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Abstract 
The aim of the research work presented here, is to contribute to the adaptation of 

electronic packaging towards the needs of high frequency applications. As the field of 
electronic packaging stretches over several very different professional areas, it takes an 
interdisciplinary approach to optimize the technology of electronic packaging. Besides 
this, an extensive knowledge of industrial engineering should be an essential part of 
this undertaking to improve electronic packaging. Customary advances in technology 
are driven by new findings and a continuous development of processes in clearly de-
fined fields. However, in the field of the higher levels of the interconnection hierarchy, 
that is external to the chip level interconnections and chip packaging, it is supposed 
that a wide combination of disciplines and technical creativity, instead of advanced 
technology in a special area should produce most added value.  

The thesis is divided into five areas, interlinked by the overall aim of there advan-
tages to the common goal. These areas are the Printed Wiring Board (PWB) technol-
ogy, PWB connections using flexible printed circuit boards, multiconductor cable con-
nections, shielded enclosures and the related EMC issues, and finally the cooling of 
electronics. A central issue was to improve the shielded enclosures to be effective also 
at very high frequencies; it will be shown that shielded enclosures without apertures 
can cope with frequencies up to and above 15 GHz. Due to this enclosure without aper-
tures, it was necessary to develop a novel cooling structure. This cooling structure con-
sists of a heat sink where the PCB’s are inserted in close contact to the cooling fins on 
one side, whereas the other side of the heat sink is cooled by forced ventilation. The 
heat transfer between these parts is completely inside the same body. Tests carried out 
on a prototype have shown that the performance of the cooling structure is satisfactory 
for electronic cooling.  

Another problem area that is addressed are the interconnect problems in high fre-
quency applications. Interconnections between parts of a local electronic system, or as 
within the telecom and datacom field between subscribers, are commonly accom-
plished by cable connections. In this research work multiconductor cables are exam-
ined and a patented novel cable-connector for high frequency use is presented. Further, 
an experimental complex soldering method between flexible printed circuits boards 
and rigid printed circuits boards, as part of connections between PCBs, is shown. Fi-
nally, different sectors of the PCB technology for high frequency applications are scru-
tinized and measurements on microstrip structures are presented. 

Keywords: Connector, cooling, electronic, elastomer interconnect, EMC, shielded 
enclosure, high frequency, PCB, PWB, reverberation chamber, seams, soldering, 
twisted pair cable.  
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1. Introduction 

1.1. Background 

The development of the electronic technology has very much in common with the 
evolution of life. As life, the creation of new electronics is abundantly seeking its way 
in form of small “mutations” or in huge strides, perhaps opening up completely new 
technology disciplines. But how revolutionary the invention might be, marketing pos-
sibilities and the opinion of the purchasers settle the final decision. Thus, electronics 
have been developed in many different and sometimes unforeseeable directions and is 
split into several branches. Specialization has resulted in technology sectors as: Tele-
com, Datacom, Radio, Television, Automotive, Aviation, Consumer’s Electronics and 
others.  

For quite some time the development has been driven by the needs of the Datacom 
sector. One of the major driving forces in the microprocessor development has been the 
speed at which the microprocessor can be operated, and this objective of higher operat-
ing frequencies can be reached by enhanced miniaturization of transistors. As these are 
decreased in size, the driving voltage and thus the power dissipation can be decreased 
(if not the current leakage has grown too high). In addition, smaller transistors make it 
possible to implement more transistors and thus more functionality on the semiconduc-
tor device. Since 1965, data density in top-performing microprocessors has doubled 
approximately every 18 months. The prediction that this trend will continue is known 
as Moore’s Law, and in its proper form is related to the amount of transistors on a chip, 
but related to this there are the steadily shrinking dimensions of the transistors.  

Today Personal Computers (PC) are inexpensive and anyone can assemble his own 
computer of highly standardized components of top performance, available everywhere 
to low cost. These PCs can be used as high capacity working tools for an amazing vari-
ety of activities both at work and at home. In particular as home computers, as embed-
ded computers in the most different applications and with the use of different computer 
components in combination with other devices, the development of electronics moves 
forward. The field of Consumer Electronics is now one of the leading technology ar-
eas. In many of these applications both the data volume as well as the frequencies are 
dramatically increased between each of the swift changes of the updated versions. This 
is evident in particular with computerized pictures and animations as with computer 
games, as well as with data transmission in general and in particular the data transfer 
by means of radio-communication. 

Another important area is the Automotive industry, and up to recent days there was 
no rush to implement electronics in motor vehicles, but all of a sudden cars, trucks, and 
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agricultural vehicles are provided with electronic devices. However, the basic design is 
so far the same as before. Cars have – because of their great quantity – a large impact 
on the electronic market, and thus they are of outmost importance as forerunners for 
electronic devices in vehicles. Qualified electronic systems so far implemented in cars 
are related to the engine performance, diagnostic program, break control and Electronic 
Stability Program (ESP). Beside of these there are additional features, above all in the 
premium segment. Most of the development still lies ahead; this particularly applies to 
security functions and the navigation of both the particular car and as part of the com-
munication system. But concerning trucks, also cost-cutting can be achieved if both the 
trucks as well as the transported goods are always on-line via radio-communication, as 
part of a global logistic system.  

And by this a completely new field with an immense potential is approached, the 
Machine to Machine communication (M2M). Not only goods will state their presence 
on trucks and in vending machines, but also cars and other machines can communicate 
their conditions of the service. Also some corrective maintenance can be done as the 
download of new software and as to order new spare parts. In the end all these elec-
tronic devices as Computers, Consumer’s Electronics, Cars and Machines will com-
municate their data on some transmission media and eventually use Internet connec-
tions. Thereby the growth of data volume will demand a further enhanced speed in the 
data transfer, and thus higher signal frequencies in the electronic systems are needed 
for data handling.   

1.2. Trends and subjects of this thesis 

Besides these increasingly continued specializations of electronics there are devel-
opments in the opposite direction. One new trend is visible in the Consumer’s Elec-
tronics where more and more different functions are combined in one apparatus. For 
example cellular telephones combine in addition to the speech functionality a variety 
of useful functions and amusement implementations. Of more and extensive impor-
tance in respect to the Electronic Packaging is the increasing integration of Telecom 
and Datacom, both with their specific network. As Telecom operators are fighting for 
more payload in form of data-communication and the Datacom industry is likewise 
interested to attract customers with IP-telephony, suitable technology – to unite the 
somewhat contradictory requirement – has been developed. Most of the above ana-
lyzed electronics – and even more – will in the near future be able to communicate via 
Internet and will thus be connected to each other; and this comes in addition to the Pre-
sent Old Telephone Service (POTS), the ordinary computer communication as well as 
the steep increasing payload of cellular telephony. This preceding category contributes 
to the load as cellular telephony uses a radio-link (using different technologies) only 
between the handheld terminals and the base stations, all the remaining paths of trans-
mission is going via the stationary net. Thus these combined systems – which embrace 
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the earth – will be loaded with an enormous quantity of data at very high transfer 
speed. This is even if POTS in the near future will cease to exist; still the traffic load 
will be remaining. Consequently, Electronic Packaging has to be adjusted towards the 
requirements of the future high frequency electronics.  

To some extent this future might not be so far away, as some electronic applica-
tions in the gigabit range already are stretching the limits of today’s Electronic Packag-
ing, and this with respect to several areas of its overall concept. This choice of words, 
the overall concept of the Electronic Packaging, requires an explanation. The term 
Electronic Packaging is mostly used in respect to the lowest levels of interconnection; 
this is the interconnections between the transistors integrated on a semi-conductor chip 
[1], up to some kind of packaging case and further on towards a carrier substrate like a 
Printed Wired Board (PWB). At the same time, this is also the field of Electronic 
Packaging where a great deal of research and development is in progress. The higher 
levels of the interconnection hierarchy on the other hand are not paid attention to in the 
same way, at least not with respect to new developed technological solutions; neverthe-
less these parts of the Electronic Packaging are of ever-increasing importance for the 
performance of the high frequency electronic systems. Based on this interconnection 
hierarchy the following technology areas can be identified, which have also been the 
working range of this research work: 

a) The Printed Wiring Board (PWB) represents the lowest of the levels considered 
here of the interconnection hierarchy, and this technology has been very much im-
proved over time. However, for many applications of today, there seems to be too 
many critical limitations of the common low cost PWB technology. In this work 
many aspects of the PWB design were considered and measurements on different 
microstrips structures on both FR4 and on high-speed-printed-boards materials were 
performed. Some of the findings was the unexpected large influence of coating and 
gold nickel plating on top of microstrips. 

b) Regarding the somewhat higher levels of the interconnection hierarchy, the Intra-
enclosure connections and the Backplane, also the interconnections between the dif-
ferent boards can be a serious restriction in the demand of fast data transmissions. 
The PWB connections using flexible printed circuit boards presented here makes 
considerably enhanced transmission speed possible. As the measurements demon-
strate, the transmission speed past the soldered connection between the flexible 
printed circuit board and a rigid FR4 PWB can, depending on the attenuation re-
quirements, be higher than 15 Gbps.  

c) Highest in this interconnection hierarchy classification are the Inter-enclosure Ca-
bling.  These cable connections have at present an increasing demand of up to and 
beyond 1 Gbps data transmission speed. As the cable connection in these applica-
tions commonly have a length of less than 10 m and with this a proportionately low 
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attenuation, the additional influence of the cable connectors can be of vital impor-
tance. The novel cable connector presented in this work has proved to work at least 
up to 9 Gbps. If these cable connectors are used together with the Twinax multicon-
ductor cables scrutinized, in this research, the transmission speed on these multi-
conductor cable connections can even be doubled as all the hitherto observed re-
strictions are because of the cable.  

d) As a consequence of these increased frequencies, the EMC shielding of the enclo-
sures has also to be a vital part in this effort to improve the electronic packaging 
technology towards the needs of high frequency applications. Today’s shielded en-
closures are provided with air ducts where the cooling air is passing through, thus 
cooling the inserted electronics. These air ducts are also permeable to electromag-
netic radiation and in this way the Shielding Effectiveness (SE) of the shielding is 
limited in relation to the emerging frequencies. Common enclosures can at present 
only cope with frequencies up to roughly 1 GHz for the SE to be better than 30 dB; 
considering that these frequencies are first of all harmonics, the limitations are ob-
vious. Measurements on the enclosure without air ducts presented here show on the 
other hand a sufficient SE up to at least 18 GHz. 

e) However, these enclosures without air ducts prevent also effectively the usual air 
cooling, thus another cooling method had to be considered. The novel cooling struc-
ture presented here, where the heat transfer is performed by conduction instead of 
the usual convection, has proved to have a sufficient cooling capacity for the cool-
ing of electronics. Apart from this basic cooling function also numerous other ad-
vantages of the cooling structure are illustrated. 
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1.3. Thesis outline 

The text is not following the same chronological order as that of the research per-
formed; the author has instead tried to follow a logical structure. Referring to the pre-
vious subsections (a) to (e) and in the same order, a review of technology problems in 
the selected area is given in section 2.  

In section 3 several issues on the PWB technology are discussed and measurements 
on microstrip structures are presented. Further, the implemented connections between 
flexible printed boards and rigid printed boards are presented.  

Section 4 is dedicated to measurements on the novel cable connector and on several 
different multiconductor cables. The cooling of electronics is treated in section 5, and 
finally the EMC measurements and simulations are presented in section 6. 
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2. Review of technology problems in the selected area 

2.1. PWB technology and in particular problems related to the Backplane 

When it comes to the development of the PWB technology, there has been a move 
forwards, but the industry has up to now adhered firmly to the conventional board sub-
strate – the FR4 – even if the design and the process-technology has been improved. 
However, the signal frequency on modern digital equipment has now reached that 
point where a gradual change to new high frequency PWB materials is inevitable. 
These new dielectric materials offer a significant reduction of the dielectric loss and 
make it possible to successfully transmit data at multigigabit speeds. Unfortunately, 
parasitic components associated with via-holes, solder pads, and other factors danger-
ous to an undisturbed transmission, counteract at high frequency the improvement of 
the transmission because of the better board material [2]. A further improvement of the 
via-hole technology should be important, to cut down the capacitive load of connec-
tors, solders pads, test-points and others, as well as the layout process in general. De-
plorably, even today most of the experts of the PCB-Layout only are experts of the 
Layout-program and have limited knowledge of electronics and electro magnetic field 
theory. 

Crosstalk [3], Ringing [4], Ground Noise [5] and Thermal Noise [6] are other major 
problems to consider. These unwanted contributions to the remaining transmitted data 
signal grow in importance, as the attenuation of the data-transmission at high fre-
quency raises. In particular Crosstalk is one of the limiting factors for high speed sys-
tems, as crosstalk – i.e. coupled signals from are frequency dependent and increases 
with high frequencies (i.e. frequency components as a result of signal edges). The total 
Crosstalk, expressed as the Far End Crosstalk (FEXT) or the Near End Crosstalk 
(NEXT), is inter alia dependent of the lengths of the adjacent lines where the coupling 
occurs. Therefore large PWBs as backplanes with many parallel lines are especially 
exposed. Besides this, in high frequency applications the surroundings have to be taken 
in consideration as a part of the electronic system. This is in particular valid for micro-
strip lines where the air and other surrounding materials, as the protecting coating or 
solder mask of the PWB, is part of the dielectric material in which the electromagnetic 
field propagates. 

Large electronic systems take up too much room to fit on one PCB alone, even if 
the electronics on chip-level or package level contains more and more functionality. 
They are divided into system parts placed on several PCBs. In the Telecom area, the 
motive for the separation of the system is not only dependent on technical reasons; 
there are special fault safety requirements and the electronic system is divided into mi-
nor parts, protected by redundancy. Non-protected parts of the system have to be small, 
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in that way the number of subscribers affected by a fault would be limited. Similar se-
curity will soon undoubtedly even be requested of the Internet traffic. Other systems 
are split up to preserve the possibilities for a flexible system build-up, easy mainte-
nance and uncomplicated upgrade of the functional design. No matter the reasons, 
these sometimes very numerous PCBs are connected to each other by means of  back-
planes, to build up the electronic system.  

The amount of all these differential pair lines across a complex backplane can 
compel stack-ups of more than 50 layers of alternating signal and ground planes [7]. 
One of the hurdles that differential pair lines have to pass is the rows of Plated 
Through Hole (PTH) vias, used for pressfit connection of the connectors towards the 
PCBs. These rather large PTHs pass through all the layers and restrict efficiently the 
differential pair lines to cross these PTH-rows, thus more signal layers are necessary. 
Surface mounted connectors on backplanes would this way have a great impact on the 
number of layers and consequently the cost of the backplane. In addition to this, in 
high frequency applications the PTH vias can be the cause of serious side effects. The 
most severe damage to the data-transfer can be done because of the via stub effect; as 
the PTH is surrounded by the dielectric material of the PWB, the resonant frequency 
(corresponding to a quarter of the wavelength) can be well within the spectrum of the 
digital data stream passing through the interconnect [7]. This effect can however be 
neutralized by backdrilling, where the surplus copper-plated via part is removed by 
means of a succeeding drilling with a larger drill steel. Another harmful effect of the 
PTH-rows is the impedance mismatch at all the narrow sections where the lines get 
squeezed between adjacent PTHs. Between points of impedance mismatch – matching 
half of the wavelength – resonances occur and energy from the data stream is trapped. 
Thus a interconnect memory structure is created of the impedance mismatches as well 
as from via stubs, in these memory structures energy is captured from specific data bits 
and relieved later on. By this a data dependent distortion is created, the Inter Symbol 
Interference (ISI) [7]. Once again, surface mounted connectors on the backplane should 
make a difference. One solution of this surface mount technology is discussed in the 
following section. 

2.2. Connections between different electronic parts using flexfoils 

Flexible printed circuits (flex, for short in this thesis) or flexfoils have been used 
for a long time in many applications, but has this far not been commonly used in the 
telecom sector. Flex is in most respects a normal PWB and is subject to all the prob-
lems mentioned in the above section about the PWB technology. The difference is that 
it can be bent violently and still retain its functionality. This is above all because of the 
use of the dielectric material, the thickness and the limited number of layers. The com-
monly used material for PWBs still is woven glass reinforced epoxy, whereas the most 
common dielectric material for flex is polyimide or polyester. These flex materials are 
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better than glass/epoxy for high speed applications, as there dissipation factor is very 
much lower [8]. 

The bending ability of flex, the flexibility of the positioning of the connecting parts 
and its high frequency quality, makes flex the most suitable for connecting purposes 
between different electronic parts as PCBs and a backplane as well as many other ap-
plications. Delphi connection systems manufacture several types of connectors using 
flex as conducting medium between the points of connection. As contact method the 
established Gold Dot technology is used, patented by Packard-Hughes Interconnect. 
The Gold Dot technology is documented to be reliable [9], but there is one major prob-
lem – the compressing force – a contact-force of 85g or more per contact is recom-
mended. With the backplane connectors for one PCB, commonly more than 300 con-
nections are needed, thus resulting in a total contact-force of more than 25.5 kg per 
PCB. Consequently a backplane designed for the insertion of 20 PCBs will be heavily-
loaded with a total of more than 510 kg. 

There are other surface mounted contact methods using pressure contacts, never-
theless the problem with the contact-force remains. However, there exist interconnect 
methods between flex and solid PWBs with zero contact force, such as soldering [10] 
or gluing using anisotropic conducting adhesive [11]. Unfortunately, one have limited 
use of a connector that is entirely fixed to both the connecting parts. A combination of 
one side of the flex fixed and the other side detachable would on the other hand make a 
useful connector. With respect to the previous stated problems, a flex backplane con-
nector should be fixed to the backplane, whereas the other end towards the PCBs 
should be detachable. Besides common connector technology, this detachable side 
could very well use pressure contact methods as the Gold Dot technology. This does 
not have to be a contradiction if the contact pressure is applied sideways on the PCBs. 

2.3. Cable connections 

For long haul high frequency transmission lines, fibre communication is commonly 
used, but at short distances the use of optical transmission has some drawbacks com-
pared with metallic conductors. There is an additional delay, more power consumption 
and therefore problems with the heat and finally the cost. Consequently, for short dis-
tances as interconnections between parts of an electronic system divided into several 
enclosures, it is still usually preferable to chose cables if they can be used at the re-
quired speed.  

A good choice for high frequency data transmission is coaxial cables, but they are 
rather bulky and in many applications it will be difficult to find enough space for all 
the cables as well the cable connectors. In moderate high frequencies, twisted-pair ca-
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bles, standardized by EIA/TIA-568A for the US market and a similar European stan-
dard, can be an acceptable choice. Standard category 5 twisted pair cable is specified 
up to 100 MHz and a new generation of individual pair screened Shielded Twisted Pair 
cable (STP) is stated to manage 600 MHz (ISO/IEC 11801 Class E). However, also 
short category 5 twisted pair cables can be used up to considerable high frequencies 
[12], especially in connection with the use of pre-emphasis and equalizers.  

Besides attenuation, crosstalk, delay and skew of the cable, the cable both emits 
and is susceptible to electromagnetic radiation. Screened (Overall foil/braid Shielded) 
Twisted Pair (ScTP) and STP cables not only protect against Electromagnetic Interfer-
ence (EMI). However, they could also make excellent antennas if the cable connectors 
or their electric connections are inappropriate. If there is a significant difference be-
tween the ground-voltage on the different devices to be connected by the cable, the 
large current-flow on the shielding between the ground connections can also be risky. 

Furthermore, the cable connectors itself add a considerable share of the specified 
cable problems. As the cable connector is an integrated part of the cable connection, 
it’s not easy to discern if arising problems are related to the cable or the connector. In 
some cases the cable connection problem is neither because of the twisted pair cable, 
nor the cable connectors. Both impedance mismatch, crosstalk, delay and skew can 
arise from the necessary untwisting of a part of the cable, in order to accomplish the 
connection between the cable parts and the connector terminals. Also the connectors 
housing can be part of the problem, as at high frequencies the internal dimensions of 
the housing can coincide with half of the wavelength of some frequency in the spec-
trum of the data stream. Thus this cavity resonance can cause a distortion of the trans-
ferred signal.  

2.4. Enclosures 

Today’s electronic components are regularly placed on PWBs and inserted inside a 
shielded enclosure with air ducts. As a result, the electronics has to be cooled by the air 
passing through holes in the enclosure. For high frequency products this technology is 
detrimental to the shielding effectiveness, since the air ducts in the shielding surface 
are openings also to EMI, as well from the inside as from the outside of the enclosure. 
This EMI jeopardizes the proper function of all electronic equipment in the neighbor-
hood, as well as the electronics inside the enclosure. As such malfunctioning electron-
ics can be dangerous, Electro Magnetic Compatibility (EMC) is an important issue; 
consequently the European Union demands shielding from electromagnetic emissions 
for all new products. 
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The SE of a perforated enclosure panel is depending of the size of the apertures and 
the frequency of the penetrating radiation. That is, with increasing frequency the hole 
size has to be smaller for the SE to stay unchanged. Consequently, with future higher 
frequencies the air vents should be much smaller. Smaller air vents means a decreasing 
airflow [13], hence the cooling efficiency is reduced. However, the decreasing airflow 
can to some extent be compensated by the use of fans but this increased fan power is 
not linearly proportional to the cooling power.  

One way to improve the SE without this substantial reduction of the airflow is to 
use metal net with minuscule mesh. Another way can be the use of Honeycomb struc-
tures, SE values of 80 dB at  frequencies up to 1GHz and above can be reached with 
Honeycomb structures [14] [15] – that is if they are manufactured and assembled prop-
erly. On the other hand, the cost of honeycomb panels and their assembly excludes 
honeycomb structures for most common applications. An additional method is to use 
an enclosure without any aperture at all. At high frequencies, the electric field is effec-
tively reflected by also very thin metallic surfaces; on the other hand, the shielding of 
the magnetic field increases with the thickness of the enclosure. However, with a 
thickness of three times the skin depth the magnetic field is reduced to roughly 95 %. 
Consequently, a seamlessly welded totally closed metallic box can provide very high 
SE values [15] [16] and this SE is in this context high enough all the way up to 20 
GHz.  

All this is not any novelty; this shielding principle of the totally closed metallic box 
has been used for a long time for special high frequency applications. The reason for 
the selective use of this shielding solution is its limited cooling capacity. So if this 
cooling capability could be increased at reasonable costs, the enclosure without aper-
tures could be used generally. The cost aspect with respect to enclosures is important 
and it can not be assumed that commonly used enclosures will be welded. Thus, also 
these enclosures without apertures should be considered to have seams, where the dif-
ferent parts of the enclosure are assembled using screws or similar methods. Conse-
quently, the SE of such an enclosure will be compromised by emissions leaking trough 
the seams [17] [18] [19] [20]. Another common source of high EMI values from 
shielded enclosures is cavity resonances [21]. The probability that cavity resonances 
occur escalates in high frequency applications but can be counteracted by a partitioning 
of the shielded enclosure into sub boxes. 

2.5. Cooling of electronics 

All electronic components where power dissipation occurs have for their continued 
functionality to get rid of the generated heat. In most of today’s electronic devices the 
bulk of the heat is concentrated to the active transistors on a semiconductor chip, as-
sembled in some kind of package. In general this package is in mounted on a PCB and 
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assembled to electric conductors. The transfer of the heat originated on the transistor 
junction goes to some extent via thin bonding wires, but mainly by conduction paths as 
the adhesive between chip and other parts of the packaging, to the lead frame and fur-
ther on to connecting pins of the packaging. As the connecting pins usually are sol-
dered to electric conductors of copper, a metallic bridge is formed for the continued 
heat transfer and the distribution of the heat to the PCB, some of the connecting pins 
can also have only a heat conducting function. As the dielectric material of the PCB is 
not a good heat conductor, it is important to include as much metal as possible in the 
stack-up of the PCB; this way the heat is spread effectively and hot spots are flattened. 
Preferably this metal is as in most cases copper, as copper is an excellent conductor of 
both current and heat. As in this interpretation of the heat transport, the temperature 
gradient is directed from the junction towards the PCB, the PCB has to be the colder 
part. This means the PCB has to be cooled by some means.  

In the preceding section it has already been described how the cooling of the PCBs 
and thus the electronics is normally performed with the help of the cooling airflow past 
the PCbs. It is obvious that, because of the heat conducting path, the temperature gra-
dient between the junction and the PCB is considerable; with modern packaging the 
temperature difference between the junction and connecting pin can be more or less 15 
degrees Celsius. The junction temperature is one of the most important issues for the 
reliability of the electronics functionality. The actual life time of the component is 
roughly inversely exponentially dependent on the junction temperature.  

The cooling potential of a PCB is not only determined by the air-flow and the am-
bient temperature, a lot can be done to optimize the cooling efficiency. Using a pro-
gram for temperature distribution calculations on PCBs [22], the layout of the PCB can 
be optimized by moving the components. For example, components with a high power 
dissipation/size rate can be moved towards the incoming air-flow, where the air tem-
perature is lower and thus the cooling potential higher. In the case of very high power 
dissipation the ordinary cooling of the component has to be assisted by heat-spreading 
parts as a heat-spreading shield inside the package, a heat sink mounted on top of the 
component and in some cases a fan on top of the heat sink.  

These details of the heat transfer are given with respect to enclosures with air-
ducts; however, a shielded enclosure without apertures can employ different cooling 
methods. If the cooling airflow no longer can pass trough the enclosure, circulating air 
can be used as a medium to transfer the heat from the electronics to the enclosure, or 
the heat can be preliminary cooled away by conduction [23] [24]. Heat conduction 
means a direct contact at some point in the heat transfer path; the straightforward 
method would be to establish a contact with the back of the PCB if this is without 
components and some kind of cold plate. This implies that heat transfer path is practi-
cally as before, but if the cold plate is pressed against the components, the heat con-
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ducting path is shortened to a closer contact to the semiconductor surface. Thus the 
temperature difference between the junction and connecting pin can be much less than 
15 degrees Celsius, furthermore, hot spots on the PCB and therefore the maximum 
temperatures are reduced. 
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3. PCB Technology for High Frequency Applications 
In this section the signal transmission on striplines and microstrips is studied and 

measurements on microstrip structures are presented. As on multilayer PWB stack-ups 
the reference planes have a great importance for the transmission quality in the high 
frequency range, the Chapter is started with a discussion on power and ground planes. 
In addition the implemented connections between flexible printed boards and rigid 
printed boards are presented. 

3.1. Power and ground planes 

The PWB technology has been developed from simple sheets of electric insulating 
material with mechanical support function for the attached components, to these days’ 
complex PWB stack-ups of advanced dielectric material layers intersected by conduct-
ing layers for different purposes. These conducting layers are used for power, ground, 
signal conductors, but also for the uniform heat distribution of the heat generated by 
the components. This way, by an increased share of metal in the PWB stack-up, the 
cooling efficiency of the PCB and thus the cooling of the electronics is improved. In 
spite of all the motives listed here for multi-layers PWB stack-ups, even today a great 
part of the produced PWBs are only one or two layer boards with possibly a ground 
plane; but in more complex applications and certainly in high frequency applications 
both power and ground planes are used. 

The power and ground planes appear to be uncomplicated exceptionally wide con-
nectors and could be assumed to provide the same voltage at every point of the planes. 
However, both the power and the ground plane are, especially at higher frequencies, 
never equipotential when the electronics on the board is active. Currents are flowing 
between the power and ground planes with Integrated Circuit (IC) switching and are 
interacting with the inductance, the capacitance and to a negligible extent the resistance 
of the conducting planes, resulting in a local change of the voltage at the connecting 
points to the planes. The development towards high frequency applications is inter-
linked with lower operating voltage and thus possibly higher currents, as a result large 
currents are flowing towards the points of connection to the power plane; as a result the 
ground noise may rise to problematic high levels compared with the low voltage span 
that is available for switching.  

This problem with ground noise is connected with further complications inside the 
package, where the semiconductor chip is connected by tiny bonding wires to the lead 
frame of the package. These connections induce inductances; consequently, a voltage 
drop is introduced across these internal connections, determined by the current spike 
caused by a switching transistor and directly related to the rise and fall time of the de-
vice. This voltage drop is denoted as ground bounce [25] and is of course higher when 
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several transistors are switching simultaneously, with an even more increased risk of 
logical failures in the transmitted signal; further this voltage spike will be superim-
posed on all logical signals transmitted from the component and represents a major 
source of EMI.  

The common way to deal with the problem of the ground noise, as part of this 
complex of problems, is the use of discrete decoupling capacitors as close as possible 
to the power connections of the component, as the inductance of the power plane is not 
negligible. The function of the decoupling capacitors is to lower the impedance in the 
power distribution and to serve as a temporary current supply where the current from 
the source of the DC power is buffered. This way the current from the DC power 
source towards the decoupling capacitors can flow more evenly, whereas the current 
from the decoupling capacitors can be tapped-off at high-speed. However, with in-
creasing frequencies the capacitance of the capacitor is reduced and gradually the ca-
pacitor behaves more as an inductor, worsening the problem to be solved. The Self-
Resonant Frequency (SRF) [26] [27], when the capacitance and the inductance of the 
capacitor is equal, is a suitable value for the selection of the proper decoupling capaci-
tor. I.e., the rise and fall time equivalent frequency of the IC has to be lower than the 
SRF value, specified by the capacitor manufacturer.  

In order to obtain a sufficient capacitance, each IC is usually decoupled with sev-
eral capacitors. If the multiple capacitors are of equal value, the result is comparable to 
one large component, even if both the parasitic components originating from pads, vias 
and connecting traces have some influence. Multiple capacitors with different values 
on the other hand causes parallel resonances [26] [27], where the resonance peak, and 
with this the lack of the needed capacitance, emerges anywhere in the frequency range 
where the decoupling capacitance is urgently needed. In high frequency applications 
the use of an integrated decoupling technology [28], where the capacitance is formed 
between the power and ground planes, is a far better method. As the capacitor in this 
case is stretched all over the PCB plane, the connection and with this the parasitic in-
ductance is limited to the vias and possibly a very short trace, connecting the power 
and ground plane to the power and ground pins of the component.  

In addition to the previous mentioned functions, the power and ground plane has 
also to fulfill other important functions. The most obvious function of both the power 
and ground plane is to be a part in the impedance characterization of the signal traces. 
Though, in single ended transmission lines the most important duty of the power and 
ground plane, beside the previous mentioned functions, is to be part of the signal con-
nection. The return path of the signal connection is frequently fallen into oblivion in 
spite of the generally knowledge of Kirchhoff’s laws, as this connection can not be 
seen. However, the impedance characterization of the signal traces can be compre-
hended by application of the laws of physics; simulations where the necessary calcula-
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tions result in pictures easy to understand, can also broaden the understanding of these 
complex phenomena [29].  

The return current is the result of the signal current charging the capacitance of the 
signal line [30]. Since the power and ground plane are used as reference planes for the 
impedance characterization of the signal traces, this capacitance is part of the definition 
of the characteristic impedance. With high frequency signals, the return current is flow-
ing in a narrow band adjacent to the signal line on the reference plane and all the com-
ponents contributing to the capacitance; thus the return path adds resistance to the sig-
nal line connection and increases the attenuation of the signal.  

In high frequencies the skin depth is much smaller than the plane thickness and the 
return current cannot penetrate the plane and is restricted to flow on the surface of the 
reference plane nearest to the signal line. When the PCB is designed as a multi-layer 
board, the signal transmission can frequently be changed from one signal layer to an-
other [30] and the return current will follow this path by use of the vias clearance 
holes. If the return current is switching between reference planes with different voltage 
as between the power and ground plane the current can use the decoupling capacitors.  

All these different possible paths of the return current can result in a significant 
prolongation of the return path and thus an unacceptable increase of the signal attenua-
tion. As the loop area of the signal is enlarged this can also generate large EMI.  But 
here the perceptive designer has his chance to increase the signal performance by well 
placed clearance holes and decoupling capacitors, as part of a connection structure for 
the return current. Unfortunately, the design of a PCB is a compromise solution and the 
ground plane is in real life not ideal, perforations as such connection lines integrated in 
the plane, clearance holes and vias, as well as openings in the PWB, increases the in-
ductance of the plane and deteriorates its high frequency properties. 

3.2. Signal transmission 

The electromagnetic field associated with the transmitted signal travels entirely, as 
with striplines, or partially as with microstrips, inside the dielectric material of the 
board substrate. Thus, the electric properties of the dielectric material, essentially the 
dielectric constant and the dielectric loss tangent are vital for the quality of the trans-
mitted signal. The attenuation of the signal amplitude is characterized in the transmis-
sion-line propagation function [30] (equation 1):  

( ) ( )ωγ⋅−=ω ll e,H       (Equation 1) 
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Based on the common model of a transmission line, the propagation coefficient γ be-
comes: 

( ) ( )( )( )GCjRLj +ωω+ω=ωγ [Neper/m]      (Equation 2)  

Another important definition is the characteristic impedance Zc(ω) (equation 3), which 
is not directly tied to the attenuation; but as will be shown later on in this thesis, an 
impedance mismatch can cause reflections and resonances and thus degrade the trans-
mission quality.  

( ) ( )( )
( )( )GCj

RLj
Z 0

c +ωω
ω+ω

=ω [Ω]      (Equation 3)  

However, in practical modern transmission lines is G in equation 3 near zero, also R is 
mostly considered to be much less than ωL.  

      At low frequencies is the signal attenuation related to ~ f , but with higher fre-
quencies as around 1 MHz [30] increases the attenuation of signal not longer with in-
creasing frequencies. This is until the skin effect increases the resistance R(ω). There-
fore, to counteract the dispersion of the signal it could be advantageous to use thin 
conductors so that the starting point of the skin-effect is delayed. But the price to pay 
for this advantage is a higher signal attenuation at lower frequencies. The skin depth is 
defined as: 

μσπ
=δ

f
1 [m]     (Equation 4) 

With σ = 5.8 x 107 [S/m] for copper, µ = 4π x 10-7 and f = 10 MHz, the skin depth 
is 21µm which is comparable with a 0.5 ounce copper trace, this is a thickness of 18 
µm. If this starting point of the skin-effect should be delayed to 1 GHz, the copper 
trace thickness should be 2 µm.  

However, this skin-effect region might never be discernible because of the large in-
fluence of the dielectric loss in higher frequencies. The dielectric loss tangent [31] can 
be defined as:  

ωε
σ

=θtan       (Equation 5) 
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In the dielectric loss region which starts, concerning striplines and microstrips, at 
roughly 1GHz is the frequency dependence ~f. The presence of this region can in 
measurements thus be unveiled as the graph of attenuation measurements will consist 
of a straight line. As the dielectric loss tangent is a very important parameter in the 
high frequency range, this value, together with the value of the relative dielectric con-
stant and the frequency where these values are valid, is mostly presented by the sup-
plier.  

As the dielectric material is such an important factor for the signal transmission in 
high frequency applications, the choice of the used substrate should be carefully con-
sidered. A lower price tag on the purchased raw material can at the end result in a 
product of low value at too high costs. The most common PWB material today is still 
FR4, a low price composite material of epoxy resin, reinforced in the x-y plane with 
woven glass. FR4 is not one specific material, there are different FR4 products on the 
market with different performance characteristics; but still, as a high performance al-
ternative FR4 has too high dielectric loss coefficient for high frequency transmission at 
considerably length. The dielectric loss coefficient for typical FR4 material is in the 
range of 0.01 to 0.025 [30]. 

There are several other dielectric materials offering important improvements for 
high frequency use. When it comes to the dielectric loss tangent, glass reinforced 
Polytetrafluorethylen (PTFE) looks like a satisfactory material; it has dielectric loss 
coefficients of 0.0009 to 0.004, but has also manufacturing problems resulting in high 
manufacturing overheads. Materials with somewhat lower dielectric loss coefficients 
are the hydrocarbon based laminate Rogers 4000 series which can be fabricated using 
normal FR4 processes. Rogers 4000 is a relatively low cost material in this group of 
high frequency substrate materials, but the price differences is dramatic compared to 
FR4. However, the cost difference for the completed PWB is not as dramatic. A test 
backplane with 12 signal layers of Rogers 4350 and an exactly alike manufactured of 
FR4 has resulted in twice the cost [32]. 

3.3. Microstrip measurements 

3.3.1.  Microstrip with coating 
The ideal model of a transmission line and thus equation 1 and 2 is valid only for 

transmission structures that support a simple TEM field pattern such as striplines. 
Striplines are simple structures entirely embedded in a homogenous dielectric material 
and all data of importance can easily be computed with various programs. The elec-
tromagnetic wave propagating along the microstrips structure is not purely TEM but 
quasi-TEM. Microstrips, and especially embedded microstrips, are the most complex 
of all transmission lines because of the different dielectric materials involved; in addi-
tion to the dielectric itself and the adjacent air, there is normally a coating with some-
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what unpredictable shape on top of everything. There are apparent difficulties to im-
plement all the different parameters of the coatings and their proper measure in the 
computation model, thus the outcome of these computer simulations is questionable as 
well. The simplest way to bypass these problems is to perform measurements.  

All the measurements in this thesis were carried out using the PNA Series Network 
Analyzer E8364A from Agilent. In order to avoid the influence of the SMA connectors 
used towards the Network Analyzer, a calibration structure was designed for the Thru-
Reflect-Line (TRL) technique. As the upper frequency limit of the SMA connectors is 
specified to be 18 GHz, this frequency is also chosen as limit in the shown measure-
ment charts. This calibration structure was designed as an integrated part of each of the 
manufactured FR4 and Roger 4003 board panels. The result of each was almost identi-
cal to the shown example in Fig. 3.1 of one of the FR4 alternatives. In Fig. 3.1 

 

the lower grey graph shows the influence of the two SMA connectors at each side of 
the 80 mm long microstrip, also used as “Thru” in the calibration process. The upper 
black graph in Fig. 3.1 depicts the same microstrip, where the calibration had removed 
both the SMA connectors and the entire microstrip. However, the TRL calibration suc-
ceeded not completely, as the result should have been a straight line at 0 dB. In view of 
the relatively simple arrangement, the outcome of these calibration results should be 
regarded as acceptable.  
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The measurements were performed on microstrip lines of different lengths and 
showed, as could be expected, a strict linear dependence of the value of the S21 parame-
ter to the length [34](Paper 1). Furthermore, it also seems to be a linear growth of the 
value of the S21 parameter in the entire frequency range; thus the previous mentioned 
different frequency regions with a different growth of the attenuation seem to be lost in 
this large frequency span. This conformity of the measurements were obtained despite 
a partially failure during the manufacturing, where the copper thickness was much 
more than expected on some parts of the long microstrips, this because of problems 
with the electroplating process. Apparently the proper impedance was obtained close to 
the ends of the lines; but then the impedance could drift away up to 10% on the single 
ended lines and almost 20% on some differential lines. As the measurements did not 
disclose any deviations from the expected result, the most important learning from this 
is that an impedance mismatch doesn’t necessarily need to be such harmful as ex-
pected. This provided that the connections are impedance matched and that the imped-
ance deviation does not come abruptly. On the other hand, later in the thesis it will be 
shown that even very small sudden impedance deviations will give rise to large reso-
nances.  

The measurements shown in Fig. 3.2 refer to microstrips with solder mask coating 
and the length of 500 mm; the lower grey graph in Fig. 3.2 displays the measurements 
of a single ended microstrip on FR4, the upper black graph is the result of the corre-
sponding microstrip on Rogers 4003 substrate. This is more or less half the attenuation 
of the FR4 line. Surprisingly, the measurements of the solder mask coated differential 
microstrips reveal not quite this much difference of the S21 parameters. The lower grey 
graph in Fig. 3.3 shows the attenuation on FR4 and the upper black graph the result of 
the equivalent Rogers 4003 measurement.  

Using the simulation program CST Microwave Studio version 4 [33], the physical 
conditions for these measurement results were examined. The simulation of the single 
ended embedded microstrip is shown in Fig. 3.4; the direction of the E-field is indi-
cated with arrows and combined with this, the constant field value lines are expressed 
by an isoline presentation. Similarly, Fig. 3.5 shows the simulation result from differ-
ential embedded microstrips. The difference size of the arrow representation in the 
same figure reveals the field intensity, whereas the dimensions of the arrows should not 
be compared between Fig. 3.4 and Fig. 3.5. In Fig. 3.4 the E-field is strongly directed 
towards the ground-plane and consequently more dependent on the properties of the 
substrate. Conversely, Fig. 3.5 displays how the most intense field goes between the 
microstrip lines and partly inside the coating; as a result the field is strongly affected 
by the coating. Thus the high frequency performance of the Rogers 4003 dielectric ma-
terial is corrupted by the inferior coating material. On the other hand, the FR4 
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Figure 3.4: Simulation result of the E-field on single ended embedded  
             microstrip, in a plane with lines of constant field value (isolines),  
             and with arrows pointing in the direction of the E-field.  

Coating 

Cu 

Figure 3.5: Simulation result of the E-field on differential embedded  
             microstrips, in a plane with lines of constant field value (isolines),  
             and with arrows pointing in the direction of the field.  

 

Coating 
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 material has roughly the same performance as the coating and is consequently not af-
fected in the same way. 
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3.3.2.  Microstrip without coating 
On the single ended microstrip of FR4 without coating the reduction of the attenua-

tion is modest (grey in Fig. 3.6). However, the difference of the attenuation in regard to 
the single ended microstrip without coating on RO4003 (black in Fig. 3.6) is  

 

more pronounced. In Fig. 3.7 eye-diagrams of these two uncoated single ended micro-
strips are shown; on the left side of the Fig. 3.7 on FR4 and on the right side on Rogers 

 
Figure 3.7: Eye-diagram of uncoated single ended microstrips with the  
                   length of 500 mm. Speed of arbitrary data flow 10 Gbps, Tr = 0.   
                   Left side: PCB-material FR4 and on the right side Rogers 4003. 
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4003. The usefulness of these eye-diagrams can be questioned as they show the result 
of an arbitrary data flow, with an effective coding algorithm these results could be con-
siderably improved; however, these diagrams can be useful as basis of comparison. 

The third line (thin black in Fig. 3.6) is also a single ended microstrip of FR4 with-
out coating, but this microstrip is gold plated. However, this gold layer is not purely 
gold. Since gold has not a good enough adhesion to copper a layer of nickel is plated 
next to the copper surface; the nickel layer is at the same time a barrier layer against 
the migration of copper ions into the gold layer. This might seem to be an excellent 
alternative to coating except for the fact that nickel is a magnetic material and thus in-
fluences the field. Using X-ray thickness measurements, the plating thickness was de-
termined to 6.2 µm for the nickel layer and only 0.1µm for the gold layer. An addi-
tional observation is that a break point on the S21-parameter graph has become visible 
at 2.5 GHz. This phenomenon is difficult to explain, as this multi-coated metal com-
pound is very complex in respect to all the intervening different electromagnetic ef-
fects.  

An additional example of these phenomenons on these multi-coated metal compounds 
is given in Fig. 3.8. Because of the direction of the E-field presented in Fig. 3.4 and 
Fig. 3.5 it seemed to be interesting to examine the attenuation on coplanar structures. 
The measurements of single ended coplanar microstrips with coating (Fig. 3.8b) and 
without coating (Fig. 3.8a) shows the result of an unsuccessful test where resonances in 
the adjacent grounded lines were induced back into the signal line. The interesting 
thing is just how the neat resonance responses in the uncoated case are distorted for the 
coated coplanar structure. As could be expected at the tight coupled differential copla-
nar structure without coating, with most of the field between the two signal lines, these 
resonances and thus their distortion in the coated example were not pronounced.  

 

23 



 

This differential coplanar microstrip was designed as a differential coplanar structure 
without a groundplane beneath the signal-lines, and had the same attenuation as its 
counterpart, the ordinary uncoated differential microstrip on FR4 shown in Fig. 3.9. 
Thus, considering also other problems with the coplanar microstrips, such as the need 
of an increased manufacturing precision both in regard to the distance in between the 
lines as well as the height, the coplanar structure seems, with respect to the attenuation, 
not to have any advantages compared to ordinary microstrips. 

 
3.3.3.  Microstrips used as filter 

In the previous discussion the interest was focused on the interactions of the elec-
tromagnetic field, and especially the electric field, with the conductors and the ground-
plane. However, the fields are extended into the surrounding media, that is, generally 
the air above the microstrips. If the free space above the microstrip is somehow lim-
ited, the fields are interacting with this limiting structure and thus the result is most 
commonly a neglected increased capacitance. The question is consequently at which 
distance this influence will manifest itself as changed impedance. These investigations 
were performed on two different microstrips on a 0.2 mm thick FR4 substrate with 
groundplane. The results are displayed in table 3.1: 
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Distance in air Interfering material Single ended microstrip Differential  
microstrip 

4 mm Steel sheet Borderline influence No influence 

1 mm Steel sheet -0.7 Ω (from 50 Ω) Borderline influence 

0.5 mm Steel sheet -1.6 Ω (from 50 Ω) -0.5 Ω (from 100 Ω) 

0 mm Thermally  
conducting material 
Ultra Soft Pad 

-2.5 Ω (from 50 Ω) -6.5 Ω (from 100 Ω) 

Table 3.1 

There is also a possibility to make use of the stray field above the microstrip and 
the changes of the impedance. Microstrips can be used as sensors or they be can em-
ployed as filters where the transmitted signal can be attenuated at some frequencies. In 
Fig. 3.10a the filter effect of a steel sheet with five rectangular holes and six steel sheet 
sections; on the right side, in Fig. 3.10b, the filter effect has been increased by several 
detached steel sheet sections. With different spacing between these steel sheet sections 
also a larger frequency range could be leveled to the same degree of attenuation. 
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The sheets were freely placed upon the microstrips without any ground connections. 
Equivalent experiments were performed with ferrite pieces; however, without any of 
these resonances and thus without filtering effects. As with other applications where 
ferrite was used, these high frequency signals were simply attenuated. 

3.3.4.  Parasitic components 
The measurements of the microstrips, or the simulation of other connection lines 

can give an idea of what the attenuation of a connection could be at the best. However, 
conductors have to be connected to something else to be useful; the sum of the capaci-
tive loads of these vias, solder pads, connectors, test-points and other structures could 
wipe out most of the transmission potential. A close scrutiny of several combinations 
of solder pads for modern Surface Mounted Device (SMD) was performed [34] 
(Paper 1) but showed only a minuscule influence as the parasitic capacitance was 
small. Another design with a narrowing section additional to the pads had no influence 
on the transmission measurements. These narrow sections are commonly used when 
the space between the BGA solder pads, as well at in other parts, is not sufficiently. 

Conversely to these gratifying results of the previous measurement on the Surface 
Mounted Device (SMD) fine pitch solder pads, other structures with more parasitic 
capacitance can have a large impact on the transmission. One significant example of 
this large influence is the surface mounted SMA connector used for the research re-
garding microstrip structures [34](Paper 1). One of the influences of the SMA connec-
tor is the dip at about 11 GHz shown in Fig. 3.1; this is the consequence of a resonance 
between two small impedance mismatches at the connection points of the SMA con-
nector.  

The impedance mismatch at one end of the SMA connector is formed at the con-
necting surface between the two parts of the SMA connector. At the other end of the 
SMA connector, the impedance mismatch is above all formed by the capacitance of the 
solder pad to which the signal-pin of the used surface mounted SMA connector is con-
nected. One important element is the size of the signal-pin solder pad or differently 
expressed the capacitance of the solder pad. As the total capacitance of the SMA con-
nector footprint connection is the sum of the solder pad capacitance as well as the ca-
pacitive coupling towards the ground-connections, the place where the impedance 
changes its magnitude most abruptly is depending on different conditions. The SMA 
connector also is part of a coaxial cable connection, thus the cable shielding as well as 
the SMA ground is part of the signal transmission. With a lower solder pad capacitance 
the place of the sudden change of the impedance is moved and thus the distance be-
tween the two points of a fast impedance change is increased.  
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At one design [35](Paper 3) the groundplane was continuous and the resonance 
frequency occurred at 12.9 GHz, this is equivalent to a half wave-length of 8 mm. On 
the other hand, with the resonance frequency of 11 GHz [34](Paper 1) shown in Fig. 
3.1, the corresponding length would be 9.4 mm. In this design the ground beneath the 
solder pad was perforated with a circular area 1.6 mm in diameter and thus most of the 
capacitance originating from the solder pad was removed. However, the footprint of 
the ground connection solder pads was stitched with 12 vias to the groundplane with 
some additional parasitic capacitance to the total capacitive load of the SMA connec-
tor. In this high frequency range this grounding was apparently not good enough. It can 
be assumed that an even better grounding could bring down the capacitance to such an 
extent that this annoying dip could cease to exist. 

The dip in the attenuation graph is only one of the problems associated with the 
parasitic capacitance of the SMA footprints. Even more serious is the effect of the total 
capacitive load on the attenuation over the whole frequency range. With a simple esti-
mate without fringing effects, the capacitance of the pad with the diameter of 1.7 mm 
would be:  
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With fringing effects and the influence of the other parasitic capacitances the total ca-
pacitive load could be roughly 0.5 pF.  

A simulation was performed using Agilent Advanced Design System (ADS), to 
find the total parasitic capacitance that would give the same attenuation as at the meas-
urements. The simulation model was a microstrip on FR4, with the same dimensions as 
on the test board and loaded with one inductance and one capacitance on each side of 
the microstrip, as shown Fig. 3.11b. The lower curve at Fig. 3.11a shows the ADS 
simulation of the alternative with 2 x 0.2 pF and the upper curve the 2 x 0.5 pF load. 
The inductance was chosen to adapt the simulated curvature of the graph to the graph 
of the measured object. In Fig. 3.12a the equivalent measurements are shown where the 
upper graph is originated from the solder pad where groundplane was removed, 
whereas the lower graph describes the alternative where the groundplane was continu-
ous.  
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This capacitance explains also to some extent the reduced impedance of the SMA 
connector, displayed in the TDR measurements in Fig. 3.12b. An interesting aspect of 
this examination of the SMA connector is, that the large impedance mismatch of SMA 
connectors visible at each TDR measurement, does not show a real impedance devia-
tion of the connector itself. An impedance control of the SMA connector was done by 
disassembling one connector and measuring the coax structure. The cylindrically PTFE 
dielectric in a SMA connector was measured to be: Dout=4.15 mm,  
D =1.25 mm. The characteristic impedance of a coax structure is found by: in
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which is a good impedance adaptation to 50 Ω.  

 This discussion on the subject of impedance differences shows that also very small 
impedance mismatches can bring about large effects, if the impedance change is sharp 
and the distance between multiple mismatches is fitting with half the wave-length of a 
frequency in the used frequency range. On the other hand it has been shown in the pre-
vious sections regarding microstrips, that also large impedance mismatches can take 
place without any visible effects to the attenuation, if the impedance change is gradual. 
When it comes to the capacitive load, the results in Fig. 3.12a demonstrate quite well 
how much the attenuation increases with an enlarged capacitive load because of these 
rather large solder pads. 
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Other sources of capacitive load are the thousands of vias on quite normal PWBs. 

The capacitance of a 0.3 mm through-hole via can generally be between 0.2 pF to 1 pF 
[30], depending on pad size, board thickness, clearance hole, number of reference 
planes, and other features. As shown in Fig. 3.11a and Fig. 3.12a, this magnitude of the 
capacitive load results in a serious burden on the signal transmission at high frequen-
cies. Today vias can be manufactured with a hole diameter of 0.2 mm as in the projects 
presented here, but also 0.1 mm holes can be drilled. With this size of via holes, the 
limit for mechanical drilling should have been reached; this is because of the drill steel. 
The drill steel is not manufactured of steel but of tungsten carbide, thus the drill is ex-
tremely hard and brittle and can not be easily handled. In Fig. 3.13a a 0.5 mm drill is 
compared to a fragment of a 0.2 mm drill in Fig. 3.13b. In order to get a feeling of this 
measure, just pinch the paper of this thesis between your fingers, this is the thickness 
of 0.1 mm. As can be seen also the 0.2 mm drill is a miracle of the manufacturing 
process, the drill is perfect in all its miniature details. However, the drill broke almost 
every time it was touched. Therefore, in future smaller and possibly shorter vias should 
be laser drilled. 

Figure 3.13: Figure a shows a tungsten carbide drill used for via drilling with  
              the diameter of 0.5 mm.  Figure b a corresponding drill fragment  
              with the diameter of 0.2 mm. 

ba
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3.3.5.  Crosstalk 
Crosstalk, distinguished as FEXT and NEXT is, as mentioned in section 2.1, a se-

rious threat to the signal transmission. As the representation in Fig. 3.14 depicts, the 
mutual inductance and capacitance between the transmission lines is responsible for 
these distortion of the transmitted signal. One important part of the signal-part, the re-
turn path, is on the other hand only hinted at in the figure. However, provided a solid 
groundplane, the return current at high frequencies is following closely the signal line 
on this reference plane; thus the important area under discussion for low crosstalk 
should be the geometry, the line lengths of the adjacent traces and the separation be-
tween the lines. As the electromagnetic fields around the lines are responsible for the 
inductive and capacitive coupling, the geometry of the conducting structures as well as 
the dielectric media around the lines is important.  

 

In striplines the conductor is surrounded by a homogeneous dielectric medium and 
in addition the field cannot expand widely in the surrounding air, thereby inducing a 
superposed signal in adjacent lines. Thus particularly FEXT is no big problem in strip-
line structures. In the research work presented here the attention was directed towards 
microstrips as microstrips in high frequency applications are both very useful and at 
the same time vulnerable to both FEXT and NEXT. However, both with striplines as 
well as microstrip structures the most important thing is to keep a reasonable distance 
between the lines. The question is here of course what a reasonable distance is. 
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The commonly used rule of thumb is that a distance of three times the line width 
should be kept in between the lines; this rule has been used a long time but is question-
able in future higher frequency range applications. The in Fig. 3.15 shown S21-
parameter of FEXT and NEXT are measured on single ended microstrips on FR4 with 
a length of 50 mm. These measurements [36](Paper 2) were performed on lines with a 
separation of 2, 2.5, 3, 3.5 and 4 times the line between the traces, but for a simplified 
reading not all measurements were exposed. However, the spacing between each of the 
graphs of the total measurements in dB-scale seems to be equidistant with a linear in-
creasing distance between the lines. From the fast escalating FEXT values with in-
creasing frequency, as well as the growth of NEXT, it can be concluded that the dis-
tance between the single ended lines has to be considerably increased at higher fre-
quencies. Alternatively, guard traces can be used in between the lines, but as can be 
seen in Fig. 3.8 there is a risk of resonances in the guard traces if they are long com-
pared to the wavelength of the signal frequencies. 

 

On account of the increasing problems for correct data transmission at high fre-
quencies, differential signal lines are regularly used, especially if the connection is 
long. The advantage of differential lines in regard to crosstalk is that the field with 
tightly coupled differential lines is not spreading out as with single ended lines, thus 
the influence on adjacent lines is also limited. In Fig. 3.16 the FEXT and NEXT values 
measured on differential microstrips on Rogers 4003 and with a length of 100 mm; 
these measurements are carried out with or without guard traces [35](Paper 3) 
[36](Paper 2). Equivalent measurements were also performed on differential micro-
strips on FR4 and these measurements showed slightly better, i.e. lower, crosstalk val-
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ues. The guard traces on these structures were grounded with vias at each 10 mm in 
between to the groundplane and no resonances were visible.  

 

Unfortunately, the result of the guard traces was no more than roughly 4 dB lower 
at the NEXT measurements and still lesser for the FEXT values. But this is compared 
with the single ended measurements at half the crosstalk at higher frequencies and 
twice the length. Apparently, the fringing field at these tightly coupled differential 
lines was not that large that the full benefit of the guard traces could be seen. Further 
research should be done with respect to guard traces in between single ended micro-
strips. 

3.4. PCB Connections with Using of Printed Flexible Circuits 

The advantage of flex for connecting purposes between different electronic parts as 
PCBs and a backplane as well as many other applications has in detail been explained 
in section 2.2. Consequently, the research work of an experimental soldering between a 
FR4 PWB and a flex board [35](Paper 3) is here presented without more ado.  

The flex was manufactured as a two layer PWB with embedded microstrips and a 
ground-plane, 24 x 50 mm in size. In the central part of the flex where five via columns 
with altogether 301 tin coated vias with 0.2 mm via holes and a pad diameter of 0.5 
mm soldered to the FR4 board (to be seen in Fig. 3.17a). Primarily the FR4 PWB pro-
vided with the corresponding solder pads for the flex, but it was also used for the elec-
trical measurements. To this end microstrips towards the SMA connectors were sup-
plied on this FR4 substrate with groundplane. Three outer via-columns at each side on 
the flex are also soldered to the FR4 PWB as can vaguely be seen in Fig. 3.17b; 
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however, this is only because of the electrical measurements, these vias are thought to 
be Gold Dot connectors in real applications. 

 

Both the common tin/lead eutectic solder paste 63Sn/37Pb and a lead-free solder alloy 
Sn96.2/Ag2.5/Cu0.8/Sb0.5 were used. An unexpected problem was to squeeze the 
spherical solder particles of about 50 μm in size into all of the via holes (to be seen in 
Fig. 3.17b), thus smaller solder particles could be advantageous in special cases. The 
result of a lead free soldering attempt, as well as a following after-treatment using a 
soldering iron [35](Paper 3), can be seen in Fig. 3.18. In Fig. 3.19 some parts of the 
soldered vias before the remelting process are shown in different magnification. At the 
left are some cracks visible in the solder tin, on the other hand these cracks are extin-
guished by the subsequent soldering treatment. Whereas the small voids in the right 
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hand picture probably will be left, the inter-metallic compounds (IMC) will most pos-
sibly be enlarged because of the heat-treatment to come.  

 

 

The electrical measurements, presented in Fig. 3.20, were carried out with the same 
Network Analyzer as with the previous PWB measurements. The upper grey line in 
Fig. (a) shows the measured S21-parameter result of only 31 mm of the test-lines, this 
because of the calibration reduction of the line with two times 40 mm. The lower black 
curve in Fig. (a) shows the microstrip connection on the flex, as well as the influence 
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of eight solder joints and the sum of in total 11 mm length of the remaining measured 
connections on FR4. Comparing the two curves, the small influence of the additional 
four soldered via/pad connections and the flex can be perceived. Fig. (b) shows the 
FEXT and NEXT values corresponding to the same solder joint connection as from the 
black graph in the left figure. Finally, the eye-diagram in Fig. 3.21 can provide a hunch 
of how small the influence of this solder joint connection and the additional flex lines 
can be. Probably the result will be even better as the eye-diagram is a computed result 
of the arbitrary data flow with 10 Gbps and a rise time of Tr = 0.  

 

The conclusions that can be obtained from these measurements is, provided a better 
soldering process as thermod-soldering [37] and with uniform quality, that soldered 
flex connectors should be an excellent choice for high frequency applications. As the 
next step to these intra-enclosure connections, the external connections will be pre-
sented. 
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4. Cable connections 
In this section measurements both a novel cable connector assembled on multicon-

ductor cables and measurements on different cables are presented. 

Both in the telecom and the datacom sector multiconductor cables are regularly 
used for the connections between different parts of the system. The US market is 
today dominated by Unshielded Twisted Pair (UTP) cabling; however, because of the 
requirements for high-speed data and EMC shielding, the use of overall foil/braid 
Shielded Twisted Pair (ScTP) cables is increasing. In European countries ScTP cabling 
is already today the market leader. Beside these Twisted Pair cables there exist also a 
different kind of shielded multiconductor cable as the two-parallel wires shielded cable 
often and also in the following referred as Twinax. These Twinax cables have proved 
to be particularly useful for high frequency use. 

As the need of faster cable connections is increasing rapidly in the telecom and 
datacom sector, it is obvious that the industry is working very hard to improve the ca-
ble technology to these high speed requests [38]. There are also a lot of research activi-
ties ongoing in regard to multiconductor cables; it is also work ongoing to define a new 
standard for Cat 5 cables to be used in the new 10 Gbps copper cable Ethernet network 
[39]. Regardless of all the efforts to produce cable connections for use at high frequen-
cies, another major obstacle is still present – the cable-connector for multiconductor 
cables. The two wires in a pair are impedance-matched, as long that they are at their 
correct distance to each other. If the wires are to be connected to different contact pins 
inside the cable connector, this distance has to be increased at some point (see Fig. 
4.1a). Therefore, the impedance matching is also broken at this point. Besides, the 
rather disordered bundle of wires inside the connector housing adds an uncertainty to 
which of the wires can be adjacent and thus couple to each other at this limited length.  

Figure 4.1: In Fig. a, an opened standard cable connector and in Fig. b at a  
            larger scale, the new cable connector with some parts of it  

                  removed.

 a b

A prototype of a novel cable connector for shielded multiconductor cable has been 
designed by the author (UK patent GB2371421 and published patent applications in 
Germany and the USA) [40](Paper4). This prototype is based on a standard ScTP cable 
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TEL426001/004 [41], and the use of the contact matrix Metalized Particle Interconnect 
(MPI) from Tyco Electronics. The basic principle of the connector is that the elastic 
conductive MPI matrix is used as an interface between the ends of the copper wires of 
the cable and a land grid array on the PWB, thereby making the connections (see Fig. 
4.2a). In Fig. 4.2b can be seen two prototypes of the novel cable connectors assembled 
on a 500 mm long twisted pair cable and mounted on a test board used for the meas-
urements. 

 
In addition to the shorter and also minor impedance mismatch regarding the novel 

cable connector (from where the distance between the wires of cable is changed), there 
is another important difference between the design of the compared standard connector 
in Fig. 4.1a and the novel connector in Fig. 4.1b. At the standard connector the termi-
nation of the shielding braid is accomplished by squeezing the braid between two 
washers, which in turn are connected to the connector housing. As the connector hous-
ing as the final point is connected to earth by means of connecting springs, there is a 
risk that common mode currents can cause resonances in the connection between the 
two contact-resistances. Thus the connector housing can behave as an antenna at high 
frequency. On the other hand, the cable braid in the novel connector is connected by 
means of an electrical conductive adhesive. As this glued connection is covering a 
fairly large area the contact resistance should be insignificant, therefore the risk for 
resonances in line with the previous mentioned reason should be removed.  

As the contribution of the novel connector itself to the attenuation is very small, a 
large part of the total attenuation will be on account of the cable, even if this 500 mm 
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cable length is very short.  An additional relatively small contribution to the attenua-
tion comes from the land grid on the PWB and the design of the connections between 
the pads and the conducting lines. In Fig. 4.3 shown is the design of the first test-board 
with striplines and vias and the corresponding land grid on a second test-board with 
microstrips. The difference in the performance of the different designs not has been 
visible in the measurements as this share of the total attenuation gets swamped in the 
total measurements. However, the additional capacitive load in the left design, because 
of the larger pads and the vias, will certainly not improve the attenuation. 

Figure 4.3: Land grid on the elder test-board with striplines and vias  
            to the left and the corresponding land grid on the newer  
            test-board with microstrips to the right. 

Circles showing both the equivalent land grid of the new board 
and the proper position where the MPI should be placed. 

 

The measurements presented here are performed on the second test-board with the 
microstrips, thus it was possible to use the benefit of the TRL calibration [42](Paper 5). 
In Fig. 4.4a, the NEXT and FEXT values for the novel connector and probably most of 
all from the cable are presented, and in Fig. 4.4b, the corrected differential transfer 
conversion loss of the connector. This transfer conversion loss is defined by the Scd21-
parameter and describes the conversion of the differential signal to a common mode 
signal. The differential transfer conversion loss increases normally with frequency be-
cause of the common mode current given by the unbalances in the connection pair. 
However, the parameter Scd21 is dependent of the attenuation parameter Sdd21. With a 
high value of the Sdd21 parameter the reduction of the signal amplitude is significant. 
Thus as the lower amplitude is the numerator for the calculation of the parameter, the 
Scd21 parameter will be smaller. In dB-scale the division is transformed into subtraction 
and thus the corrected S parameter can be easily calculated by Scd21 cd21 – Sdd21. When 
the entire differential signal is converted to a common mode signal and the Scd21 pa-
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rameters is zero dB, no signal can be received any more. As Fig. 4.4b illustrates, the 
transmission past the connector is satisfactory. 

 

 

In Fig. 4.5a, the measured attenuation of the two cable connectors and the 500mm 
ScTP cable up to 6 GHz is shown, corresponding to the limits of the first used meas-
urement equipment. The measurements give the impression as if the attenuation con-
tinues much higher up in the frequency range and follows a roughly linear growth in 
dB-scale interrupted by some dips in the curve. In Fig. 4.5b, new measurements on the 
identical test-object are revealed, where the measurements were performed with the 
PNA Series Network Analyzer E8364A. These measurements expose a sudden boost 
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of the attenuation in analogy with an interruption of the transmission at just this fre-
quency limit of 6 GHz in the first measurements.  

As this sudden increased attenuation seemed to be the result of resonances, the 
source to this incident was searched. This resonance was assumed to have its origin in 
a multiple impedance mismatch; hence half the wave-length of the frequency could be 
calculated using equation 8: 
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2 ε
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with = 2.1 for the measured twisted cable, equation 8 could be simplified to: reffε
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Using equation 9, at 8 GHz as the most pronounced dip in the attenuation curve, 
the distance between two points of impedance mismatch would be 12.9 mm. Disas-
sembling a part of the cable, one pair of the wires had a twisting length of 12.8 mm and 
stretched out 13.1 mm. Similarly the other wire pairs could be compared with the 
measurements with a striking resemblance between the twisting lengths and the dips in 
the measurement curves. With this appears a pattern, all the four wire pairs revealed an 
abrupt dip of the attenuation but at different frequencies, depending on the twisting 
length. The degradation frequency of the pairs was 4GHz, 4.5 GHz, 5.5 GHz (the ex-
posed wire pair measurements) and 6 GHz respectively. This conduct was interesting 
in the light of the earlier measurements, where two out of the four wire pairs were 
doomed as prototype failures as they did not agree with the expectations.  

As these measurements on only one test object were not sufficient for safe conclu-
sions, many measurements on different cables without cable connectors were per-
formed. In Fig. 4.6 are the measured S21-parameters of cables with 0.5 m length and 
with four pairs revealed. In Fig. 4.6a the same model of the ScTP cable as in Fig. 4.5 is 
used, and also the pair with the same twisting; this cable has a wire diameter of 0.4 
mm. In Fig. 4.6b a corresponding UTP cable with a wire diameter of 0.5 mm. Surpris-
ingly the same pattern was revealed with the UTP cable as with the ScTP cable with 
roughly the same degradation frequency of the pairs. 
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Also some untwisted multiconductor cables commonly denominated as Twinax 
were tested. This twinax cables are two-parallel wire cables with several individual 
shielded pairs. The measurements shown in figs 4.7 are related to Twinax cables with 
four pairs and with a wire diameter of 0.4 mm. In Fig. 4.7a the measured S21-
parameters of a cable length of 0.5 m; in Fig. 4.7b the corresponding measurements of 
the cable lengths of 2.5 m, 5m, 10 m and 20 m. If the test reading of the 0.5 m long 
twinax cable is compared with the equivalent samples of ScTP and UTP cables in Fig. 
4.6 it seems as if the twinax has no frequency limitation. However, the small dip at 10 
GHz seems also to be a result of resonances, which after numerous repetitions results 
in an analogous interruption of the transmission at roughly 9 GHz. This result is proba-
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bly because of the aluminium strip that is wound helicoidally around the wire pairs, 
thus again a repetitive alteration. But this twisting can be avoided if the aluminium 
strip is folded all round the wire pairs without any circulating direction. On the whole, 
the twinax cable is a better choice for the cable connection and also easier to assemble 
with the novel cable connector. 

 

The NEXT and FEXT measurements in Fig. 4.8 were performed on a four-pair 
twinax cable with a wire diameter of 0.4 mm, and a length of 0.5 m in Fig. 4.8a and 20 
m in Fig. 4.8b. With respect to the graph in Fig. 4.8b the readings in the frequency 
range between 8 GHz and 13 GHz are apparently increased because of the remnant of 
the SMA connector. These crosstalk measurements were at these frequencies sensitive 
to different influences as probably the wire soldering to the test-board and differed 
somewhat from pair to pair. However, the level of the NEXT readings seemed not to be 
influenced by the cable length. The FEXT value on the other hand, seemed to decrease 
with increasing length (see Fig. 4.8b). As the line attenuation at 20m cable length is 
very large (see Fig. 4.7b), the important issue is the difference between attenuation and 
crosstalk at a particular frequency. This difference is also known as the attenuation 
crosstalk ratio (ACR) and is measured in decibel. In applications where the demand for 
low crosstalk values is essential, there are also possibilities to eliminate NEXT with an 
adaptive near end crosstalk canceller, and FEXT with the aid of a canceller built on a 
complex valued adaptive filter with an adaptive input [43] [44]. However, these cancel-
lers seem not yet to work at gigabit speed.  

This far the presented research has followed the interconnection hierarchy but in 
the next section the important supporting parts of the electronic packaging, the cooling 
and shielding solutions, will be presented. 
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5. Cooling of Electronics 
In this section the novel cooling structure and measurements are presented. 

In section 2.5 some problems regarding the common cooling of electronics by 
means of convection has been exposed. Starting off from the request for a new cooling 
principle, that is without a cooling air flow passing by the electronics itself; also an-
other possibility were outlined in section 2.5, the heat conduction using cold plates. 
The evolution of the cooling structure led to a concept of a double heat sink where one 
of the heat sinks is air-cooled and the other heat sink is acting as a cold plate for the 
inserted boards [45](Paper 6), [46](Paper 7). A fin height-to-gap aspect ratio [47] of 
five was used in the design. With the cooperation of SAPA [48], a manufacturer of 
profiles in extruded aluminum, the cooling structure design was developed towards 
producibility (see Fig. 5.1). 
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The transport of the heat between cooling fins and the air cooled heat sink is with 
respect to the novel cooling structure completely by conduction, inside the same body 
and without any heat flow interruptions. That is, the small heat transfer by radiation 
between the PCBs and the cooling fins, along with the minor convection in this area, is 
only considered as an intermediate equalizing heat path inside this region. This and the 
heat leakage through the surrounding shielding enclosure is here assumed to be negli-
gible deviations and are furthermore included as a part of the thermal calculation 
model in Fig. 5.5b. To smooth the progress of the heat transfer, a thermally conducting 
material should be inserted between the PCB’s and the cooling fins, Ultra Soft Pad 
from the Bergquist Company, is one possible material. However, as has been shown in 
table 3.1, the Ultra Soft Pad material can give rise to impedance mismatch if attached 
on top of microstrips and similar structures.  

Figure 5.2: In Fig. a, the prototype of the cooling structure with  
            assembled enclosure entirely for the cooling measurements.  
            In Fig. b, the used test board. 

123 
137.5 

a

105 mm 
 

Thermal sensor 50 mm

Aluminum sheet with attached heat foil 
and thermal sensors consisting of ther-
mocouple wires of copper constantan. 
They were connected to a recording 
thermometer from FLUKE. 

b

The prototype on which the measurements were performed can be seen in Fig. 
5.2a, the only deviation to the design in Fig. 5.1 is the shaping of the fins on the air 
cooled heat sink side. Due to manufacturing reasons the fins are of uniform thickness 
and 2.5 mm thick instead of the wedge-shaped fins in Fig. 5.1. This might have some 
relevance as the used computer program HSINK [49] in the further calculations as-
sumes fins with uniform thickness. These calculations are used for the prediction of 
optimized cooling structures [50](Paper 8) without the need of further tests. In Fig. 
5.2b the used test board for the thermal measurements is shown, an aluminum sheet 
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with attached heat foil and thermal sensors consisting of thermocouple wires of copper 
constantan. 

In the case where both sides of the PCB are equipped with components, the side 
with critical heat conditions should be chosen to face the fin or the interconnecting 
thermally conducting material. All the components on this side of the PCB and espe-
cially Chip Scale Packages (CSP) or Wafer Level Packaging (WLP), can thus be 
cooled directly through their upper surface. This can be the backside of the silicon chip 
directly, or a thin plastic lid as package-case in between. Consequently, the heat trans-
port and thus the temperature gradient from the junction by way of bonding, lead 
frame, pins and through the encapsulating material and PCB can be avoided. More-
over, the thermal coupling against the cooling fins prevents hot spots on the PCB and 
consequently the maximum temperatures will be further reduced. The cooling capacity 
for certain PCBs can be further improved by aluminum insert in between two cooling 
fins (see Fig. 5.3), this way the heat transfer from the PCB is facilitated by the com-
pound of two cooling fins with the connecting aluminum insert in between. 

Figure 5.3: Prototype of cooling structure and five boards, with five  
            aluminum inserts placed in the interspaces between the cooling fins. 

Five Aluminum sheets prepared 
with heat-foil and thermal sensor. 

Aluminum inserts 

Insulator cover of urethane, not yet in place. 

Expanded plastic
 

 Aluminum sheets 

 Aluminum inserts

 

Aluminum inserts

Aluminum sheets

On behalf of primarily the EMC shielding this cooling structure has to be com-
pleted with an enclosure around the electronic part. The cooling fins for the inserted 
boards are also part of an internal electromagnetic shielding as they isolate the elec-
tronic parts from each other. The large trough-holes (see Fig. 5.1) are a preparation for 
a possible liquid-cooling that not has been tested. Water-cooling in connection with 
this structure can be used to shrink the size of, or even completely discard, the air-
cooled heat sink side. However, other reasons could be of superior importance. In of-
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fice environment, the noise of the air-cooling and the additional heat load on the air 
conditioning system could both be avoided. In outdoor applications cooling as well as 
heating problems can be solved using a heat exchanger put in the ground beneath the 
construction.  

 

The possible appearance and function of the proposed shielded enclosure, based 
upon the novel cooling structure, is explained in Fig. 5.4. As the novel cooling struc-
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ture is scalable, it can have almost an identical appearance if the structure is adapted to 
boards of the same size as used in the common enclosure (see left in Fig. 5.4). Also an 
equal ease of the interchange of PCBs is given as each compartment in the cooling 
structure can be opened separately from the front. The electrical interconnections be-
tween the inserted PCBs and external connections are consideration to use an upper 
and a lower backplane, connected to the side parts of the boards. This can be done us-
ing flexfoil connectors described in section 3.4. An additional backplane in vertical 
position can be added, both as a possibility to further connections to the boards, but 
also as a broadening to the upper backplane. Further, this vertical part can be used as 
an air guide to the enclosure above (see Fig. 5.4).  

Because of the smaller heat sink cross section area of the air-cooled heat sink as 
well as a lower pressure drop, compared with the corresponding flow area in the com-
mon enclosure, the total airflow through this cabinet is expected to be low. If these 
structures are cooled by means of another cooling media as water, the cabinet can be 
made even smaller. 

The heat measurements on the novel cooling structure were performed in the wind-
tunnel exposed in Fig. 5.5a. Thermal sensors were attached to the test boards (see Fig. 
5.2b) and to some points on the cooling structure. The pressure on the boards towards 
the cooling fins was applied with pieces of expanded plastic. Both the electric power 
on the heat foil and the air-velocity was set at different values at each measured step; 
also the numbers of boards were changed. For simplified statistical handling these dif-
ferent conditions were arranged into measurement groups. The computed results re-

Figure 5.5: Fig a, the wind-tunnel with prototype under test.the used test board,  
            an aluminum sheet with attached heat foil and thermal sensors.  
            In fig b the temperature definitions used on the cooling structure. 

The laminar flow element used to 
measure the air flow through the 
heat sink.   

 a 

  ΔTtop of the board 
 

    ΔTmean  
 

ΔTbottom of the board 

<= baseT  Δ   

Air outside  
the structure:  
<= Tambient  
adjusted to 0 oC 

FanTested prototype 

  b 
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vealed in Fig. 5.6 are a collection of the computed rearranged results of the measure-
ment group with 100 W heat power. At both the alternatives with 5 boards with 20 W 
and the single board with 100 W, aluminum inserts were used in order to improve the 
heat transfer area towards the heat sink base. From the performed temperature meas-
urements it can be concluded that the cooling of electronics could be satisfactory ac-
complished with the use of the new cooling structure. 

An explanation of the following definitions, as a part of the analysis of the results, 
is given in Fig. 5.5b. At first all the measured temperatures was converted to differen-
tial temperatures by subtracting the ambient temperature .  is here de-
fined as the temperature of the cooling air roughly 30 mm in front of the air inlet of the 
heat sink. Secondly, Δ  was calculated as the difference between the measured 
temperature on the heat sink base and the ambient temperature (equation 10).  

ambientT ambientT

baseT

ambientbasebase TTT −=Δ       (Equation 10) 

Likewise  and  was defined as the difference between the measured 
temperature on the top respectively of the bottom of the board (see Fig. 5.2b) and the 
ambient temperature. 

bottomΔTtopΔT

Finally a temperature difference ΔTmean was defined for each of the result groups 
(Equation 11) as the temperature difference between the arithmetic mean temperature 
of all the average differential temperatures of the boards, inserted in the cooling fin 
structure, and the differential temperature of the heat sink base: 

( )( ) basekbottomtop

n

1k
mean ΔT/2ΔTΔT

n
1ΔT −+= ∑

=

   (Equation 11) 

As the measured results are now completely fragmentized, there is also a need of to 
reassemble these parts into a whole. Thus using equation 12, the arithmetic mean board 
temperature can be calculated: 

meanbaseambientboard TTT ΔΤ+Δ+=    (Equation 12)  
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10 boards with 10 W heat load each. 

Tmean
Tbottom = Tbase

Tambient

ΔTbase

Tmean
Tbottom = Tbase

Tambient

ΔTbase

20 boards with 5 W heat load each. 

5 boards with 20 W heat load each. 1 board with 100 W heat load each. 

Tmean
Tbottom = Tbase

Tambient

ΔTbase

 

Tmean

ΔTbase

Tbottom = Tbase

Tambient

Figure 5.6: Computed results of the measurement group with 100 W heat  
            effect. These results are based on the measurement although  
            arranged in such way that the different parts of the  heat transfer  
            path appear. 

Equation 12 has also been used to create the diagrams in Fig. 5.6. As can be seen in 
Fig. 5.6, the different equipment alternatives have only a small influence on the base 
temperature ΔTbase; this temperature is a function of only the total power dissipation on 
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the cooling structure and of the cooling-air velocity. That is if the heat sink base is 
thick enough to adopt isothermal conditions.  

The in equation 11 defined temperature difference ΔTmean seems to be an almost a 
fix value in each test group and is related to the power dissipation on the boards and 
the conducting area of the cooling fins toward the heat sink base. With a very high heat 
load, as with the alternative with only one board with 100 W, the thermal conducting 
area of the cooling fins at their base is too small and the temperature on both cooling 
fins and the board rises. This causes also the heat radiation within the structure, and as 
well as the heat leakage through the enclosure, to escalate to a significant value. With 
respect to the aluminum inserts it should be mentioned that the advantage lies mostly in 
a heat transfer between two cooling fins; however, the heat transfer between the inserts 
itself and the heat sink base is most likely inferior. 

The results for the equipment alternatives at 100 W are especially informative; as 
ΔTmean is almost identical with 10 as with 20 boards. With these alternatives the con-
ducting area of the cooling fins toward the heat sink base is the same, the difference is 
that the contact area and the thermal resistance between board and cooling fins differs 
by a factor of two. But with 10 boards the radiation towards the free backsides of the 
cooling fins will to some degree compensate for this deviation. The most important 
result is that in all these four examples the temperature of ΔTbase seems to be almost 
identical; the conclusion of these and all the other measurement results is that cooling 
capacity of the air-cooled heat sink sets the conditions. This circumstance makes it 
possible to predict the result of changed assumptions. 

Using the program Hsink [49], data can be obtained in close agreement to the 
measured temperature of ΔTbase. However, it is not quite as easy to obtain the ΔTmean 

values. The easiest way is to rely on the measured data. An approach like this delivers 
no exact and general mathematical model, but a precision of some degrees deviation is 
good enough for practical use. As previous mentioned, these different furnished meas-
urement alternatives were arranged into measurement group’s with equal conditions 
and in each of these group’s the ΔTmean values were more or less identical. Conse-
quently these groups should be taken as a basis for comparable calculations. To begin 
with the definition of the thermal resistance R  as ΔT = q x Rth th, with the heat flow q 
replaced by the power dissipation Pdissipation of the test board, an approximation of the 
heat transfer ΔT  could be written as: mean

( ndissipatioboardtofinthfinthmean PRRT )∗+≈Δ −−−−    (Equation 13)  
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and RThe used definitions Rth-fin th-fin-t-board represents the thermal resistance of 
the cooling fin to the heat sink base, respectively the thermal resistance between the 
test board and the cooling fin. As in the different subgroups the power dissipation is 
unequal in respect to the power dissipation, a factor α for group A to G [50](Paper 8) 
can be calculated as quote of ΔTmean and the power dissipation. Equation 13 can be 
rewritten like:  

( ) groupboardtofinthfinth
diss
mean RR

P
T

α=+≈
Δ

−−−−    (Equation 14)  

With the help of the factor α, the ΔTmean value for a special group and a specified 
power dissipation can easily be computed as: 

,   (Equation 15)  dissgroupmean P ΔT ∗α=

With studies on cooling structures with different sizes, or using simulations with 
Flotherm [51] or other programs, it is possible to widen this method to be used in a 
more general form where also the appearance and the measures of the structure can be 
changed.  

The cooling structure was custom-made for telecom applications. However, as this 
structure can be manufactured both to be tight and shockproof, this design could be an 
even higher advantage in several other areas as especially the Automotive industry. If 
the cooling structure is used for PCBs connected with flexible parts, the structure can 
completely be filled up with a protective material, as perhaps under-fill; this way a hy-
brid circuit or Multichip Module can be created that is both water-resistant and shock-
proof for use in harsh environmental applications as the Automotive industry, Aviation 
and in other demanding surroundings in both heavy industry and consumers products.  

As this cooling structure was created as the necessary solution for a shielded enclo-
sure without air ducts, it remains to present the shielding enclosure. 
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6. EMC 
In this section the influence of apertures in the shielded enclosure to the SE is dis-

cussed and an approach to a simplified SE calculation on populated shielded enclosures 
is proposed. Moreover, the shielded enclosure fitted to the cooling structure and meas-
urements of the SE are presented. Seams have been identified as weak spots in the 
shielded enclosure and therefore special efforts have been made in measurements on 
different seams. In addition to these measurements, a simulation method for seams has 
been created. 

6.1. Shielding Effectiveness of Enclosures 

Electromagnetic emissions through the shielding enclosure can be reduced if the 
size of the apertures in the enclosure is reduced. A common approximation of the 
Shielding Effectiveness, SE of a single slot in a thin metal panel is given by equation 
16 [52]: 

⎟
⎠
⎞

⎜
⎝
⎛

⋅
⋅=

l2
log20 λSE  [ ]dB       (Equation 16)  

As the panels of a perforated enclosure generally are furnished with many holes, 
there is the question whether the SE is reduced in accordance to the amount of holes. 
Equation 17 is one of several equations related to the reduction of the SE according to 
the number of apertures [52]:  

( )nlog20 ⋅−=reductionSE  [ ]dB       (Equation 17)  

The condition for equation 17 to be valid should be that the distance between the aper-
tures is less than half the wavelength. 

For circular holes instead of the previous postulated slots a correction term can be used 
[53]:  

d0.9d
2
π

⋅≈⋅=l       (Equation 18) 

Another source [54] claims that no reduction because of the number of holes is 
needed when identical holes are separated by only thin remaining metal parts. The 
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fields from the flanking holes should cancel each other when the condition stated in 
equation 19 is fulfilled: 

( )
2

Aperture
apertures  theseparating

 parts metal  theof width The

Area
≤

    (Equation 19)  

If this condition is not fulfilled, the reduction of SE should according to the same 
source be:  

[ ]dBn log20 ⋅−=reductionSE      (Equation 20) 

Equation 20 represents thus the maximum assumption of these SE reduction approxi-
mations. The complexity of these problems allows only the assumption that the value 
of SE probably is to be found in the interval depicted by these equations. Joining equa-
tion 16 with equation 17, and with regard to the statements in equation 18 and 19, the 
general expression in equation 21 is obtained [55](Paper 10): 

( )
[dB

n2

λlog20 k ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⋅⋅
⋅=

l
SE ] 1k0:k ≤≤    (Equation 21)    

Using equation 18 for circular holes, equation 21 could be rewritten as: 

[ ] [ ] ( )
[dB

nGHzfmmd

169log20 k ⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

⋅⋅
⋅=SE ]     (Equation 22) 

These previous equations are most likely approximations with respect to empty 
shielded enclosures; however, enclosures are in reality as a rule jam-packed with 
PCBs. Regardless of the complexity of the equipped enclosure, the inserted PCBs can 
also be used as a benefit for a simplified model. The whole equipped enclosure could 
be approximated with several sub-enclosures formed by each of the interspaces be-
tween the PCBs and the enclosure. Measurements were performed by Anton [56] on a 
subdivided enclosure with compartment of 60 mm width and approximately 450 holes 
with a diameter of 4 mm. The measurements were conducted on the antenna-board as 
stand-alone as well as placed inside the enclosure at 60 mm distance from the end 
panel of the enclosure, thus forming the compartment.  
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The SE-magnitude was obtained by a subtraction of the measured values in dB-
scale; the resulting SE was even some dB higher than the calculated values of SE with-
out a SE reduction factor (see Fig. 6.1). Supplementary investigations on a similar test 
set-up were also carried out; this time the panel with apertures was mounted on the op-
posite side of the antenna at a distance of 30 mm. Also these measurements rendered a 
similar result. Consequently, an apparent influence of a SE reduction factor could not 
be found. These results suggest a new approach to the approximation of the SE of 
equipped shielded enclosures. The number of apertures in equation 21 and 22 might be 
replaced with the number of interspaces in between the PCB’s and the end covers of 
the enclosure. However, the basic for this suggestion is narrow and more research is 
certainly necessary in respect to this hypothesis. 

 

EMC measurements on the cooling structure were carried out in a reverberation 
chamber [57]. The method of EMC measurement in a reverberation chamber is a 
measurement technology of mode-tuned cavities, where the laboratory for measure-
ments itself constitutes the cavity. Inside the laboratory chamber, consisting of walls 
with a reflection coefficient near unity, a paddle wheel (see Fig. 6.2) is turned into dis-
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crete stationary positions. This paddle wheel tunes the cavity reflections of the elec-
tromagnetic field, emitted into the chamber by the TX Horn antenna (see Fig. 6.2).  

 

Paddle stirrer 

Cooling structure 

TX Horn 

Figure 6.2: The reverberation chamber 

The cooling structure was welded to a tube and assembled to the enclosure of the 
chamber, protruding 0.5 m out from the wall (see Fig. 6.3a). Mounted inside the struc-
ture where one of cooling fin was removed the receiving antenna was placed, a broad-
band monopole antenna of 11 mm length (see Fig. 6.2). On behalf of the baseline cali-
bration measurement, where the antenna was fully exposed without any shielding 
above the ground plane, the cooling structure was changed for an aluminum sheet with 
the same size as the cooling structure cover. The antenna was placed on the aluminum 
sheet at the same place as with the cooling structure. This measurement, where the full 
impact of the field power towards the antenna is measured, was used as reference for 
the computing of the SE of all other measurements according to equation 23: 

( )
( )measured

reference10

PAverage
PAverage

log10SE =      (Equation 23) 
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Stiffening strips

Antenna  
ba

Figure 6.3: In Fig. a, the something changed cooling structure and furnaced  
            with an antenna; welded to a tube and assembled to the  
            reverberation chamber, protruding 0.5 m out from the wall.  
            In Fig. b, the shielding enclosure on top of the cooling structure. 

 

In Fig. 6.4a SE measurement were carried out with on the open cooling structure 
according to Fig. 6.3a. For the SE measurement of the shielded cooling structure, the 
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shielding cover was attached directly to the cooling structure all around with screws at 
20 mm spacing (see Fig. 6.3b). This seam between the cooling structure and the cover 
is the critical part with respect to shielding; therefore the edge of the enclosure was 
enforced with stiffening strips. As the SE values in Fig. 6.4b illustrates, the shielding 
of the cooling structure is better than most shielded enclosures even at 18 GHz. In Fig. 
6.4b is also shown the result of the Dynamic Range measurement; this measurement 
reveals the lower limit of what would be possible to detect, that is the highest possible 
SE value. 

6.2. Shielding Effectiveness of Seams 

As the tested object is a shielded enclosure with carefully welded joints, except for 
the seams, the test results of the SE will to a great extent be influenced by the seam. 
The shielding cover in Fig. 6.3b was furnished with 24 holes with a spacing of 20 mm; 
this spacing made it possible to perform measurements at such different spacings 
between the screw joins as 60 mm, 40 mm and 20 mm. At all these seam measurements 
the aluminum sheet in the previous baseline calibration measurements was used instead 
of the cooling structure. This way the influence of the cooling fins to the measurements 
was avoided as could be seen at the open measurements in Fig. 6.4a.  

The SE values of the shielding enclosure with 40 mm between screw joints are 
shown in Fig. 6.5a. At the lower graph 0.5 mm thick washers were squeezed between 
the shielding cover and the ground plane, the other graph is where the seam was tightly 
squeezed together. In Fig. 6.5b, the SE values with 20 mm between screw joints are 
presented [59](Paper 9). Beside of the two alternatives in Fig. 6.5a, measurements were 
also performed on a seam with conducting gasket squeezed between the flange of the 
shielding and the ground plane. In addition, the Dynamic Range measurement was 
shown in the same diagram so that the measurement limitations could be realized. As 
EMC measurements on seams demands the design and manufacturing of a measure-
ment object, the total investment in time and cost is considerable. There should be an 
easy way to calculate or simulate a seam model. 

One basis for the calculation of SE related to seams is a proposed attenuation factor 
[18], associated with the Waveguide-Beyond-Cutoff in Aperture Leakages for square 
or rectangle holes, to be used for calculations of the SE of seams. This factor is a crude 
approximation and should be used “in addition to the SE provided solely by reflec-
tion”. The interesting point is that the seam is treated as a series of apertures, behaving 
as waveguides. As the approximation suggests the assumption of the seam as several 
apertures in line, behaving as waveguides, the basic boundary condition of waveguides 
should be remembered. The cut-off frequency of a waveguide, where the  
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field starts to propagate in mode 1, is the frequency where half the wavelength equals 
one of the dimensions in the waveguide. A waveguide operated at less than the cut-off 
frequency is an efficient attenuator, whereas at frequencies above cut-off frequencies 
the waveguide behaves as a good conductor. This cut-off frequency can be calculated 
using equation 8, with = 1 for air this equation is easily transformed into: reffε

[ ] [ ]mmwidthopen
150GHzf offcut =−    (Equation 24) 

In regard to the analogy of the seam as a waveguide, it should be pointed to another 
assumption regarding shielded enclosures similarity to waveguides, if they are electri-
cally sufficient large [59]. Inside an empty rectangular shielded enclosure the electro 
magnetic field is reflected back and forth between the walls of the enclosure, and the 
field finally adapts to standing wave modes. As seams are a continuation of the enclo-
sure in respect to the direction of the propagating field, the seams will be penetrated by 
perpendicular electro magnetic fields. Thus this transmission of the aligned field 
through a seam is equivalent to the propagating field through a waveguide; the width 
of the seam itself, i.e. the length in the transmitting direction is in this respect of no 
importance. 
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If the seam has a finite length along the enclosure, the respective ends of the seam 
with a conducting path across the seam, are the restriction points of a primary 
waveguide. Surrounded by this primary waveguide are secondary waveguides, consist-
ing of the openings between the conducting points along the seam. The different parts 
of the enclosure are commonly squeezed together by means of screws; and the con-
ducting points are thus the contact areas inside the seam, located beneath screw heads 
and nuts. As test object in the simulation was a simplified model of the seam in a 
length of 120 mm used (see Fig. 6.6a) [60](Paper 11). All the simulations were per-
formed with CST Microwave Studio [61] version 4.  

 

With the intention to reproduce to some extent the effect of the enclosure as dis-
cussed previously, this simulation model is completed with an extension, serving as 
alignment tube for the electro magnetic field (see Fig. 6.6b). However, this small sub-
stitute of the enclosure has only the desired aligning effect at higher frequencies than 
roughly 10GHz; and thus fitting for the simulation model with 20 mm screw joint spac-
ing, as the cut-off frequency of this secondary waveguide is 14 GHz. 

The resulting S21-Parameter graph from the simulations on a waveguide model with 
20 mm spacing of the screw joints (see Fig. 6.7a) is very much alike the measurements 
of the SE for the 0.5 mm open seam in Fig. 6.5b. This similarity is understandable as 
both the SE and the S21-Parameter is defined as the quotient between received and the 
transmitted electro magnetic power. The difference is that the S21-Parameter of these 
wave-guide simulations is derived from a simplified model, where the transmitted field 
is directly fed into the wave-guide. All multiple reflections, and connected with this, 
most of the absorption inside the shielded enclosure is thus omitted. As a result the 
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outcomes of all the simulations are similar to measurements of “open” seams such as 
the 0.5 mm open seam.  

 

The measurement alternative with 0.5 mm open seam has here an open width of 12 
mm and the cut-off frequency should consequently by use of equation 24 be 12.5 GHz. 
But the measurements indicate a break point close to 10 GHz which would correspond 
to an effective open width of 15 mm; indicating an effective washer diameter of 5 mm. 
This trend has also been discernible with the other measurements regarding the screw 
spacing of 40 mm and 60 mm. Confronted with these measurements the washers were 
closely examined. To the author’s surprise, the washers were not flat; they were 
slightly saucer-shaped because of the manufacturing process. Thus the washer hole of 
4.3 mm and a thin contact area around was decisive for the open width between the 
washers. The alternative with only screws in Fig. 6.5b reveals a break point at 14 GHz, 
which correspond to an open width of 10.7 mm and thus a contact area of 9.3 mm as in 
the chosen diameter in the simulation model. 

The essential point is now how to transform the simulation result of the simplified 
wave-guide model into a shape that corresponds to an equivalent model of a complete 
enclosure with seams. From the previous discussion it should be easy enough to move 
the graph in parallel so that the breakpoint visible in Fig. 6.7a at 14 GHz is shifted to 
the calculated cut-off frequency. The easiest way is to move the system of coordinates. 
When it comes to the SE values, the resolution might not be generally applicable; how-
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ever, in respect to these measurements the level of the SE values could be determined 
using equation 25: 

( )
( ) [ ]dBS07.35SE 272.0

radationdeg ⋅=        (Equation 25)  

This equation had been extracted from measured emissions on various joint con-
figurations by Behzad et al. [62]. The shielding degradation can be calculated from two 
different gap sizes S in mm scale, where the difference between these values represents 
the SEdegradation in dB. 

Using equation 25 of the SE-degradation, the transfer value for the SE transplanta-
tion of the graph can be found. With the assumption of the initial seam gap size of 0.5 
mm and looking for a counterpart of 0.5 µm, this degradation of the SE results in 24.6 
dB. In Fig. 6.7b the resulting transferred S21-Parameter magnitude is compared to the 
measured SE value in inverted scale. This need of inversion of the SE scale is only due 
to a convention where the SE value is presented in positive values. One obvious differ-
ence of the graphs in Fig. 6.7b is that the simulation shows a pronounced increase of 
the attenuation at 1.25 GHz, this is at the cut-off frequency of the primary wave-guide 
with its length of 120 mm. 

This reduced S21-Parameter value at the cut-off frequency of 1.25 GHz is quite 
contrary to what should be expected. A possible interpretation could be that the surface 
current and thus the energy of the field is to some extent drained through the screw 
joints at just the frequency when the mode one transmission in the primary waveguide 
is created. The seam of the measured test object has no termination as the seam goes all 
round the box and thus the break point at 1.25 GHz disappears.  
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7. Summary and Conclusions 
One of the important challenges in the field of the high frequency PWB technology 

is to find proper solutions to the crosstalk related problems with respect to signal integ-
rity. As the measurements have proven, the common used rule of thumb of three times 
the line-width, is not sufficient for high frequency applications. Guard lines have 
proved to have a positive influence with respect to differential microstrips. However, 
guard lines in connection with single ended lines have not been measured, but as the 
results of the single ended coplanar structure have exposed, there is a risk of reso-
nances if the guard line is too long between the points where the line is connected to 
ground. More research in this area is certainly needed. 

With respect to the attenuation on microstrips lines it has been shown that such 
small capacitance loads as 0.5 pF on each side of a connection causes an increased at-
tenuation of more than 25 dB at 20 GHz. The examinations on microstrip structures 
have further made clear that improved dielectric materials for high frequency use are 
severely degraded by common coating materials, further that gold-plating as one think-
able alternative for coating should not be used if nickel is used as intermediate layer.  

The soldering research work confirmed that it is quite possible to develop a solder-
ing process for soldering of the 0.2 mm vias on flex to corresponding pads on FR4. If 
these flex connections are used as part of backplane flex connectors, the capacity of the 
backplane connections and the transmission qualities can be increased. With this, also 
the in most cases large costs of backplanes can be lowered. In this work Gold Dot con-
nectors have been proposed as connection between this soldered flex and the connected 
PCBs. The pressure between the Gold Dot connectors and the PCBs is in connection 
with the cooling structure is no problem, but in other applications the pressure and the 
supporting structure could be challenging. However, using a pressure compensating 
lattice supporting the PCBs, an equilibrium of forces can be reached; resulting in a to-
tal applied pressure of only one PCB connection no matter how many PCBs inserted.  

The novel cable connector has proved to have excellent high frequency qualities 
but has to be further developed. As the prototype of the cable connector was based on a 
twisted pair cable, both a screened twisted pair cable and an unshielded cat 5 twisted 
pair cable was tested. These cables have shown to have a transmission limitation with 
4.5 GHz, whereas several tested twinax cables have proved to have improved transmis-
sion qualities in high frequency applications. Thus the novel cable connector should be 
used in connection with twinax cables; besides, the connector is by far easier to assem-
ble on twinax cables. However, also these excellent twinax cables have a transmission 
limitation with 9 GHz, based on these high frequency measurements it has been pro-
posed a change in the cable design that presumably should remove this limitation. 
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Measurements on the new cooling structure confirmed that cooling of electronics 
could be realized satisfactorily by only thermal conduction inside cooling structure. 
Furthermore, it has been shown that this also can be an efficient method to deal with 
heat problems such as high power dissipation on one or a few boards, problems not 
easily solved using conventional methods. The cooling structure was designed with 
regards to the needs in the telecom area. However, as this structure can be manufac-
tured both to be tight and shockproof, it should be even more useful in the automotive, 
the aviation and the consumer’s technology. 

It has in this work been proposed a new approach to the prediction of the SE of 
perforated panels, as a part of an equipped shielded enclosure with inserted PCBs. Due 
to the complexity of equipped enclosures; approximations can give a result superior to 
advanced mathematical calculations. With reference to the seam related EMC problems 
in shielded enclosures it has been shown that it is possible to design a seam with SE of 
50 dB and more all the way up to 18 GHz. This can be done using conducting gasket 
material in the seam and a rigid flange design, or the spacing of the joints has be close 
enough in order to remain in the frequencies below cut-off. Additionally, a novel 
method for the simulations on seams of shielded enclosures has been presented, the 
seam can be modelled as a waveguide easy to simulate. In this examination of the im-
portance of apertures to EMC problems it should also be pointed to the opening where 
optical connectors are mounted; these optical connectors are mostly not shielded. 

63 



 

8. Summary of Papers 
The papers included in this Thesis are dealing with some parts of the packaging 

technology for high frequency applications, interpreted by the author as problem areas 
in this field. The overall aim of this research is to develop the selected areas of the area 
of electronic packaging towards the needs of high frequency applications. 

8.1. Some Aspects on the PWB technology for high frequency 
applications 

8.1.1.  Paper 1 
Measurements on microstrips up to 20 GHz are presented in this paper; the influ-

ence of coating has been specially examined. Further it has been looked at the possibil-
ity to use microstrips as filters. 

Author’s contributions: The author created the project, carried out the design ex-
cept for the calculations of the calibration structure, made the assembly, made major 
part of the measurements and wrote the manuscript. 

8.1.2.  Paper 2 
Crosstalk and Guard line structures with the intention of decreasing the crosstalk 

are tested and simulated. 

Author’s contributions: The author created the project, carried out the design ex-
cept for the calculations of the calibration structure, made the assembly and most parts 
of the measurements. 

8.1.3.  Paper 3 
Soldering connections between a flexible printed circuit and a FR4-board are pre-

sented in this paper, these solder joints can be used as part of a backplane connectors. 
Measurements of the electrical properties and inspection of solder joints, using a Scan-
ning Electron Microscope, are shown as well. 

Author’s contributions: The author created the project, carried out all of the work 
and wrote the manuscript. 
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8.2. Cable connector for twisted pair cable and examination of cables 

8.2.1.  Paper 4 
A novel high frequency cable connector for twisted pair cable is publicized in this 

paper. The ends of the copper wires of the cable are by use of an elastic conductive 
matrix pressed against a land grid array on the PWB, by this means are the connections 
created.  

Author’s contributions: The author created the project, carried out all of the work 
except some of the measurements and wrote the manuscript. 

8.2.2.  Paper 5  
This paper is a follow up work on paper 4, with new measurements higher up in 

the frequency range and without the influence of test-board connections and SMA-test-
connectors. Additional, high frequency measurements are performed on of different 
multiconductor cables, suitable for use with the cable connector.  

Author’s contributions: The author created the project, carried out all of the work 
and wrote the manuscript. 

8.3. Shielded enclosure without apertures and cooling structure 

8.3.1.  Paper 6 
The design of a new cooling structure as part of an enclosure without apertures is 

presented as a conference paper. 

Author’s contributions: The author created the project, carried out all of the work 
and wrote the manuscript and presented this at a conference. 

8.3.2.  Paper 7 
In this paper the design of a new cooling structure as part of an enclosure without 

apertures is presented. Both the measurements on the cooling capacity of the cooling 
structure and the shielding effectiveness of the enclosure are shown. 

Author’s contributions: The author created the project, carried out all of the work 
and wrote the manuscript. 
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8.3.3.  Paper 8 
This paper is a follow up work on paper 7 with a method to predict the cooling ca-

pacity on future cooling structures. 

Author’s contributions: The author created the project, carried out most of the 
work and wrote the manuscript. 

8.4. EMC related issues for Shielded enclosure without apertures 

8.4.1.  Paper 9 
The design of the new cooling structure from paper 7 to 9 is presented. Further, a 

novel approach of the simulation of the shielding effectiveness of seams in shielded 
enclosures is proposed in this conference paper.  

Author’s contributions: The author created the project, carried out all of the work 
and wrote the manuscript and presented this at a conference. 

8.4.2.  Paper 10 
A new approach to the approximation of the shielding effectiveness for perforated 

enclosure panels for is proposed. Detailed EMC measurements on the cooling structure 
from paper 6 to 8 are exposed as well. 

Author’s contributions: The author created the project, carried out all of the work 
except some help with the EMC measurements and wrote the manuscript. 

8.4.3.  Paper 11 
A series of different EMC measurements on the seams of an enclosure are shown. 

The agreement with S21 parameter values from simulations on a simplified seam 
model and EMC measurements are presented. 

Author’s contributions: The author created the project, carried out all of the work 
except some help with the EMC measurements and wrote the manuscript. 
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