between SPICE simulation and measurement was
found for frequencies up to 1 GHz. For models of transmission
like barriers the upper frequency limit for good agreement is
depending on the number of cascaded sections in the circuit
model. For the 100 mm parallel conductor crosstalk, an
agreement within a few dB:s up to 1 GHz was achieved with
16 cascaded sections. The method of adapting an assumed
network to measured S-parameters gave an good agreement up
to 1 to 4 GHz when simple networks were assumed. Better
agreement in the high frequency range can of course be
reached by assuming a more complex network.
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SUMMARY

This paper describes the use of a position scanned magnetic field probe to investigate the
current distributions on the surface of a log periodic dipole antenna (LPDA) which was
constructed on printed circuit board. Measurements of the magnetic field magnitude and
phase at each point of the scan were used to derive the time variant instantaneous values of
the magnetic field and the instantaneous currents on the LPDA. These were used in the
analysis of the antenna design. The wave nature of the current distribution can be readily
observed and problems with the design such as standing waves on the feeder lines are
highlighted for attention in a revised design. Measured current distributions are compared
with predicted distributions obtained from Method of Moments (MOM) analysis of the LPDA
structure. Measured and predicted far field radiation patterns are also compared.

1. INTRODUCTION

Log periodic dipoles are a common, linearly polarised, broadband type of antenna. The
design, construction and testing of a printed LPDA and the use of magnetic scanning to aid in
optimising the design are discussed in this report.

The antenna examined was made using printed circuit technology so that a prototype could be
quickly created and that subsequent modifications to the design based on the investigations
described herein could be quickly and easily incorporated in the antenna design. New versions
of the prototype antenna could then be quickly and cheaply produced. The basic design
parameters and construction of the printed of the antenna are addressed Section 2.

The use of the printed circuit board to support the radiating elements and to separate the two
strips forming the parallel wire transmission feeder line created a mixed dielectric
environment. Consequently the current distribution on the antenna, and the LPDA impedance
and radiation patterns, are different from those that would exist for a wire LPDA operating at
the same frequencies in a free space environment. These current distributions on the printed
antenna were studied experimentally by examining the magnetic field of the antenna as
described in Section 3. The measurement results are presented in Section 4.

Section 5 discusses the MOM modelling of the LPDA and Section 6 then compares the
measured currents with those predicted by the MOM analysis. The computed and predicted
radiation patterns resulting are also compared.



2. DESIGN AND CONSTRUCTION OF THE LPDA

The design principles of the LPDA are well established [1, 2]. The LPDA (as shown in Figure
1.) is an array of dipoles connected to a common transmission line fed from the apex of the
array.

Feed Ln
dn

Xn+1

Xn

Figure 1. A typical LPDA

The geometry of an LPDA is defined in terms ofXn (the distance of thenth dipole in the array
from the array apex), andLn (the length of thenth dipole), and by the relationships
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which ensures that the structure will thus have impedance and radiation patterns that scale as
f0τn , wheref0 is a reference frequency. Ifτ andσ are small (σ around 0.06-0.22 andτ in the
range 0.8-0.97) then the impedance and the radiation patterns remain reasonably constant with
frequency over the frequency range in which the shortest to longest elements become half-
wave resonant. Values ofτ = 0.8 andσ = 0.16 were used in this case.

The transmission line from the feed must alternate which side of the line connects to which
side of the dipole in order to get the correct phasing to create an antenna that radiates in the
direction of the array apex. By using double-sided printed circuit board to construct the LPDA
the transmission line could consist of two strip conductors, one on either side of the board. By
putting one half of each dipole on either side of the board and connecting it to the
transmission line strip, and alternating which half dipole went on which side of the board, the
alternating feed connection was obtained (see Figure 2).

Fibreglass board (εr = 4.5) 1/16 inch thick was used to construct the LPDA. The required
frequency range of the LPDA was 900 MHz to 3GHz which meant that the dipole elements,
based on a free space wavelength, were of a length that could easily be accommodated on the
200 mm by 300 mm printed circuit board used. The exact resonant length of the individual
dipoles was initially unknown due to the mixed dielectric environment in which the dipole
standing waves exist. The effective dielectric constant for the LPDA transmission line could
be calculated from the formula for the effective wavelength [3] in microstrip of the same track
width and half the dielectric thickness of the board used for the LPDA.



Figure 2 The LPDA studied

3. MAGNETIC FIELD DISTRIBUTION MEASUREMENT TECHNIQUE

The magnetic field distribution on the LPDA was measured with the aid of a magnetic probe
(a shielded loop antenna), a coordinate table and a vector network analyzer. The small
magnetic field probe was positioned close to the upper surface of the printed antenna and
moved stepwise in a rectangular grid pattern. The center of the loop probe was about 10 mm
above the surface of the printed antenna. Because the coordinate table surface formed a
metallic ground plane, the probe was attached to an extension arrangement making it possible
to scan the antenna to the side of the table (see Figure 3). This arrangement reduced the
influence of the ground plane.

The LPDA was connected to port 1 of a Vector Network Analyser (VNA) and the loop
antenna was connected to port 2. The LPDA was excited with CW from port 1 of the VNA
and S21 was measured as the loop antenna was scanned in a raster pattern over the surface of
the antenna.

Measurement equipment used:
• Rohde & Schwarz ZVR Vector Network Analyzer, frequency range 9 kHz – 4 GHz
• EMC-scanner, coordinate table manufactured by Detectus AB, Sweden
• PC software for controlling coordinate table and network analyzer, made by Detectus AB
• 903B, 1.0 cm diameter electrically shielded H-field loop probe from EMCO probe set

model 7405

The probe used was a 1 cm diameter loop antenna, with the polarization axis normal to the
plane of the loop, positioned in parallel with the plane of the antenna. In Figure 3 the probe is
X polarized to be sensitive to currents along the dipole. Rotating the loop ninety degrees
about the vertical axis to be Y polarised enabled the probe to respond to currents on the
transmission line joining the dipoles.

The PC software for controlling the coordinate table utilised modified GPIB instruction files
to enable automatic control of the vector network analyzer in order to make the entire
measurement procedure automatic. Between each positional step the magnitude or phase for
signal transmission from the antenna to the probe was measured. Two measurement scans per

X

Y



polarisation were necessary to obtain both magnitude and phase information (due to
limitations in the control software). The procedure was repeated for each of the X and Y
polarisations of the magnetic field and at each measurement frequency.

Figure 3. Scanning the LPDA using the coordinate table.

4. MANETIC FIELD MEASUREMENT RESULTS

Figure 4 is a three dimensional plot of the X directed magnetic field measured at 1132 MHz
close to the surface of the LPDA. As the tangential magnetic field at the surface of a
conductor is a measure of the current density, Figure 4 therefore graphically shows the current
distribution on the dipoles of the LPDA.

Figure 4 X directed magnetic field at 1132 MHz, close to the LPDA surface

Figure 5 shows a two dimensional contour plot of the X and Y directed components of the
surface magnetic field at 1132 MHz. Dark areas surround the strongest fields. This
corresponds to the current distributions on the dipoles and the feed line respectively.

The measured magnitude of magnetic field at 1.132 GHz

Figure 5(a) X Polarised Figure 5(b) Y Polarised



5. METHOD OF MOMENTS MODELLING OF THE LPDA

MOM modelling of a wire LPDA in free space is straightforward, but for analysis of this
antenna the MOM package was unable to handle the mixed dielectrics (air and PC board
substrate).

The current distributions on the dipoles are dependent on the antenna near fields that exist in
the mixed dielectric environment. An effective uniform dielectric constant was used with the
MOM program to represent this mixed dielectric environment in order to calculate the current
distributions. The value for this effective dielectric constant was determined from the
magnetic scanning of the LPDA by observing which dipoles of what length went resonant at
which frequency. This gave a value ofεr = 1.84

The current distributions determined in the MOM analysis were then used to calculate the
radiation patterns assumingεr = 1.0 (as the radiation takes place principally in free space).
The match between the measured and predicted radiation patterns is shown in Figure 6.

6. COMPARISON OF MEASURED AND PREDICTED RESULTS

6.1 Far Field Azimuth and Elevation Radiation Patterns

Figure 6 E Plane and H Plane radiation patterns of the LPDA at 1132 MHz

The computed and measured E plane and H plane radiation patterns of the LPDA are shown
in Figure 6. There is good agreement between them for the main lobe of the pattern but some
variance is seen between the back lobes. Differences between the actual current distribution
and that derived from the MOM analysis must be resolved to improve this back lobe match.

6.2 Current Distribution on the Dipole Elements

The currents on the individual dipoles are shown in Figure 6. The currents are plotted
normalised and in dB as the surface magnetic fields were measured in relative levels
expressed in dB.
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Figure 7
Current distributions on two of the dipole elements (Solid-measured, broken-predicted)

The shapes of the current distributions match except for an asymmetry in them which is
assumed to be due to the presence of the co-ordinate table (see Figure 3).

Some of the absolute levels of the individual dipole currents do not correspond well. This may
be due to a non-proportional relationship between the magnetic field strength (measured with
a finite sized loop antenna just above conductors of varying width) and the total current on
that conductor. It is expected that investigations with a smaller loop antenna passed closer to
the surface of the antenna and analysis with other numerical methods (eg Finite Difference
Time Domain) will reveal the reason for this mismatch.

7. CONCLUSIONS

Magnetic scanning of the LPDA has been used in order to get an understanding of the LPDA
operation from its current distributions. The current distributions observed on the prototype
antenna were used to see where problems existed with the design (such as the standing waves
seen on the feed line in Figure 5(b)). They were also used to determine information on the
effective relative dielectric constant to be used in MOM analysis of the antenna and its
radiation characteristics. That the patterns predicted matched reasonably well gives
confidence in this approach.

Observed differences in the magnitude of the measured and computed currents on the dipoles
require further investigation.
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