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[Part 1 begins a look at grounding: when to consider it, how chassis
materials affect 1t, and the problem of ground loops. Part 2 discusses
power supply returns and 1/0 signal grounding. Part 3 covers inter—board
interface signals, star grounding, and shielding. ]
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1.1.12 The safety earth

A brief word is in order about the need to ensure a mains earth connection,
since it is obvious from the preceding discussion that this requirement
is frequently at odds with anti—interference grounding practice. Most
countries now have electrical standards which require that equipment
powered from dangerous voltages should have a means of protecting the user
from the consequences of component failure. The main hazard is deemed to
be inadvertent connection of the live mains voltage to parts of the
equipment with which the user could come into contact directly, such as
a metal case or a ground terminal.
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Imagine that the fault is such that it makes a short circuit between live
and case, as shown in Figure 1.20. These are normally isolated and if no
earth connection is made the equipment will continue to function normally

but the user will be threatened with a lethal shock hazard without knowing
it. If the safety earth conductor is connected then the protective mains
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fuse will blow when the fault occurs, preventing the hazard and alerting
the user to the fault.

R N IXFERME, BIFEKEMSb ez [ 2L TR, Wik 1,20 fon. K&
MAPFEIEF GO R0, WA R, AR RS IR THE, HR I
FEANGNE B 564 32 30 Beam s e (BN o a0 SRIERE 1 22 i Ak, B4 & R i
T 0TI AR 2R AR MR A AR o W, AT B LS 3 R A, IR REHR R 7 b 1
Blo

Internal fault can connect live to case

‘"
W/

zZr

Exposed
Terminals

Conductive Case

®
FIGURE 1.20 The need for a safety earth
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For this reason a safety earth conductor is mandatory for all equipment
that is designed to use this type of protection, and does not rely on extra
levels of insulation. The conductor must have an adequate cross—section
to carry any prospective fault current, and all accessible conductive
parts must be electrically bonded to it. The general requirements for
earth continuity are:
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e The earth path should remain intact until the circuit protection
has operated.

e The impedance should not significantly or unnecessarily restrict
the fault current.
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As an example, EN 60065 requires a resistance of less than 0.5 Q at 10

A for a minute. Design for safety is covered in greater detail in Section
9. 1.
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1.2 WIRING AND CABLES

This section will look briefly at the major types of wire and cable that
can be found within typical electronic equipment. There are so many
varieties that it comes as something of a surprise to find that most
applications can be satisfied from a small part of the range. First, a
couple of definitions: wires are single—circuit conductors, insulated or
not; cables are groups of individual conductors, separately insulated and
mechanically contained within an overall sheath.
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1.2.1 Wire types

The simplest form of wire is tinned copper wire, available in various
gauges depending on required current—carrying capacity. Component leads
are almost invariably tinned copper, but the wire on its own is not used
to a great extent in the electronics industry. Its main application was
for links on printed circuit boards, but the increasing use of
double-sided and multilayer plated—through—-hole boards makes them
redundant.
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Tinned copper wire can also be used in rewirable fuselinks. Insulated
copper wire is used principally in wound components such as inductors and
transformers. The insulating coating is a polyurethane compound which has



self-fluxing properties when heated, which makes for ease of soldered
connection, especially to thin wires.
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Table 1.2 compares dimensions, current capacity and other properties for
various sizes of copper wire. In the UK the wires are specified under BS
EN 13602 for tinned copper and BS EN 60182 (IEC 60182-1) for enamel
insulated, and are sold in metric sizes. Two grades of insulation are
available, Grade 1 being thinner; Grade 2 has roughly twice the breakdown
voltage capability.
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Table 1.2 Characteristics of Copper Wire

Wire size (mm diameter) 16 1.25 0.71 0.56 0.315
Approx. Standard Wire Gauge 16 18 22 24 30
(SWG)

Approx. American Wire Gauge 14 16 21 23 28
(AWG)

Curment rating (amps) 22 12.2 3.5 25 0.9
Fusing current (amps) 0 45 25 17 9
Resistance/meter at 20°C (W) 0.0085 0.014 0.043 0.069 0.22
Inductance of 1 meter length (uH) 1.36 1.41 1.53 1.57 1.69

Wire inductance

We mentioned earlier that any length of wire has inductance as well as
resistance. The approximate formula for the inductance (L) of a straight
length of round section wire at high frequencies is
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where: /and d are length and diameter respectively, />> d and K is 0. 0051
for dimensions in inches or 0.002 for dimensions in cm.
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This equation is used to derive the inductance of a 1 m length (note that
this is not quite the same as inductance per meter) in Table 1.2 and you
can see that inductance is only marginally affected by wire diameter. Low
values of inductance are not easily obtained by adding cross—section and
the reactive component of impedance dominates above a few kiloHertz
whatever the size of the conductor.
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A useful rule of thumb is that the inductance of a one inch length of
ordinary equipment wire is around 20 nH and that of a one centimeter length
is around 7 nH. This factor becomes important in high—speed digital and
RF circuits where performance is limited by physical separation, and also
in circuits where the rate—of-change of current (di/dt) is high.
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Equipment wire

Equipment wire is classified mainly according to its insulation. This
determines the voltage rating and the environmental properties of the wire,
particularly its operating temperature range and its resistance to
chemical and solvent attack. The standard type of wire, and the most widely
available, is PVC insulated to BS 4808 which has a maximum temperature
rating of 85° C. As well as current ratings at 25° C you will find
specifications at 70° C; these allow for a 15° C temperature rise, to the
maximum rated temperature, at the specified current. Temperature ratings
of 70° C for large conductor switchgear applications and 105° C to
American and Canadian UL and CSA standards are also available in PVC. PTFE
is used for wider temperature ranges, up to 200° C, but is harder to work
with.
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Other more specialized insulations include extra—flexible PVC for test
leads and silicone rubber for high temperature (150° C) and harsh
environments. Many wires carry military, telecom and safety authority
approval and have to be specified on projects that are carried out for
these customers.
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Table 1.3 is included here as a guide to the electrical characteristics
of various commonly available PVC equipment wires. Note that the published
current ratings of each wire are related to permitted temperature rise.
Copper has a positive temperature coefficient of resistivity of 0.00393
per ° C, so that resistance rises with increasing current; using the room
temperature resistance may be optimistic by several per cent if the actual
ambient temperature is high or if significant self-heating occurs.
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Table 1.3 Characteristics of BS 4808 Equipment Wire

Wire size (no. of strands/

mm diameter) 1/0.6 7/0.2 16/0.2 24/0.2 32/0.2 63/0.2
Resistance (/1000m at 64 88 38 255 19.1 9.7
20°C)

Current rating at 70°C (A) 1.8 14 3.0 45 6.0 11.0
Current rating at 25°C (A) 3.0 20 4.0 6.0 10.0 18.0
Voltage drop/meter at 25°C 192 176 152 153 191 175
current (mV)

Voltage rating (KV) 1 1 1 15 1.5 1.5
Overall diameter (mm) 1.2 1.2 1.55 24 2.6 3.0
Near equivalent American 23 24 20 18 17 15
Wire Gauge (not direct

equivalent)

Wire—-wrap wire

A further specialized type of wire is that used for wire—wrap construction.
This is available primarily in two sizes, with two types of insulation:
Kynar®, trademark of Pennwalt, and Tefzel®, trademark of Du Pont. Tefzel
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is the more expensive but has a higher temperature rating and is easier
to strip. Table 1.4 lists the properties of the four types.
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Table 1.4 Characteristics of Wire-wrap Wire

Kynar: 30 AWG 26 AWG Tefzel: 30 AWG 26 AWG
Conductor diameter (mm) 0.25 0.4 0.25 0.4
Maximum sendce 105 105 155 155
temperature {°C)
Resistance/m at 20°C (W) 0.345 0.136 0.345 0.136
Voltage rating (V) - = 375 375
Current rating at 50°C (A) - - 26 45

Table 1.2 Characteristics of Copper Wire
K12 HIZRERRE

1. 2.2 Cable types
Ignoring the more specialized types, cables can be divided loosely into

three categories:
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e power;
e data and multicore;
[ ) RF.
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1. 2. 3 Power cables

Because mains power cables are inherently meant to carry dangerous
voltages they are subject to strict standards: in the UK the principal
one is BS 6500. International ones are IEC 60227 for PVC insulated or IEC
60245 for rubber insulated. These standards have been harmonized
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throughout the CENELEC countries in Europe so that any equipment which
uses a cable with a harmonized code number will be acceptable throughout
Europe.
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BS 6500 specifies a range of current ratings and allows a variety of sheath
materials depending on application. The principal ones are rubber and PVC;
rubber is about twice the price of PVC but is somewhat more flexible and
therefore suitable for portable equipment, and can be obtained in a
high-temperature HOFR (heat and oil resisting, flame retardant) grade.
The current—carrying capacities and voltage drops for DC and single-phase
AC, and supportable mass are shown in Table 1. 5.
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Table 1.5 Characteristics of BS 6500 Mains Cables

Cross-sectional area (mm?) 0.5 0.75 1.0 1.25 15 25

Cument-carrying capacity (A) 3 6 10 ; i6 25

Valtage drop per amp per metre (mV) Qa3 62 46 37 32 19

Maximum supportable mass (kg) 2 3 5 5 5

Correction factor (CF) for ambient temperature:

60°C rubber and PVC cables: Temp. 35°C 40°C 45°C 50°C 55°C
CF 0.92 0.82 0.71 0.58 0.41

85°C HOFR rubber cables: Temp. 35-50°C 55°C 60°C 65°C 70°C
CF 1.0 0.96 0.83 0.67 047

Source: IEE Wiring Reguiations 17" Edition

Unfortunately, American and Canadian mains cables also need to be approved,
but the approvals authorities are different (UL and CSA). Cables
manufactured to the European harmonized standards do not meet UL/CSA
standards and vice versa. So, if you intend to export your mains—powered
equipment both to Europe and North America you will need to supply it with
two different cables. The easy way to do this is to use a CEE-22 6—amp
connector on the equipment and supply a different cable set depending on
the market. This practice has been adopted by virtually all of the
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large-volume multi-national equipment suppliers with the result that the
CEE-22 mains inlet is universally accepted. There are also several
suppliers of readymade cable sets for the different countries!
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The alternative, widely used for information technology and telecoms
equipment, is to use a “wall-wart” plug top power supply and provide
different ones for each market, so that the cable carries low—-voltage DC
and no approved mains cable is needed.
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1. 2.4 Data and multicore cables

Multicore cables are used when you need to transport several signals
between the same source and destination. They should never be used for
mains power because of the hazards that could be created by a cable failure,
nor should high—power and signal wires be run within the same cable because
of the risks of interference. Conventional multicore is available with
various numbers of conductors in 7/0.1 mm, 7/0.2 mm and 16/0.2 mm, with
or without an overall braided screen.
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As well as the usual characteristics of current and voltage ratings, which
are less than the ratings for individual wires because the conductors are
bunched together, inter—conductor capacitance is an important

consideration, especially for calculating crosstalk (to which we return
shortly). It is not normally specified for standard multicore, although
nominal conductor—to—screen capacitances of 150 - 200 pF/m are sometimes
quoted. For a more complete specification you need to use data cable.
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Data communication cables

Data cables are really a special case of multicore, but with the explosion
in data communications they now deserve a special category of their own.
Transmitting digital data presents special problems, notably:
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e the need to communicate several parallel channels at once, usually
over short distances, which has given rise to ribbon cable;

e the need to communicate a few channels of high—speed serial data
over long distances with a high data integrity, which has given rise
to cables with multiple individually screened conductor pairs in
an overall sheath which may or may not be screened.
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Inter—conductor capacitances and characteristic impedances (which we
will discuss when we come to transmission lines) are important for digital
data transmission and are quoted for most of these types. Table 1.6
summarizes the characteristics of the most common of them.
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Table 1.6 Characteristics of Data Transmission Cables

Cable type Ribbon: Round:
Straight Twisted pair Type A Type B

Inter-conductor capacitance 50 72 40-115 41-98

(pF/m)

Conductor-screen - - 66-213 72-180

capacitance (pF/m)

Characteristic impedance (€)) 105 105 - 50

Voltage rating (V) 300 300 300 30

Type A: multi-pair/multicore overall foll screened cable.

Type B: multi-palr indvidually foll screened cable

Structured data cable

One particular cable application which forms an important aspect of data
communications is so—called “structured” or “generic” cabling. This is
general—purpose datacomms cable which is installed into the structure of
a building or campus to enable later implementation of a variety of telecom
and other networks: voice, data, text, image and video. In other words,
the cable’ s actual application is not defined at the time of installation.
To allow this, its characteristics, along with those of its connectors,
performance requirements and the rules for acceptable routing
configurations, are defined in ISO/IEC 11801 (the US TIA/EIA-568 covers
the same ground).
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Equipment designers may not be too interested in the specifications of
this cable until they come to design a LAN or telecom port interface; then
the cable becomes important. The TIA/EIA-568 (both ISO/IEC 11801 and EN
50173 have similar specifications) parameters for the preferred 100 U
quadpair cable are shown in Table 1.7. The standard allows for a series
of categories with increasing bandwidth. Cat 5 and Cat 5e are popular and
have been widely installed.
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Table 1.7 Characteristics of TIA/EIA-568 (ISO/IEC 11801) 100 Q Quad-Pair Cable
Freq.(MHz) Cat3 Cat5s Cat 5e Caté

Bandwidth (MH2) 16 100 100 250

Characteristic 0.1 75-150Q 75-150 Q N/A N/A

impedance >1 100+ 15Q 100+ 15Q 100+£15Q 100+15Q

Attenuation dB/100m 0.256 1.3 1.1 1.1 N/A
1.0 2.6 21 2.1 2.0
4.0 5.6 43 4.3 3.8
10 9.8 6.6 6.6 6.0
16 13.1 8.2 8.2 7.6
31.25 N/A 118 11.8 10.7
62.5 N/A 174 17.1 15.4
100 N/A 220 22.0 19.8
200 N/A N/A N/A 29.0
250 N/A N/A N/A 32.8

Capacitance unbalance 1 kHz 3400 3400 330

pF/km pF/km pF/100m

DC loop resistance N/A | ——————— 19.2Q/100 m, max. unbalance 3% ——————————

Return loss dB 1-10 12 23 20 + Sleg(f)

at 100m cable length  10-20 12-10log(f/1) 23 25 25
20-100 N/A 23-10log(f/20)  25-7log(f/20)
200 N/A N/A N/A 18.0
250 N/A N/A N/A 17.3

Other characteristics, particularly mechanical dimensions, crosstalk
performance (extended for Cat 5e and 6), and propagation delay skew are
also defined in the standard.
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Shielding and microphony
Shielding of data and multicore falls into three categories:
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e copper braid. This offers a good general-purpose electrical shield
but cannot give 100% shield coverage (80 -95% is typical) and it
increases the size and weight of the cable.

e tape or foil. The most common of these is aluminized Mylar. A drain
wire is run in contact with the metallization to provide a
terminating contact and to reduce the inductance of the shield when
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it is helically wound. This provides a fairly mediocre degree of
shielding but hardly affects the size, weight and flexibility of
the cable at all.

e composite foil and braid. These provide excellent electrostatic
shielding for demanding environments but are more expensive — about
twice the price of foil types.
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For small-signal applications, particularly low—noise audio work,
another cable property is important — microphony due to triboelectric
induction. Any insulator generates a static voltage when it is rubbed
against a dissimilar material, and this effect results in a noise voltage
between conductor and screen when the cable is moved or vibrated.
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Special low—noise cable is available which minimizes this noise mechanism
by including a layer of low-resistance dielectric material between braid
and insulator to dissipate the static charge. When you are terminating
this type of cable, make sure the low-resistance layer is stripped back
to the braid, otherwise you run the risk of a near short circuit between
inner and outer.
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