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PREFACE

The Electronics industry has been using printed circuit boards for over 30
years; through-hole plated multilayer boards are over 21 years old, and ‘new’
forms of boards such as flexi-rigids or fine line types mostly date from the late
1960s. Because it has developed from tag strips and other similar pieces of
hardware there has been a tendency among electronics engineers to ignore the
printed circuit board and it is only in the last few years that many engineers have
come to appreciate that the humble, disregarded piece of plastic sheet has
developed into one of the dearer and more important components of most
electronic systems. Some of the questions asked about printed circuit boards and
their design reveal that there are engineers who think that all boards have the
same or very similar electrical properties; that they are all made in the same way,
and that they can all be assembled or repaired by the same methods.

One printed circuit board may resemble another only to the extent that one
transistor resembles another: the size and shape can be different, the base
materials can differ, and there may be little resemblance between the AC
electrical properties. Unlike most transistors, almost all printed circuit boards are
custom made to suit their one specific application.

Because they are custom made, the engineer whose circuit is to be built on a
board should know enough about printed circuit technology to ensure that he is
able to choose the best type of board for the job, to see that the design is cost
effective and that the board can be manufactured without undue difficulty. Also,
he should know sufficient about board technology to make any choices of
components or circuit configurations in whichever way will be most helpful to the
board designer.

There is a considerable amount of literature available about many aspects of
boards, mainly in conference and symposia proceedings, and there are now
several books. Because the range of board types is large, and their manufacture is
highly specialised, most of the available books tend to be large, expensive, and
possibly over-detailed for the young engineer or student who is not going to be
directly involved in board design or manufacture, or for the senior manager who
wants a fairly brief ‘update’ on the latest technology. Also, many of the books
available tend to have a bias towards the section of the industry in which the
author is employed. This present book is an effort to provide a brief, unbiased
account of all major types of printed circuit boards and the latest methods of
manufacture from design through to assembly. Some of the processes described
are the subject of Patents.

Much of the material is condensed from the author’s larger books, ‘Printed
Circuit Boards for Microelectronics’, ‘Transistor-Transistor Logic and its
Interconnections’; from the author’s chapters of ‘The Multilayer Printed Circuit
Board Handbook’, and from the course notes compiled by the author for the
course on printed circuit board design run by the Institute of Circuit Technology




at the University of Oxford’s Department for External Studies.

The biggest problem in compiling this book has not been what to write, but
what to condense or omit without losing too much clarity. As far as possible
technical jargon has been avoided, and any essential technical terms should be
explained briefly in the Glossary. The aim has been to produce a book which can
be understood by any reader with the average school leaver’s knowledge of
physics, chemistry and engineering.

In the hope that this book will interest readers sufficiently for them to wish to
read more about what is a fascinating area of modern electronics engineering, the
references list other books and papers which extend in more detail the topics
covered here.

All the illustrations used are by courtesy of STC Exacta Ltd, Selkirk, Scotland,
except for Figure 1.8, which is reproduced by the kind permission of Messrs
BICC-Vero Electronics Ltd.

I must acknowledge my gratitude to all my colleagues in the industry with
whom I have discussed so many points, to Professor D. S. Campbell of the
University of Technology, Loughborough for his comments and suggestions, and
to Tony Baillie of Exacta for his help in providing the photographs and for his
excellent work in re-drawing all the illustrations for this book, either as copies of
those in my other books or from original sketches.

January, 1984 John A. Scarlett, F Inst CT
Galashiels
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Chapter 1
INTRODUCTION

1.1 THE PRINTED CIRCUIT BOARD

A printed circuit board is a piece of plastic material on which electronic
components can be mounted for mechanical support, and which also electrically
interconnects all the components it supports by means of a pattern of metal
tracks on its outer surfaces and sometimes on inner layers.

Most printed circuit boards have holes through which the component leads are
inserted, and the conducting track pattern has enlarged pads, which are usually
but not always circular, around these holes. The component leads are
mechanically secured and electrically connected to these pads by soldering. The
barrels of the holes may be plated with metal to provide electrically conducting
paths from one layer or surface of the board to another.

Some boards carry their components mounted on the surface of the board,
with leads which emerge from the sides of the component bodies soldered onto
small rectangular pads on the boards, or with the joints made to metallised areas
under the body of the component. Multilayer boards which carry such surface
mounted components may have their layer to layer connections formed by solid
metal pillars within the board.

There are printed circuit boards which carry few or no components, but on
which the track pattern forms the working part of the circuit. Such boards can be
used as the rotors for low inertia motors, deflection coils for magnetically
focussed cathode ray tubes, stators for rotary switches, dipole aerial arrays,
mixers, couplers, and. so forth for microwave circuits, or for loop aerials for
directionally sensitive radio receivers. Printed circuit boards have also been made
with conducting patterns etched from medium or high resistivity material, usually
overlaid with copper from which a normal interconnect pattern can be etched, to
yield matched sets of connected resistors.

Almost all electronic equipment, from large computers and radar systems
down to pocket transistor radios, uses printed circuit boards as the main
component support and interconnection system. On large systems the individual
boards which carry the components are often interconnected by further printed
circuit boards carrying sockets into which the component boards can be plugged.

Because all the interconnecting tracks lie on the surfaces of the board and are
insulated by the plastic base material of the board, printed circuit
interconnections take up less space than ordinary insulated wiring and, because
the plastic substrate also supports all the components it interconnects and no
other panel or frame is required, printed circuit wiring is usually lighter and
smaller than any other form of mounting and interconnection system.

The pattern of tracks on the board can enable the electronic components to be
mounted very close together, so the lengths of all tracks are minimised. Although

1




2 An Introduction to Printed Circuit Board Technology

the electrical signals travel along the tracks at about 60% of the speed of light,
modern silicon microelectronic devices work so rapidly that the time taken for the
signals to travel along even a few inches of track can be critical. Badly designed
boards or the use of the wrong type of board can cause electrical or logic mal-
function such as cross-talk, line reflections, or line current surges, any of which
can cause a high speed system to fail to function as its designer intended. The de-
fined widths and spacings of the tracks on a printed circuit board make it possible
to predict in advance of production the effects of resistance, capacitance and in-
ductance of the tracks.

Printed circuit boards can vary enormously in their complexity, in the way in
which they are manufactured, and in the way they must be handled when
components are mounted. Every board type must be designed specially to suit its
particular application. The costs of boards can vary from a few pence each to
hundreds of pounds, and great care and expertise is needed in the selection of the
correct type of board for any application.

The interconnection pattern on a printed circuit board is generated from a set
of master films, and thus, once the films have been proved correct, all boards
made from these films will have substantially the same electrical properties and
even the most complex interconnection pattern will be assembled with all the
several thousand interconnections correctly made.

In quantity assembly all soldered joints between the component leads and the
pads on the boards are made by mass soldering techniques on machines which can
be set to ensure that all joints are neatly made and are more reliable than joints
made individually with a soldering iron.

The advantages of printed circuit boards over other forms of packaging or
wiring can be summarised as:

Predictability; Repeatability; Reliability; Low Cost; Light Weight; Low Volume;
Easy Assembly and Servicing; Ease of Cooling; Ability to Use Mass Soldering
Techniques.

1.2 HISTORY"*} N

The earliest electronic interconnections tended to be large, often consisting of
metal strips or rods mounted on wooden bases. These were superseded by wires,
still often quite heavy and connected to screw terminals on larger components. As
systems grew more complex and components decreased in size a metal chassis
mounting became standard, with larger components bolted to the chassis and
smaller components mounted either by connecting their end leads to terminals of
larger components, or with their bodies secured to the chassis by metal or plastic
P clips. (See Figure 1.1.)

As electronic systems grew in complexity, increasing numbers of small
components were needed and mounting them in the wiring became impractical.
The most commonly used mountings in the 1940s were tagstrips, strips of plastic
material about 10 cm wide with double-ended metal pins along each edge. Axial
lead components could be mounted in rows with their leads wrapped and soldered
to the inner legs of the tags and interconnections made by wiring harnesses, which
could be pre-assembled, soldered to the outer legs. Figure 1.2 shows a short
length of such a tagstrip carrying standard resistors with experimental transistors
mounted over them. Note that this is not a production board.

Introduction 3

Fig. 1.1 Radio receiver on aluminium chassis with components suspended in the sub-chassis wiring.

As errors could arise in connecting the wires from a harness to the tags, efforts
would be made to minimise the external wiring by grouping components so that
connections could be made between adjacent tags or by short wires beneath the
components on the strip. From such wires it was a logical step to progress to pre-
cut copper patterns which could be assembled to the plastic base with the tags.
From a tagstrip with pre-made internal connections the move to a conventional
printed circuit board is, with hindsight, not a great step.

While the bulk of electronic equipment was being made on metal chassis with
tagboards and discrete wiring, there had been developments in other ways of
making electrical connections. The use of metal deposited on glass under vacuum

Fig. 1.2 Tagstrip carrying resistors and transistors.
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had been known since the 1850s, but had not been used to any great extent. As
early as 1925, in the USA, Charles Ducas had submitted a patent application for a
method of making conducting lines on an insulating base by electroplating over a
conducting paste applied through a template or stencil, and in 1928 Samuel Ryder
patented a technique of making coils by painting or spraying a conductive ink
pattern onto a dielectric substrate. )

In 1940 the first thick film circuits comprising metal conductors and
composition resistors printed and fired onto a ceramic base were produced, but
such circuits were limited in size by the availability of suitable substrates and
could not be considered as offering an alternative interconnection for large
systems.

The first practical printed circuit boards in which the functions of the chassis,
component mounting base and wiring were all combined into a single unit made
by etching the conductor pattern from a copper clad laminate as in Figure 1.3
were made by Dr Paul Eisler in the United Kingdom, in 1942 and patented in
February 1943.

One of the two boards in the radio receiver he designed carried an etched aerial
loop while the other, which was double-sided, formed the main chassis. The
industry as a whole was slow to adopt this new development, partly because of
the lack of suitable materials and processing capability, and it was during the

Fig. 1.3 Single-sided board with miniature valve sockets. Note the use of wire links.
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1950s, with the change in the industry from thermionic valves to transistors, that
phenolic paper or epoxy glass based etched printed circuit boards came into
widespread use. Even then the full potential of the boards was not always
exploited and often much of the actual interconnecting was carried out by
external wiring. Figure 1.4 shows a board on which the resemblance to four rows
of tagstrip can be clearly seen, and on which most of the tracks run from the
components to the board connector.

Fig. 1.4 Single-sided board which serves mainly as a component carrier with few actual
interconnections.

Complete working circuits could be implemented on boards, but where tracks
were required to change sides on a board there were problems. Through-board
connections were arranged only with difficulty, usually in the form of discrete
wires, eyelets, metal stakes or rivets, and the art in designing boards lay in routing
tracks round the ends of other tracks and in using the bodies of components or
wire links as bridges to form unavoidable crossovers. Such links can be seen in
Figure 1.3.

Pillar plating techniques were tried to make some early multilayer boards.
Successive layers of the circuit were built up by electroplating, with intervening
layers of dielectric material deposited round the layer to layer plated pillars. This
technique, which has similarities to techniques used in making ceramic based
thick film circuits, proved too expensive for general use.

The development of the plated through-hole opened the way to fresh board
types as in Figure 1.5. Several firms were involved in this work, but it is usually
accepted that the 1961 patent, by Hazeltyne in the USA, of the seeded, plated-
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Fig. 1.5 Through-plated hole board of the early 1960s carrying integrated circuits and discrete
components.

through hole in a multilayer structure was the start of the new era. The ability to
interconnect tracks on two sides or on inner layers of a board wherever necessary
made it possible to achieve vastly increased interconnect densities by ordering the
tracks on the two sides into orthogonally crossing parallel runs with ‘diagonal’
connections implemented as Ls with layer changing via holes on the corners. With
the barrels of the holes through-plated and no requirement to make a soldered
joint on the pad around the holes the size of the pads could be reduced to allow
the running of tracks between the pins of a standard dual in-line package.

The ability to run tracks between the pins of DIPs (Dual In-line Packages)
instead of having to pass round the ends yielded a highly significant improvement
in packing densities, and by the later 1960s it was possible to implement digital

Fig. 1.6 Late 1960s’ double-sided board with extensive use of via holes to achieve high packing
density.
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circuits with about 4 sq cm board area per DIP on double-sided boards. An
example of such a board, with packages on 2-03 by 1-4 cm spacing, is shown in
Figure 1.6. The underside of the board carries the tracking between the package
pins, some of which terminates on the via holes visible on the ends of some of the
tracks on the components side.

Through the 1960s improvements in resin chemistry, photo-resists, and in
etching and plating capabilities improved the tracking densities achievable. With
the use of fine lines, down to 0-05 mm wide, and multilayer techniques it became
possible to implement the tracking densities which would be needed by the new
generations of very large scale integrated circuits of the later 1970s and 1980s.
The use of lines less than 0-2 mm wide made it possible to run two or even three
tracks between adjacent pins of a DIP. Figure 1.7 shows a portion of a double-
sided board designed in 1973, mainly with two tracks between pins, but with three
tracks indicated by the point of the pencil. It can also be noted on Figure 1.7 that
some of the via-hole pads are significantly smaller than those for the DIP leads.

Fig. 1.7 High density tracking on double-sided board.

Sizes of boards used increased through the 1960s and 1970s and their design
and manufacture moved from small scale operations which could be carried out
by relatively unskilled staff using simple equipment to a high technology
industry. In the 1980s printed circuit manufacture demands large capital
investments and the design of boards requires a very high level of specialised skill
plus considerable experience.
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1.3 THE PCB IN INTERCONNECT TECHNOLOGY

Interconnect technology covers all the steps in connecting together the basic
electronic components such as resistors, capacitors, inductors, diodes, transistors
and so forth to form usable working systems. Such interconnections can be
divided into four levels of: micro-connections, mini-connections, ordinary
connections, and macro-connections.

Micro-connections are usually defined as being those within the normal
packages of conventional components. This includes the lead-out wires of
resistors, capacitors, coils, diodes, transformers and so on, and it also includes
the steadily growing field of on-chip metallised connections of integrated circuits
from the two internal connections of a packaged Darlington pair of transistors to
the thousands of connections on a VLSI chip.

Mini-connections are less easy to define, but usually these are accepted as being
small connections made between conventional components in a manner which
converts them into a single working unit which may often be regarded as a non-
repairable item. The clearest examples of mini-connections are those on ceramic
or plastic substrate hybrid circuits. Other instances of mini-connections are the
thin metal strips used to weld groups of resistors or flat-packs into the so-called
cordwood modules. The connections formed on the plastic substrate of a spider
bond or TAB lead frame may be regarded as part of the micro-connection level
when they are incorporated into a sealed integrated circuit pack, but they can
equally well be regarded as mini-connections when they are used to connect to
unpackaged chips, when they are clearly a second level connection.

Ordinary connections are usually regarded as covering the two levels of
‘conventional printed circuit boards’ and ‘unit or shelf wiring’. These are the
levels at which the individual components or hybrid circuits are interconnected to
form units with recognisable working functions or sub-functions, or even
complete working systems. Whilst printed circuit boards are the commonest
forms of the lower level of ordinary connections, the level also includes discrete
insulated wires and cableforms internal to a unit. The other level of unit or shelf
wiring includes printed circuit back wiring panels, other back wiring systems such
as the AMP ‘Termipoint’, wire wrapping, and so forth. This higher level of
ordinary connections merges into the next level up of macro-connections, which
is generally taken as including the interconnection of units or shelves into frames
or cabinets and the inter-cabinet cabling necessary on large multi-unit
installations such as computer systems or radar stations.

Macro-connections are usually in the form of cables, or waveguide for very
high frequencies. Within a unit or rack the macro-connections may be formed
from discrete wires tied or laced into a harness, or they may be flat ribbon cables.
Inter-unit connections are more commonly made from standard cables, but there
is now increasing interest in the use of optical fibres. In some cases, such as
vehicle wiring, flexible printed circuits are replacing conventional wiring.

When all the levels of connections are reviewed it can be seen that the first use
of printed circuits is to be found at the micro level in the form of spider bonds,
with increasing use through the mini-connection field, and almost total
domination of the lower level of ordinary wiring.

The ability to predict the electrical properties and the inherent reliability and
repeatability of printed wiring coupled with the availability of multilayer panels
in sizes up to 0+5 metre square is moving an increasing amount of back wiring

Introduction 9

onto printed circuit boards, and long flexible circuits are proving to be
competitive with conventional wiring in some of the macro-connection areas.
Thus it can be seen that throughout the entire field of electronic
interconnections printed circuit boards can play a part. As new developments in
semiconductor technology result in increases in the amount of the interconnect on
the silicon chip, the effect is to move the area occupied by the macro-connection
field. What a few years ago would have been a board carrying hundreds of
integrated circuit packs is now a single large package, mounted on a board which
carries what used to be the cabinet or rack wiring. Many equipments now contain
only one board but as miniaturisation progresses system designers produce ever
more complex total systems, and frame wiring and inter-unit cables are still being
designed, giving ample scope for future generations of printed circuit boards.
The use of more complex chips with large numbers of input and output pins is
raising the level of interest in boards with very fine tracks which can be used as
larger substrates than has hitherto been possible with ceramic based thick film
circuits for direct chip mounting or for mounting sealed, leadless chip carriers.

Fig. 1.8 Half and full height boards in a cabinet, plugging into a back wiring frame. Two cards are
mounted on extender boards for test access.
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1.4 EXTERNAL CONNECTIONS TO BOARDS

Like integrated circuits, printed circuit boards can be used only when external
connections are made to them. In large multi-board systems the individual boards
are usually arranged in rows in cabinets or frames, as in Figure 1.8. The boards
slide in guides mounted on metal rails running across the cabinet. The back edge
of each board carries contacts which fit into sockets along the back of the frame
or cabinet. On smaller systems, the boards are more usually held by mechanical
fastenings in the frame or case and connections are made either by cables with
plugs which can fit into sockets placed anywhere on the board, or by wires
connected permanently or semi-permanently to the board.

When boards are to be plugged into a rack or frame the connection to the
frame wiring may be made through a plug and socket, with the plug attached to
the board with its contact pins lying parallel to the board face at the back edge; or
contacts may be formed directly on the board to fit into an edge connector socket
(see Figure 1.5). Both systems have advantages and disadvantages, and whichever
is used the connector must be chosen to fit the proposed type of board.

1.4.1 Plugs and Sockets

Some users of rack-mounted, plug-in boards prefer to make electrical
connections through sockets with separate plugs bolted and soldered to the
board.

The reasons usually stated include:

(i) The fit of the plug in the socket is guaranteed.
(ii) Damaged contacts can be individually replaced.
(iii) The risk of corrosion affecting the contacts is less than with edge connector
fingers.

Of these three reasons, only the first is valid. On most plugs, the backs of the
individual contacts are usually bent through a right angle to solder into the board,
5o to replace any contact the entire plug must first be removed from the board
(see Figure 1.9). Whether a discrete plug and socket will be more.or less corrosion
resistant than an edge connector depends on how both are made.*
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Fig. 1.9 Section through typical PCB connector,
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One very real advantage of discrete plugs and sockets is that when large
numbers of contacts are to be made plugs and sockets are available which can
offer significantly lower insertion and withdrawal forces than is possible with
edge connectors whilst maintaining adequate contact pressure.

Most of the types of plug and socket connectors used on the edges of boards
have their contacts in two rows as shown in Figure 1.9 and on the board in Figure
1.6, with the pins of such a size that tracks to the lower bank of pins can pass
between the pads for the upper row. Some similar connectors are available with
three or four rows of pins, and it should be noted that these are unsuitable for use
on double-sided boards unless extremely fine tracks are used: they are for use on
multilayer boards where tracks can be run to the third and fourth rows of pins on
inner layers (see Figure 1.10). It must be borne in mind that, if attempts are made

TRACK ON OTHER
SIDE OF ARTWORK

e

Fig. 1.10 When only one track can pass between pairs of pins ona double-sided board a third row of
pins may be unusable.

to run tracks out from the connector on both sides of a double-sided board, there
will be no layer left for tracks to cross those from the connector.

These miniaturised three and four row connectors for multilayer boards should
not be confused with the four row ribbon cable connectors which have their pins
on 5-08 mm pitch in each row, allowing ample space for all necessary tracking on
one side of the boards, as shown in Figure 1.11.
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Fig. 1.11a  Three row plug and socket connector.
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Fig. 1.11b  Four row ribbon cable connector pattern.
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When a plug and socket connector is being selected to connect a board into a
rack, the size of the board should be taken into consideration. Layout on large
boards may be made easier if two or more connectors are used to spread the input
and output signals along the edge of the board. If the back wiring is to be a
printed circuit the use of multiple plugs and sockets can cause alignment
problems, and usually assembly fixtures will have to be used during soldering to
ensure that the end to end spacing of the sockets matches that of the plugs, and
that the sockets are truly in line. There are some types of sockets for use with
discrete wire back wiring systems which have a limited degree of float in their
mountings, but the stiffness of a large number of wires can counteract this float
and make it very difficult to insert the boards. When multiple sockets are being
considered, it is likely that edge connectors, which can tolerate a limited degree of
misalignment, will be found to be more suitable than plug and socket connectors.

Connections from the board to the rest of the unit on single board equipments
are often made by ribbon cables, which can be terminated in plugs with a pin
pattern as in Figure 1.11, or in plugs which fit into standard Dual In-Line
Package (DIP) sockets. The latter type are particulatly useful on digital systems,
as the necessary cable connections can be arranged at a suitable point in the
circuit without disturbance to a regular package pattern.

Most commonly used types of plugs can be mounted on boards without undue
difficulty but one type to be avoided whenever possible is the circular cable
connector of the type originally designed for sealed bulkhead mounting, which
has pins arranged in concentric circles as shown in Figure 1.12. Connection to the
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Fig. 1.12  Circular pin pattern of bulkhead connector.

outer row of pins is simple, but usually tracks can be run to the inner rows only
on a multilayer board on which pads around the outer rows of holes are omitted
on the inner layers. This is thoroughly bad practice as will be explained in later
chapters.

When a printed wiring connection must be made to such a plug or socket, it is
best made in the form of separate, unbonded flexible layers for each circle of
pins, with open centres to allow access to lower layers for soldering and clearance
holes for pins in outer rows to which contact is not being made, as shown in
Figure 1.13.

Whenever connectors which have mechanical fastenings to boards are used,
adequate clearance must be left around the fixing holes to allow for a washer
under the nut or screw head. Failure to observe this precaution may result in the
washer shorting two tracks together or shorting a track to the equipment frame.
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Fig. 1.13 Three layers of flexible circuit for connection to circular bulkhead connector.

1.4.2 Edge Connnectors

Edge connector contacts are an apparently simple way of making connections
from a printed circuit board to the frame or unit wiring. The plug is formed on
the board itself in the form of ‘fingers’, which are usually gold plated, along the
back edge of the board. These fingers mate with sprung contacts in the socket,
which should contain some means of locating the board so that the contacts will
lie more or less centrally over the corresponding fingers. The main advantages of
edge connectors are that they avoid the costs of buying and fitting separate plugs,
and if a finger is damaged it can be re-plated or completely replaced on a board
without any risk of damaging other contacts.

It has been claimed that edge connector fingers are unduly sensitive to
corrosion, but such comments apply only to boards on which the gold plating lies
only on top of the fingers. On properly made boards where the gold lies over the
edges of the fingers as well as the top there should be no corrosion problems.
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Earlier types of edge connector sockets relied for location on a shaped tongue
on the edge of the board which engaged with the ends of the moulded connector
body. This means that the board profile must be tightly toleranced relative to the
positions of the fingers on the board. Over the past fifteen or so years such ‘end
locating connectors’ have generally been superseded by ‘key locating’ types in
which the socket body is open-ended and a pair of opposing contacts are replaced
by a key which engages in a slot cut into the board. Such open-ended sockets are
usually available in lengths of 15 to 20 ¢cm so the user can cut them to whatever
length is required, and most types have front-insertable contacts. On _large
production runs, the sockets can be assembled with all unused contacts omitted,
which can result in substantial savings as the gold plating on unused contacts can
represent quite a large sum of money in a sizeable machine.

Another advantage of such open-ended connectors is that the edge of the board
does not require special profiling, other than the locating slot, and contacts can
be arranged wherever they are required along the whole edge of the board. Most
edge connectors used in the 1980s are double-sided on 2-54 mm pitch, but ginglfa-
sided and wider pitch connectors are available, and may be more appropriate in
some low contact density applications. When an edge connector is being selected,
it is important to ensure that the pitch matches the proposed board layout
standard. Figure 1.14 shows how the use of too fine a pitch connector for the
board layout standard can result in some of the pins becoming unusable.

I

Fig- 1.14 Edge connector finger pitch should be chosen to match the track pitch on the board.

The only real problem in the use of edge connectors lies in the mecha:{ical
{olerancing, both on board thickness and on finger position. This tolerancing,
which is fully described in a paper ‘Making Printed Circuit Boards Fit their Edge
Connectors’ (Proceedings of the 1973 Internepcon Connector Sympogiu{n
p. 60—80), should not present any problems to a trained designer. The risks lie in
failing to realise that the tolerancing can be critical.’

1.4.3 Discrete Wires

The easiest way to attach a discrete wire to a printed circuit board is to pass the
end of the wire through a suitable sized hole in the board and solder it in place.
When only a few connections are required in a small equipment this can be
satisfactory, but in larger equipments it may not be advisable.

As the number of wires involved increases so will the risk of connecting the
wrong wire to a given hole. In larger equipments the possibility inclre.aseg of
having to break the wired connections to a board, either for error rectification,
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servicing or replacement of a defective board. Any such removal of wires from
holes in the board involves a risk of damage to the board, either a pad lifting
from the substrate on an unplated board, or irreparable damage to the through-
plated barrel on a multilayer board. This risk of damage to the board can be
minimised by attaching the wire to a pin which has been soldered into the hole in
the board. If a suitable sized pin is used, the wire can be soldered to and
desoldered from the pin without any risk of damage to the board. Another
advantage of the use of pins is that the risk of attaching a wire to an adjacent via
hole instead of to its correct hole is eliminated.

Some analogue circuits contain resistors whose required value can be
determined only after the performance of the remainder of the circuit has been
established. Any such ‘select on test’ resistors are best mounted on pins soldered
into the board. -

Whenever such pins are used to minimise the risk of damage to the board being
caused by later manual soldering or desoldering, they should be mounted in
places where access for soldering will be as easy as possible. Close spacing of such
pins should be avoided, as not only can this make subsequent soldering difficult,
it can also lead to thermal damage to the laminate when the board is initially wave
soldered.

Generally the pins used will be larger in diameter than typical component leads,
and any closely spaced group of pins will represent a mass of metal which can
retain enough heat after soldering to cause delamination, crazing or blistering of
the base laminate between the pins.

As an alternative to pins, eyelets of suitable diameter can be swaged or pressed
into the board and soldered in place to serve as ‘non destructible’ terminating
points for discrete wires. Whilst such a reinforced hole is clearly superior to a
plain or through-plated hole as a termination for a wire which will probably have
to be desoldered and replaced, it is not as good as a pin for several reasons.

First, it is much more difficult to make and inspect satisfactory soldered joints
between the tracks on a board and the swaged over end of an eyelet than it is to a
pin; secondly, it is much harder to clear the solder from an eyelet after the wire
has been removed, and there is a greater risk of damage to the board; and finally,
the use of eyelets involves access to both sides of the board for attaching or
replacing wires, whilst the use of pins requires access to only one side.

A third possible attachment point for discrete wires to printed circuit boards is
the ‘fishbead’, a light split pin of flattened tinned copper wire passed through a
small ceramic insulator (see Figure 1.15). These fishbeads have the advantages
over pins that by opening the ends slightly they are self-retaining in the board
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Fig. 1.15 Terminations for discrete wires.
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until they are wave soldered, and they have a much lower thermal mass so they
can safely be mounted on closer centres than the commonly used types of pins.
The ends of ‘select on test’ components or wires can be passed through the eyes of
fishbeads, obviating any need to bend the leads and thus making for quicker and
easier assembly.

1.4.4 Back Wiring Panels

When boards are mounted in rows in a rack or case, plugged into sockets, some
means of interconnecting the sockets must be provided. On large systems, in
which a cabinet some 2 m high may be filled with boards, it may prove cost
effective to wire an entire frame with discrete wires soldered, wrapped or clipped
to the back pins of the board sockets, but many manufacturers are finding that it
is easier and cheaper to use printed circuit back wiring panels in each shelf of
boards, or on pairs of shelves. All the advantages of printed circuit boards over
discrete wiring apply to back or frame wiring just as they do to the
interconnection of components, and there is usually a significant bonus in that a
printed circuit back wiring panel adds rigidity to a frame, and can often lead to
the elimination of quite expensive metalwork and to substantially reduced
assembly costs.

Al one time it was thought that the use of printed circuit back wiring panels
would cause intolerable electrical interference between what would obviously
have to be relatively long parallel groups of tracks, but work carried out by the
Marconi Company and others in the 1960s, the results of which are described in
the book ‘Transistor-Transistor Logic and its Interconnections’, demonstrated
that in fact well designed back wiring panels result in less electrical interference
than random wiring, and their performance can be predicted at the design stage.

If an existing equipment design using discrete back wiring is taken and attempts
are made to replace the wires with a printed circuit panel, it is probable that the
result will be an expensive multilayer board which requires extra metalwork in the
frame to hold it in place. For printed circuit back wiring to be fully effective the
electronic system design and the mechanical design of the frame or case must be
started with the intention of exploiting the possible benefits from the use of
printed back wiring.

One change which may be necessary is to increase the length of the board
connectors to give more contact positions for each board. Not all the signals
present on the back wiring panel are likely to be required by all boards and, if
connectors with only the correct numbers of pins for the most complex board are
used, it may prove very difficult to find routes for other signals past the socket
for that board. A number of redundant pins on each connector allows more
signals to run past each connector position. At the limit, such redundant pins can
make it possible to reduce the design of a back wiring panel to a simple ‘pin for
pin’ linkage in which every signal is present on every board socket. Such a panel
can be made in the form of a single-sided board, and there is the added bonus to
the user of the equipment or the service engineer that any board in the system can
be plugged into any vacant socket.

1.5 THE ELECTRICAL IMPORTANCE OF THE INTERCONNECT

In the earlier days of electronics, especially digital electronics, the only
significance of the interconnect was that it had to route the signals to the correct
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destination. The interconnect was a solid representation of the lines on the circuit
diagram which joined together the various active components. In high gain, high
frequency analogue circuits some of the interconnections could be recognised as
being critical, especially those to grids of thermionic valves or the bases of
amplifying transistors, and feed-back loops required special care. Digital signals
were relatively slow, and delays along wires which ran from cabinet to cabinet
were not significant compared with the delays in the active devices."?

The advent of the diffused planar silicon integrated circuit, with the possibility
of sub-nanosecond devices, changed the situation. Delays down even a few inches
of track on a printed circuit board became critical, and designers had to consider
all the electrical effects described in Chapter 2 if their circuits were to work as
they hoped. Instead of the tracks on a board being solid representations of plain
lines on a circuit diagram, they could more properly be shown with symbols
representing their resistance, capacitance and inductance if the diagram was to
give a true picture of the circuit performance.

The widespread adoption of digital integrated circuits brought another
fundamental change to the design of electronic systems. Control of one of the
most vital parameters, the switching speed of a device, passed from the
equipment designer to the component designer. The equipment designer retained
control of the frequency at which a device would be switched, but the actual
speed of the transitions was determined by the device type used with only a
slowing or degradation of the switching speed possible because of a poorly
designed interconnect. Sometimes deliberate attempts were made to slow down
high speed devices in order to allow them to perform satisfactorily with an
inadequate interconnect. These attempts resulted in short device lives. Typical of
this approach were the efforts to slow down TTL devices by applying a high
capacitive load to the output. The almost unlimited instantaneous discharge
currents of such capacitors were excellent for severely curtailing the life of an
output transistor.

Variations in the clock frequency have no effect on line surge currents, ring,
and crosstalk, all of which are determined by the switching characteristics of the
device. Another popular fallacy which led to the design of inadequate boards is
the thought that, since digital logic circuits work by setting either a ‘high’ or a
‘low’ level, what happens between the levels can be ignored.

The successful design of high density interconnects for digital circuits demands
a good understanding both of what happens in the devices when they change their
state, and also of the logical working of the circuit being designed.

An approach which relies on keeping all connections so short that their
electrical effects can be ignored will usually prove to be uneconomic, and often
leads to severe and unnecessary thermal problems as masses of devices are
squeezed into the smallest possible volume. In any system there will be some
signal paths which can be allowed to be long without any ill effects, and there will
be others which can be run in parallel groups without cross-talk causing any
problems. The board designer must be capable of assessing the importance of any
track and implementing the board layout so that the lengths of critical tracks are
minimised without incurring the unnecessary expense of an excessively high
packing density. To give a very simple example, it is clearly absurd to attempt to
minimise the length of tracks to a manually operated switch at the expense of
making a strobe or clock signal line longer.

It is unfortunate that a well designed board often appears indistinguishable
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from a thoroughly badly designed board, and it is not always immediately
obvious that, whilst the integrated circuits used place a limit on the fastest
possible working of any given system, the actual performance achieved will be
determined by the design of the printed circuit boards used. For an electronic
system to be competitive, it is essential that the interconnect be designed to yield
the best possible electrical performance without unnecessary expense, either in
direct manufacture of the interconnect or in any consequent operation such as
assembly, testing, cooling, or field servicing. The first step to such competitive
design is the choice of the right type of board for the job.

1.6 BOARD TYPES

The printed circuit board industry can offer to the electronic designer a wide
range of board types, and on each type the pattern density can vary over a wide
range. Generally the following list of board types is in ascending order of cost,
but often there is some overlap between a high density board of one type and a
low density board of the next higher type. Only the more general applications are
covered.

1.6.1 Single-sided (Figure 1.16)
This type has a track pattern on one side only, and is used mainly in transistor

radios and other similar domestic equipment. Single-sided boards are often made
using phenolic paper base laminate, and the holes may be punched out.
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Fig. 1.16 Section through typical single-sided board.

1.6.2 Double-sided, Non Through-plated (Figure 1.17)

These boards are basically the same as single-sided except that they have a track
pattern on each side of the board. Their application extends to more complex
domestic equipment and a wide range of lower density industrial applications.
Double-sided, non through-plated boards may be made on phenolic-paper or
epoxy-glass laminates, and holes may be drilled, or punched in one operation
with the profile.
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Fig. 1.17 Double-sided, non through-plated board.
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1.6.3 Flexible (Figure 1.18)

Flexible circuits are as described in 1.6.1 or 1.6.2, but are made on very much
thinner, flexible plastic base materials such as polyester or polyimide. Often the
track patterns are covered with a further thin layer of plastic similar to the base
laminate, bonded on to seal in the track pattern. Flexible circuits are used in a
wide range of applications to replace conventional wiring harnesses. Noteworthy
mass applications for flexible circuits include motor vehicle wiring, automatic
vending machines, and some types of pocket calculators.

Fig. 1.18 Double-sided flexible circuit.

1.6.4 Double-sided, Through-hole Plated (PTH) (Figure 1.19)

This type looks like that described in 1.6.2, the difference being that the track
patterns on the two sides of the board are interconnected by metal plated into the
barrels of the holes. The manufacturing processes used are quite different (see
Chapters 5 and 6) and the interconnection densities found on PTH boards can
vary widely. Their applications are almost unlimited, from sophisticated
domestic equipment (Hi-fi) through industrial and commercial equipments of all
types to military, telecommunications, and aerospace uses. Most PTH boards are
made on epoxy-glass laminates.

7

Fig. 1.19 Double-sided PTH board.

1.6.5 Flexible, Through-hole Plated (Figure 1.20)

This is as in 1.6.3, but with the holes through-plated as in 1.6.4, and is found
mainly in airborne equipments and other areas where greater reliability or a
higher packing density is needed than can be achieved with a plain flexible circuit.
They are usually made on polyimide base material.

Fig. 1.20 Through-hole plated flexible circuit.
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1.6.6 Rigidised Flexible (Figure 1.21)

A rigidised flexible is as described in 1.6.3 or 1.6.5, but with the areas in which
components are mounted stiffened by bonding on a rigid plate, either of metal or
plastic.

They are used where the primary requirement is for a flexible interconnect and
limited numbers of components which must be mounted to be restrained against
movement caused by vibration. Note that the stiffening plate plays no part in
forming the electrical interconnect, but a metal plate can serve-as a heat sink for
high dissipation components. High packing densities can be achieved on rigidised
flexibles because the thin base laminate permits the use of very small (0-1 mm
diameter) via holes which can be drilled, punched or etched, and the components
can cover the whole of the rigidised area with no need to allow any space for
external connections.

Fig. 1.21 Rigidised single-sided flexible circuit.

1.6.7 Multilayer (MLB) (Figure 1.22)

A multilayer board has three or more layers of tracking, bonded together to
form a single unit. Some early types of multilayers did not have electrical
connections between the layers, but relied on access holes in the layer or layers on
the solder side of the board to allow component leads to be soldered to pads on
inner layers. Nowadays, the term MLB can be taken as applying to a board on
which access to the inner layer tracking is made by through-plated holes.
Multilayer boards are used in the more densely packed industrial, military and

aerospace applications. .

Fig. 1.22 Four layer multilayer board.

1.6.8 Flexi-rigid (Figure 1.23)

A flexi-rigid board is basically a multilayer board on which one or more of the
rigid epoxy glass layers is replaced by a layer or layers of tracking on a flexible
base laminate, usually polyimide. The flexible layer or layers extends beyond the
rigid area or areas, either to form ‘hinges’ which interconnect two rigid areas, or
to form ‘flying tails’ which can be used to make direct connections to components
mounted off the board. Holes in a flexi-rigid are through-plated. The build may
vary from a single flexible layer bonded to a rigid area which has tracks only on
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its opposite face, up to very complex multilayer builds with a number of single or
double-sided flexible layers. The applications of flexi-rigids are far too numerous
to list, and include such areas as machines where a portion of the electronic
components must be carried on a moving part, such as indicator lamps on a door,
to ultra high density applications where a board must be folded to fit into a space
which would not contain a rigid board. The simpler flexi-rigids offer similar
tracking densities to rigidised flexibles, but the multilayer build of a flexi-rigid
extends this capability to meet almost any tracking density likely to be needed.
The more sophisticated flexi-rigids can be very expensive indeed, but their
performance capability can make them cost effective in commercial applications
as well as in aerospace equipments.

Fig. 1.23 Five layer flexi-rigid with single tail.

1.6.9 Buried Via Hole (BVH) (Figure 1.24)

A buried via-hole board is a multilayer board in which pairs of internal layers
have connections made by through-plated holes. These via holes are plated
through before the layers are bonded, so the same sites can be used for via holes
on more than one pair of layers, yielding a significantly higher tracking density
than is possible on a normal MLB where all via holes must pass through all layers.
Flexi-rigids may be made with plated-through holes in flying tails, and this is a
form of BVH construction, even though the holes are exposed on the finished
board.
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Fig. 1.24  Six layer buried via-hole board.

1.6.10 Double-double Boards (DDB) (Figure 1.25)

A double-double board is a variant of a BVH board which is made by bonding
together two thin plated-through hole double-sided boards. A thin double-sided
laminate carrying power and earth planes may be included in the middle of a
double-double board to give a 6 layer build. The essential difference between a
DDB and a BVH board is that on the DDB all via holes access one or other of the
outer layers whilst on a BVH board none of the holes plated prior to bonding
contacts an outer face.
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Fig. 1.25 Double-double board with no internal planes.

1.6.11 Double-multi Boards (DMB) (Figure 1.26)

These are basically as double-double boards, except that two multilayer boards
with all via holes plated are bonded together.

Fig. 1.26 Double multilayer board.

1.6.12 Sequential BVH Boards (Figure 1.27)

The ultimate in multilayer sophistication is the sequential BVH board in which
holes between a pair of inner layers are through-plated; a further piece of rigid
laminate with an etched pattern on one face and with plated via holes is bonded
on, and the composite is then drilled and through-plated with second level via
holes. This process can be extended through as many layers as necessary until the
final outer layers are bonded on and the component mounting holes are drilled
and plated to provide electrical access to all layers. Boards as in Section 1.6.9
onwards are obviously very expensive to make, and their use is generally confined
to the most sophisticated areas of the high speed computer and aerospace
applications.
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Fig. 1.27 Eight layer sequential multilayer board.

1.6.13 Pillar Plated Multilayers (Figure 1.28)

Pillar plated multilayers are boards in which layer to layer connections are
achieved by solid metal pillars instead of by plating onto the walls of holes. These
boards have to be built up sequentially, with plated track layers and applied
_dielectric layers, so they are expensive, but the pillars can be significantly smaller
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than can through-plated holes, so high packing densities can be achieved. Plated
pillar boards are particularly suitable for mounting miniaturised surface-
mounting devices.
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Fig. 1.28 Four layer pillar plated board.

1.6.14 Flush Bonded Boards (Figure 1.29)

This type, which breaks the sequence of rising cost with type, is a non plated-
through hole board on which the track pattern is sunk into the base laminate to
give a flush surface. They are normally used for rotary or linear motion wiping
action switches. A variant of this type is the ‘bent board’, a board as in 1.6.1 or
1.6.2 with a bend permanently formed in it. Bent boards of suitable curvature can
be used to form the deflection coils for cathode ray tubes.
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Fig. 1.29 Simple flush bonded board.
1.6.15 Strip Line or Microwave Bonded Circuit (Figure 1.30)

These are highly specialised boards, usually 3-layer build, often made on PTFE
base laminate, in which the inner layer carries the signal and the outer layers form
earth screens, which may continue as plating over the edges of the board. They
are used in place of waveguides or similar techniques as signal mixers, circulators,
isolators, aerials and so forth for low power, high frequency applications such as
radar or surveillance systems. ’
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Fig. 1.30 Section through microwave bonded board.




Chapter 2
MECHANICAL AND ELECTRICAL PROPERTIES

2.1 BASE MATERIALS

The mechanical and electrical properties of printed circuit boards are
determi?eg by the design of the board and by the type and thickness of laminate
used. 67

2.1.1 Cladding

The most commonly used metal cladding is copper, but nickel and nickel alloy
clad laminates are available for special purpose boards. The thickness of the
metal cladding is often referred to by its weight per square foot, 1 0z copper being
the thickness used most in printed circuit board work. This is 0-035 mm thick,
usually with a tolerance on thickness of plus or minus 0-002 mm. Whenever
calculations which involve copper thickness are being made, it must be
remembered that board manufacture usually involves scrubbing or cleaning
which will decrease slightly the thickness of the copper, and on through-hole
plated boards the copper thickness on the board surface will be increased.
Laminates clad with 2, 3 or 4 oz copper are available, as are 0-5 and 0:25 oz
claddings, and it is possible to buy laminates with unequal metal thicknesses on
the two faces.

The copper foil on most rigid laminates is originally made by electrodeposition
onto a large, highly polished metal drum from which it is then stripped, but on
some flexible laminates a rolled foil, or rolled annealed foil, is used. The face of
the copper which is bonded to the laminate has to be micro-roughened to achieve
a good bond, and in most cases it will be oxidised.

2.1.2 Base Laminate

The two main types of base laminate used are phenolic paper and epoxy glass.
Phenolic paper based laminates are used mainly for non through-plated boards
for the domestic and simpler industrial markets. The main advantages of
phenolic paper over epoxy glass in these areas are its lower cost and the ease with
which it can be punched. Complex profiles and all required holes can be formed
with a single stroke of a large press. The electrical properties of phenolic paper
laminates are inferior to those of epoxy glass and its higher moisture absorption
makes it unsuitable for most plated-through hole work. Typically, phenolic paper
laminates have a dielectric constant of about 5, a breakdown voltage of about
15 kV and a dissipation factor of around 0-04. Also, the mechanical strength of
phenolic paper is less than that of epoxy glass. Phenolic paper laminates are
distinguishable from epoxy glass by their colour, which is usually a deep purple,
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brown or black. Epoxy paper laminates are available, but are used only in special
cases where a phenolic resin based laminate would have inadequate properties but
the paper base is considered desirable.

Epoxy resin with a chopped strand glass reinforcement can be used where
properties such as moisture absorption are critical, and better electrical properties
are required than can be achieved with a paper based laminate. Chopped strand
glass laminates reinforced with epoxy resin can be punched, and are less
expensive than epoxy/woven glass. However, they are not widely used and most
of their possible uses are met by epoxy/woven glass laminates which are readily
available and have better electrical properties and strength.

Woven glass cloth reinforcement with epoxy resin is used for most through-
hole plated printed circuit boards and for multilayers. It offers an excellent
combination of mechanical and electrical properties coupled with low moisture
absorption. Typically, the dielectric constant is around 5, with a dissipation
factor about 0-035 and a DC breakdown voltage of around 40 kV.

Epoxy glass laminates are commonly available in a wide range of thicknesses
from 0-1 mm upwards, with 1-6 mm being the most commonly used thickness
for double-sided boards. The usual colours are pale, translucent green or brown,
but other colours can be purchased to special order.

Rigid laminates for specialised applications are available on base materials
such as irradiated polyethylene, PTFE, melamine, triazine, polysulphone,
silicone and polyimide resins, some of which may be reinforced.

Flexible laminates are most commonly available on unreinforced base films of
polyester or polyimide. Polyester based flexible circuits are cheap and easy to
make, but the low softening point of the base material makes them hard to solder
to, so it was not until the higher softening temperature polyimide base materials
became available that custom designed flexible circuits achieved any real measure
of acceptance.

The commonly used laminates are all available in fire retardant forms, usually
referred to by the American NEMA (National Electrical Manufacturers
Association) designations of FR2 (paper phenolic), FR3 (epoxy paper), FR4
(epoxy woven glass), FRS (higher working temperature epoxy woven glass, not in
common use) and FR6 (polyester chopped strand glass).

No detailed properties are quoted here as they vary slightly from manufacturer
to manufacturer and the laminate suppliers’ data sheets are the best source of
exact informatton.

2.2 STRENGTH AND STIFFNESS

The mechanical strength of printed circuit boards is seldom, if ever, of critical
concern. Boards have the same strength as comparable panels of plain plastic
material and they are not commonly used as major structural load-bearing
members. The components they carry are generally small and light, and provided
the normal rules of good mechanical design are followed it is usually unnecessary
to become involved in any calculations on strength.

One point which does have to be considered is the resistance to tearing,
cracking and impact damage of corners especially if a mechanical fixing hole is
drilled or punched near a corner. Some users place restrictions on the amount of
material which must be left between a hole and the edge of the board, such as a
minimum allowance of twice the diameter of the hole.
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The aspect of mechanical strength which is most likely to be of concern is the
stiffness of a board. An epoxy glass based board half a metre long can bow by
2 cm or more in the middle under vibration, and can impose severe acceleration
forces on the components it carries. Boards which are mounted in racks plugged
into sockets may have their outer edges stiffened by some form of front plate or
handle which may be mechanically secured to the frame, but unless special
locking board guides are used the top and bottom edges of the board must be free
to move in their guides. Sometimes it is assumed that the guides will hold the
board sufficiently firmly to prevent any movement, but this is not generally the
case. Board guides and the overall size of the board should be designed so that the
guides present the connector edge of the board to its socket in such a position that
the locating mechanisms between the board and the socket can engage, but the
clearance between the board and its guides should be greater than the sum of all
tolerances on the trimming of the edges of the board and on the positions of the
board guides relative to the sockets. If an inadequate clearance is allowed, the
board may jam in the guides as attempts are made to mate the connectors. The
tolerances between the connector bodies and the board guides are usually the sum
of anything from 3 to 5 or more terms, each of which may be up to plus or minus
0-15 mm. Thus the float of the board in its guides may have to be more than
0-5 mm, which will not restrain the board against vibration.

The effects of vibration on the components carried by the boards must be
considered, as also must the effects on the contacts in the sockets which connect
to the board.

Boards which carry a mixture of components of different sizes can have their
mechanical resonant frequencies changed by moving the components to different
positions. If this does not reduce the vibration to acceptable levels the stiffness of
the }_Joard can be increased by the use of thicker laminate or by bonding, screwing
or r}vetting stiffening bars to the board. All the normal principles of mechanical
englr{eering apply to printed circuit boards in the same way as they would to any
panel.

2.3 STABILITY

Thlere are two _major aspects of printed circuit board stability which must be
considered. One is the dimensional stability of the base laminate and the other is
the effect of heat on the board."®

2.3.1 Dimensional Stability

Epoxy glass laminates offer better dimensional stability than phenolic paper,
but neither material is truly stable. Machining, either profiling or drilling, to
exact dimensions is difficult on any plastic material as there is a tendency for the
material to compress away from the cutter while the work is in progress and then
to ‘grow’ slightly after the cutting is finished. No printed circuit board can offer
closer tolerances than would be achievable on a comparable sized piece of plain
plastic material, and for economic manufacture the printed circuit board must be
expected to offer less dimensional stability than would plain laminate.

As automatic component insertion is increasingly used in board assembly, it is
not uncommon to find tooling holes, which may be almost half a metre apart,
toleranced to plus or minus 0-05 mm. Such tolerances may be acceptable in a
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precision toolroom, but they are quite unacceptable in mass production of boards
made on a base material which may be stable only to 400 parts per million. The
mechanical design of boards, and of machines which are designed to assemble or
test them, should allow for sensible production tolerances plus material
movement. An allowance should also be made for movements which are
inevitable during board manufacture (see Chapters 5 to 10). If boards must be
made to locate on machines, proper kinematic principles should be adopted and
location should be by a hole and slot or slots and not by excessively tightly
toleranced hole centres. Board manufacture is eased if holes are drilled in the
boards and the beds on which the boards are to be located are fitted with a fixed
pin and a pin or pins free to move in a slot or slots.

Material movement during board manufacture occurs because the copper clad
laminate is bonded under heat and pressure and when the laminate cools
differential shrinkage of the copper and the base laminate causes inbuilt stresses
which are released when the surface copper is etched away. This material
movement can be reduced by heat treating the sheets of laminate, but it can not
be eliminated.

The normal processes of board manufacture involve immersion in liquids,
often followed by heating processes. Both of these can and do cause dimensional
changes. A designer of cost effective boards should make the most generous
allowances possible for material movement, and should never guote tolerances
tighter than those applied to mass production of other parts made from similar
base materials.

2.3.2 Thermal Stability

Like any other material, printed circuit boards change their size with changes in
temperature. The magnitude of the change depends on the resin and the
reinforcement, and, in any cases where the size of a board is critical, the
appropriate laminate manufacturer’s data sheets should be consulted. The resin is
the least dimensionally stable component of the laminate, and its movement with
changes of temperature is constrained by the reinforcement. Glass cloth
reinforced boards are considerably more stable than paper based or chopped
strand mat based laminate. On woven laminates the coefficients of expansion
vary between the warp and weft directions of the laminate. All laminators of
printed circuit board material include coloured markers in the material to indicate
which is the weft direction, but these markers are visible only after any copper
cladding has been etched off, so care must be taken when cutting stock sheets of
laminate into blanks to ensure that the boards will be produced the right way
relative to the warp and weft. Thermal instability of assembled boards in the X
and Y axes and differential expansion between the boards and the components
they carry can be accommodated by ensuring a degree of compliance in the leads
of components which are mounted in holes in the board. This is usually achieved
by bending the leads as in the case of axial lead resistors or DIPs, or by using thin
copper leads with a stand off mounting as with TOI18 or TOS transistors. Large
surface mounted components may require special consideration and the use of
either a special substrate or of mounting pillars designed to incorporate some
flexibility.

The aspect of thermal stability of most concern to the packaging engineer is Z
plane expansion, or changes in the thickness of the laminate. Z plane expansion
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in board laminates is always significantly greater than X and Y plane expansion
because there is no continuity of reinforcement through the thickness of the
boards and expansion of the resin is not constrained to the same extent as it is
along and across the board. This can cause problems on all types of boards. On
single-sided boards the component leads are normally passed through holes in the
board, bent over, and soldered to the copper pads. If the board material expands
more than the lead, the lead will deform or stretch to make up the difference, and
when the board contracts the component will be slightly loose. Then vibration
can cause the component leads to push the pads to which they are soldered off the
base laminate over a period of time. Phenolic paper based laminates, on which
the adhesion of the copper cladding to the base is less than that on an epoxy based
board, are particularly liable to suffer from this type of damage. Some
manufacturers of airborne equipments specify that all holes must be through-
plated to avoid the risk of detached pads.

Through-hole plated boards are not immune from the effects of Z plane
expansion. The differential expansion of the base laminate and the copper hole
barrels can cause cracking at the ‘knee’ where the surface copper turns to pass
through the hole. This is not usually a hazard on well made double-sided boards
of normal thickness, up to about 2 mm, but it is not uncommon after thermal
shock testing to find the pads are slightly depressed in their centres. The biggest
problems are found on multilayer boards, especially those which have been badly
designed and do not have pads round every hole on every layer. Pads on the
surface layers of boards are able to ‘creep’ slightly over the laminate and to ‘dish’
to accommodate the differential expansion, but pads on inner layers are bonded
on both sides and so are less free to deform. Thus the most usual site for thermal
damage on a thick multilayer board with a significant number of layers is where
the pads on the first layers in from the surface join the barrels of the holes. Some
users specify that these first layers in should be 2 0z copper to give added strength
at this highest stress point. Layers near the centre of the board are relatively
immune to this type of damage.

Omitting the pads so as to avoid the risk of cracking introduces a much greater
hazard. If a pad around a hole is omitted, there will be a clear area in the copper
pattern for the layer. When the board is bonded, resin from the bonding sheets
can flow into this clear area, but the glass reinforcement can not. Thus on the
finished board there will be a thin ring of unreinforced resin round the hole.
Whilst the Z plane expansion of the reinforced laminate is greater than X and Y
plane expansion, it is not as great as that of the unreinforced resin, so the rings of
resin round the holes will impose high local stresses on the hole barrels during
thermal shock or thermal cycling. Ultimately the barrels will crack at the resin-
rich rings. Putting a pad on every layer round every hole ensures that during
bonding maximum pressure will be exerted on the board at the hole sites, and
there should be no resin-rich zones to cause later reliability hazards.'"®

2.4 ELECTRICAL PROPERTIES—DC

In most applications the electrical properties of printed circuit boards can be
every bit as important as their mechanical properties, and the characteristics of
the tracks should be given as much consideration as their routing. The
characteristics of the tracks can be split into the DC properties, which apply at all
times, and AC properties which have an effect when there is a change in signal

Mechanical and Electrical Properties 29

level. The DC properties to be considered are the resistance of the tracks and their
ability to carry given levels of current, the surface resistance and 'dllelcclrlc
breakdown through the laminate which govern the allowable voltage differences
between tracks," %!

2.4.1 Resistance

With the increasing use of microelectronics, most tracks on printed circgn
boards carry low level currents between devices which can tolera'le substgr_mal
variations in signal voltage levels, and the resistance of the tracks is not critical.
However, digital logic boards and back wiring panels require power sqpply tracks
which may carry high currents, and on analogue boards the track resistance may
have to be controlled.

Track resistance, R, is measured in terms of the copper resistivity, g, and the
track dimensions of 1 (length), w (width), and t (thickness), such that

& R =pl/wt
A commonly used derived term is sheet resistance, which is
R,=p/t
R =RJl/w
Figure 2.1 shows the typical resistance of copper Lracking for half, one, two
and three ounce coppers at 25 and 100 degrees C, aqd Figure 2.2 shows the
resistance of plated-through holes in 1+6 mm thick laminate.
In all critical cases the cross-sectional area of the track should be calculated,

using worst case values, and the maximum resistance established 1_°rom the
resistivity of the metal. When a small tolerance can be allowed on the resistance, a
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Fig. 2.1 Resistance of copper tracks.
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it a minimum of 0-020 mm of copper on the hole walls. The cladding thickness
g should be between 0-033 and 0-037 mm. Cleaning and scrubbing can widen these
09 \ limits to 0-031 to 0-037 mm. Plating can add from 0-020 mm to 0-040 mm or
\ \ more, giving a total thickness of 0-051 mm to 0-078 mm. The track width may
0.8 N be increased by overplating or reduced by over etching, and film errors may vary
07 \ the width. Limits of 0-2 mm to 0-35 mm are quite reasonable, and yield areas of
0-0102 to 0-0234 mm? plus some allowance for tin-lead. At a resistivity of 18
\ \ nano-ohms per metre, the resistance of such a track could be from 1-8 ohms per
06 metre length down to well under half that figure.
\ The two most significant effects of track resistance are the heating of the track
o5 caused by power loss in the resistance, and the voltage drop along the tracks.
Curves of safe current levels for 10 and 20 degree temperature rise are shown in
045 Figure 2.3, and Figure 2.4 shows the voltage drop on boards made from 1 oz clad
= o4 \ laminate. Figure 2.4 includes allowances for manufacturing tolerances on the
2 \ metal thickness. Maximum current densities are usually well under 4,000 A per
Yoas square cm.
[¢)
8 o3
5 N
2 8-0
Sroms N
- AMPS
i \ /]
70 e
02 0-6mm P
HOLE 20z Cu 1
DIA 6-0 = —
| 09C RISE |~
015 \ 0-8mim|
| %
1 20zcy,
\ o ll olC F;ISAE | i
- [9)
1*6mi T-SH'nJ 4-0 al - =1
01 1 I L 1
115 20 25 30 40 50 60 70 80 pm 1] 10zcy
THICKNESS OF PLATING 9 / 11 1‘0°C RISE
Fig. 2.2 Resistance of through-plated holes in 1-6 mm laminate. |- =
2.0 7
sheet resistance of half a milliohm per square for one ounce copper can be used. 1
It must be noted that these are theoretical figures based on the resistivity of
copper and they do not include allowances for manufacturing tolerances. On 1-0) -
boards with plated-up tracks on the surface layers there can be a very wide spread
of actual values of resistance caused by the possible variations in thickness of the
copper plating and the presence of tin-lead. The tin-lead thickness may be

difficult to determine if the board is to be reflowed, and is best regarded as a
bonus which is not calculated but will lower the resistance of the tracks. 02 g IS D91 1o M2 & S B (20 (22 N2 6
As an example, one can consider the cross-sectional area of a track nominally TRACK WIDTH mm

0-3 mm wide on a through-hole plated board made from 1 oz clad laminate with Fig. 2.3 Safe currents in tracks on PCBs.
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Fig. 2.4 Voltage drop on tracks on PCBs.

2.4.2 Voltage Clearances

The surface resistance of board laminates is high, from about 1000 megohms
on phenolic paper to 10,000 megohms on epoxy glass, and the volume resistances
are about ten times these values per centimetre. Layer to layer voltage breakdown
on multilayer boards is usually tested at 1000 V. The only voltage problems
normally met on boards lie in the possibility of breakdown of surface resistance
caused by contamination, which depends on the working environment. For
normal dry environments free of conductive dust in significant quantities, a
spacing of 1 mm per 100 V is usually considered adequate. When AC mains
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voltages have to be accommodated on boards, clearances of around 4 mm are
normally allowed.

On most digital logic boards the limitations on track spacing are more likely to
be for ease of manufacture or because of cross-talk than for voltage clearance.
When it is necessary to calculate voltage clearances, an adequate allowance
should be made for manufacturing tolerances on track and pad widths and
positions, for the possible presence of any metallic particles between tracks, and
for the effects of any ionisable surface contamination. Any such ionisable
contaminants can conduct currents from track to track, which can cause the
growth of metallic whiskers on the board surface. These whiskers can reduce
voltage clearances to unacceptable levels, and can grow at quite low voltages over
a period of time.

2.5 ELECTRICAL PROPERTIES—AC'">%%!%!

Most tracks on printed circuit boards carry signals which change their level,
either continuously on analogue boards or more abruptly on digital boards. The
way in which the tracks influence these changing signals is determined by the
properties of inductance and capacitance (Figure 2.5) and their combination as a
line characteristic impedance. On short interconnections the track characteristics
can be ignored; on medium length connections the lumped characteristics of
inductance and capacitance have to be considered, whilst long connections must
be considered as transmission lines.

L R L R L R L R L R
_—cC Cc C C

' " I° I 1

il

Fig. 2.5 Electrical characteristics of a track on a PCB.

The ‘length’ of the connections is determined by the highest operating
frequency or, in the case of digital boards, by the rise or fall time of the pulses.
The higher the frequency or the faster the pulse edge, the shorter the tracks have
to be if the lumped characteristics are to be used instead of the characteristic
impedance. It must be noted that the ‘length’ is the effective electrical length, not
the measured mechanical length, and the effective electrical length depends on the
line characteristics.

In almost all AC calculations on printed circuit boards the resistance is low
enough to be ignored and lines can be treated as lossless other than on high Q
analogue circuits on which tracks will usually be kept down to the minimum
practical length of around 2 mm.

2.5.1 Capacitance

The capacitance of a single track on the opposite side of a board to an earth
plane can be calculated from the area of the track, the dielectric constant of the
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laminate, and the board thickness. Any such calculations must include
allowances for tolerances, so the result is at best an approximation. On practical
boards the capacitance of a track is difficult to calculate as the influence of
adjacent tracks must be taken into consideration, and often the back of the board
will carry other signal tracks and not an earth plane. Useful calculations of
capacitance are made more difficult by the fact that, when tracks are on the
surface layers of boards, part of the coupling between adjacent tracks is through
the air above the board. For very rough estimations, a value of 0-5 pF per cm can
be assumed for tracks about 0-3 mm wide on moderate density double-sided
digital logic boards. Precise calculations of capacitance are usually necessary only
on very high frequency analogue boards or microwave boards which are likely to
be multilayers with earth screening layers.
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Fig. 2.6 Inductance of tracks on PCBs.
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2.5.2 Inductance

The inductance of a track varies inversely with the ratio of thickness to width,
and inversely with the ratio of track size to separation from the return current
track. On most practical boards the precise value of inductance is not critical and
it is sufficient for the designer to appreciate that tracks do have measurable
inductance and hence if small value capacitors are mounted on spur tracks of
appreciable length the result is more likely to be an oscillatory circuit than a pure
capacitance.

On some analogue or line receiver circuits it may be necessary to incorporate
filter circuits with controlled values of inductance, often in the form of a spiral
track with connection to the centre made by a through-plated hole. The design of
such filters is beyond the scope of this book and for most printed circuit board
design work the curves of Figure 2.6 can be used to predict inductances.

2.5.3 Characteristic Impedance

The combined effect of the distributed capacitance and inductance of a track
makes the track appear as if it was a resistance to earth while it is carrying a
changing signal. When the voltage on the track changes, the line capacitance has
to charge or discharge through the line inductance, so a current flows in the line
during the change, the amplitude of the current being the voltage change divided
by the characteristic impedance (the effective equivalent value of the resistance to
earth) of the line.

Values of characteristic impedances for tracks on FR4 epoxy glass laminate are
shown in Figure 2.7, on which the dots mark the normally used dielectric
thicknesses for boards with 2, 4, 6 and 8 layers.

The distributed inductance and capacitance of a line delay the signals it carries
as shown in Figure 2.8, and both the characteristic impedance and the line delay
are functions of track width, laminate thickness, and dielectric constant. Delay
increases as the characteristic impedance is lowered, which happens when the
track width is increased or the dielectric thickness is lowered. Thus to maintain a
given electrical performance, a decrease in laminate thickness must be
compensated by the use of thinner tracks.

2.6 EFFECTS OF AC PROPERTIES

The AC properties of tracks on printed circuit boards can have critical effects
on the satisfactory working of the board. It is obvious that in high frequency
analogue work the inductance and capacitance of the tracks must be taken into
account. Whilst it is not so obvious, it is equally true that the board design can
have a significant influence on the working of digital logic circuits. Line
reflections can introduce delays into settling times, and cross talk and surge
currents can cause spurious switching. It is important that all who are involved in
printed circuit board design understand these critical AC effects.

2.6.1 Line Reflections®*'""

As the voltage on a line is changed a current must flow in the line and, when
this current reaches the end of the line, something must happen. If the end of the
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Fig. 2.7 Characteristic impedance of tracks on PCBs.

line is an open circuit, there can be no continuous current flow, so the line current
which was established by the charging of the line capacitance must be cancelled
by an equal and opposite current, which means the voltage on the open end of the
line must double when the initial change reaches the end.

If the line is connected to a resistor to earth whose value is equal to the line
impedance, the current flows into the resistor and there will be no reflection.

If the end of the line is a short circuit to earth, then there can be no voltage at
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Fig. 2.8 Propagation delay of tracks on PCBs.

the end, so a current must flow to discharge the line capacitance. Any such
reflected currents propagate back down the line at the speed shown in the graph
in Figure 2.8, until they arrive at the source which caused the initial voltage
change. If the impedance of this source matches the line impedance, there will be
no further reflections, but if it does not match then further reflections will occur
until ultimately the line will settle at a voltage determined by the values of source
and load impedances.

Reflection levels are easy to calculate when each end of the line has a resistive
termination but caiculations become more complex when the terminations are
semiconductor devices with non-linear input and output impedances. Then it is
easier to use a Jones diagram for graphical solution. For graphical solutions of
line reflections on digital circuits, the input and the high and low state output
characteristics of the devices are drawn superimposed on voltage and current axes
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Fig. 2.9 Determination of line reflections on a typical track interconnecting TTL gates.
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(see Figure 2.9). If any resistance on the track is ignored, the two steady states of
the system will be where the input curve crosses the low and high output curves at
V, and V,. The driven device will change its state at Vry. To find what reflections
will occur, lines are drawn at slopes which represent the line impedance.

A fairly typical line impedance on a board is 100 ohms, so drawing is eased if
the scales are chosen with 1 V equal to 10 mA. Then the track impedance lines for
100 ohms lie at 45 degrees to the axes. During a turn-on transition, the output of
the driving device tries to change from V, to V,, but, because it has to drive the
line impedance, it actually changes from V, to Vg, (the point at which the
100 ohm line crosses the low output curve). After one line delay, the receiving end
of the line will move towards this voltage, and its actual level is found by drawing
the reversed slope 100 ohm line from Vg, to Vg,. The line mismatch gives rise to
a further reflection, which results in a new voltage level Vg, at the driving end of
the line after two line delays. The process is repeated, with each end of the line
resting for two line delays at its successive level, until the 100 ohm slope lines are
close enough to V, for any further reflections to be ignored.

Similarly, on turn-off, the 100 ohm line from V, gives the first output level as
Vsu1, then the reverse slope line gives the first receiving end level at Viy;. The four
lower diagrams of Figure 2.9 show the voltage levels at sending and receiving ends
for the on and off transitions, with a time scale in line delay periods. These
sketches show what would be seen on a very long line with no discontinuities.

At first sight graphical solutions by Jones diagrams can seem very complicated,
but provided the scales are well chosen and care is taken to ensure that the input
and output characteristics are drawn with the current axes in the same sense, they
are very easy to use and will yield adequate accuracy for any practical designs. On
Figure 2.9, currents to the right of the vertical axis are from sending end to
receiving; to the left of the axis the current flow is in to the driving device. With
this convention, all sending end levels occur where a positive slope resistance line
crosses an output curve, and receiving end levels are where a reverse slope line
crosses the input curve.

The TTL characteristics used in Figure 2.9 show that the input is very high
impedance relative to the line, whilst the low state output is very low impedance
and the reflections during turn-on are limited by the diodes to the substrate
formed by the planar diffusion of the integrated circuit. Only the high state
output gives a reasonable match to the line impedance likely to be found on a
printed circuit board. Figure 2.10 shows the effect of using a line impedance
significantly higher than that of the high state output. During turn-off the first
sending end level is higher, and the first receiving end level is well above the
normal high level. The expanded sketch on the right shows how the input and
output impedance curves are not actually superimposed, but lie very close
together so the overshoot voltage on the line decays very slowly to the normal
level by multiple reflections. This decay of an overshoot can also be visualised as
the discharge of the line capacitance through the leakage of the cut-off transistors
at each end of the line. The turn-on lines on Figure 2.10 have been drawn starting
from the overshoot level of the first reflection instead of from the normal high
level to demonstrate that any such overshoot has virtually no effect on turn-on.

Figure 2.11 shows the effect of the use of a low line impedance, and it can be
seen that this introduces delays at the switching threshold level and the turn-off
edge changes from a sharp edge to a long staircase, which on practical boards
appears as a rounding of the pulse edge.
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Fig. 2.10 Reflections on a high impedance line.

Figures 2.10 and 2.11 demonstrate clearly that, if the line impedance can not be
matched to the high state output impedance of saturated digital logic devices,
then it is very much better to use a high impedance line. For satisfactory electrical
performance, the use of lines of low impedance should be avoided whenever
possible.

While TTL characteristics have been used for these examples, similar principles
can be applied with other types of device to determine the optimum line
impedance to be used. ECL devices usually require controlled line impedance of
50 ohms; fast versions of DTL and RTL are similar to TTL, and MOS devices are
of very high impedance and are sensitive to any track capacitance rather than to
line impedance.

Any change of track width or discontinuity such as a via hole in the track will
cause some reflections, but in most practical cases on digital logic boards there
are so many such discontinuities that any calculations become impossibly
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Fig. 2.11 Reflections on a low impedance line.

complex and the overall effect appears as a slight lowering of the line impedance.
On very high speed digital circuits the effects of these discontinuities in tracks can
be detected, but if reasonable care is taken in the design of the board they will be
at a level which can be ignored.

Any branches in a track will also form discontinuities. If the branch is short, it
and the device it feeds can be regarded as a local capacitive load on the line, but a
long branch will appear in parallel with the main track, halving the effective
characteristic impedance beyond the junction. Similarly, it has to be borne in
mind that if the device which drives a track is placed in the middle of the run of
track, its output will ‘see’ two equal line impedances in parallel. Some
appreciation of such transmission line properties is essential if package placement
and track routing are to be carried out properly to produce board designs which
will have good electrical performance. It is worth noting that transmission line
effects are ignored in most CAD programs for package placement.
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It should be noted that any reference to line length is to the effective electrical
length of the line, not to its physical length. A line is said to be of critical length
when the delay along the line is half the rise time of the signal it carries, and a
short track is any track less than one tenth of the critical length. When a change in
voltage is applied to a line, the voltage at the driving end changes to a value
determined by the ratio of the source and line impedances, then the voltage at the
receiving end changes after one line delay period. Any reflection back to the
driving end will arrive there after two line delays, and so on, so that on a line of
critical length each voltage level of the reflections will be fully established, but
will immediately start to change again. On short lines, the full levels will not be
reached, whilst on lines of over critical length there will be a pause at each
reflection level.

8,11

2.6.2 Surge Currents

Section 2.6.1 shows how, when a digital logic device changes its state, a current
significantly higher than normal will flow in the track connecting the device to
those it drives.

The duration of these surge currents depends on the line length, and if the
tracks on the board approach critical length it will usually be necessary to provide
decoupling capacitors adjacent to the devices which drive the line to provide the
instantaneous current requirements.

The surge current in a line must be accompanied by an equal and opposite
current in the earth return path, and this return current can cause malfunctioning
of the circuit. Devices which are not concerned with the signal being considered
may be connected to the earth line along the portion carrying the return surge
current, and any such devices will experience a disturbance to their earth level
during the surge. This disturbance will affect the earth to input signal levels of the
device, and may be sufficient to cause spurious switching.

Any such spurious switching may mistakenly be thought to be caused by cross-
talk, since an oscilloscope with its probe connected normally between the earth
and signal pins of the affected device will show the disturbance on the signal,
which is seen relative to the moved earth level. Unfortunately, all the steps which
might be taken to cure cross-talk, other than reducing line length, will tend to
increase the surge current, if they have any effect at all. The only sure cures for
such surge currents are a complete re-package of the board, a reduction in track
lengths, or a raising of the characteristic impedance either by increasing the
dielectric thickness or by using narrower tracks. Increasing the width of the earth
return track will make a slight improvement, but not pro rata to the increase in
width since this is an AC effect and it is the characteristic impedance of the earth
line which governs the amplitude of the disturbance, not its DC resistance.

Attempts to cure surge current problems on double-sided boards by the use of a
multilayer board with internal power and earth planes may not succeed because
the increase in line surge current caused by the lowered line impedance and the
increased propagation delay is unlikely to be balanced by the improvement in the
earth return path. It must be remembered that an earth plane in a digital logic
PCB is not a continuous sheet of copper, but is interrupted by package pin and
via holes with often only very narrow tracks between the holes. Its effective
characteristic impedance to a high speed signal may be well over half that of a
surface earth return track. Even if a change from a double-sided board to a
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multilayer does result in a reduction in the earth return surge voltage, it is unlikely
to justify the increased board costs.

Surge current effects should not need to be cured; they should be designed out
by the use of short, high impedance lines and a package placement which
minimises the risk of earth return interference effects. The use of the highest
packing density practicable with short tracks will help to minimise surge current
effects, but it may increase the risk of cross-talk.

2.6.3 Cross-talk"®'*"

When two tracks run parallel on a PCB, a signal on one, the signal line, can be
fed into the other, the pick-up line, by capacitive and electro-magnetic coupling.
A backward cross-talk signal will be detected at the ‘sending’ end of the pick-up
line and forward cross-talk will be detected at the ‘receiving’ end. Note that
‘sending’ and ‘receiving’ end refer to the ends of the signal line (see Figure 2.12).

I

D Signal line —» D
\Pick-up line /
Backward Forward
z cross-talk cross-talk Zg
S
= vg= KgE VE= -Kp L dE/dt =

_/-\x/__\/_/L

Fig. 2.12  Cross-talk definitions and waveforms.

The maximum amplitude of the back cross-talk is given by the amplitude of the
signal causing the cross-talk multiplied by the cross-talk coefficient from Figure
2.13, whilst forward cross-talk is the product of coupled line length, the slope of
the driving pulse, and the cross-talk coefficient from Figure 2.14.

Forward cross-talk on practical boards is usually small enough to be ignored,
but it should be noted that it does not limit at the critical length.

Values of cross-talk calculated as in Figure 2.12 apply when the pick-up line is
terminated with resistors whose value matches the line impedance. If there is a
mismatch reflections will occur and, since the input to most digital logic devices
can be regarded as an open circuit compared to a typical track impedance, the
value of the cross-talk signal will be doubled at a device input.
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Fig. 2.13 Back cross-talk coefficients

Back cross-talk occurs as the edge of the driving pulse propagates along the
line. When the pulse reaches the end of the line a reflection occurs and the cross-
talk signal is cancelled. Thus on lines of over critical length the length of the
cross- talk pulse is determined by the line length but on lines of less than critical
length the pulse will not rise to its full amplitude before it is cancelled by the
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Fig. 2.14 Forward cross-talk coefficients.

reflection. From Figure 2.13 it can be seen that back cross-talk can be decreased
by increasing the separation between tracks or by decreasing the dielectric
thickness as well as by keeping tracks shorter than the critical length. The simplest
control over back cross-talk is to keep the normal track separation at a value
which will keep the amplitude of any back cross-talk below the switching
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Fig. 8.4 Selective plating masks.


































































Fig. 12.7 Solder joints on unplated boards.





































































