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UNIT 11
EMI COUPLING
MECHANISM

2-1 ELECTROMAGNETIC FIELD SOURCES AND
COUPLING PATHS

Coupling Path Classifications:

1) Conductive coupling - a conductive path exists between
the emitter and the receptor (power cords, ground
returns, interface cables, cases, etc.)

2) Radiative coupling - no conductive path exists between
the emitter and the receptor (electromagnetic
coupling), the receptor lies in the far-field of the
emitter, ~the .emi ‘wradiati xfieégt'ﬁas 1/
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and the receptor.

3) Inductive (magnetic) coupling - no conductive path
exists between the emitter and the receptor
(electromagnetic coupling), the receptor lies in the
near-field of the emitter where the magnetic field is
dominant, the proximity of the emitter and receptor
leads to "mutual coupling” (the emitter radiation is
affected by the presence of the receptor).

4) Capacitive (electric) coupling - no conductive path
exists between the emitter and the receptor
(electromagnetic coupling), the receptor lies in the
near- field of the emitter where the electric field is
dominant, the proximity of the emitter and receptor
leads to "mutual coupling” (the emitter radiation is
affected by the presence of the receptor).
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2-1-1 Radiation Coupling

The Radiation coupling between an emitter and a
receptor results from a transfer of electromagnetic energy
through a radiation path. Various types of radiation coupling
are,

e Coupling of natural and similar electromagnetic
environment to the receptor, such as a power line. The
power transmission line here acts as a receiving
antenna. A receptor may also receive electromagnetic
environmental noise or interference through exposed
connectors (or connections) and from exposed signal or
other lines in the equipment or circuit.

e Coupling of electromagnetic energy from nearby
equipment via direct radiation.

P | | Rediated caupling fesUiis Whed electromagneticenérgy-—

is emitted from a source, propagates to the far-field, and
induces voltages and currents in another circuit. Unlike
common impedance coupling, no conducted path is required.
Unlike electric and magnetic field coupling, the victim circuit
is not in the electromagnetic near field of the source. Radiated
coupling is the only possible coupling mechanism when the
source and victim circuits (including all connected conductors)
are separated by many wavelengths.

2-1-2 Conduction Coupling

The conduction coupling between an emitter and a
receptor occurs via a direct conduction path between the
emitter and receptor. Examples of such coupling are:
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e Interferences can be carried by power supply lines
when emitter and receptor operate from the same power
supply line. For example, common mains power supply
is a frequent source of conducted interference.

e Interferences are also carried from emitter to receptor
by signal or control lines, which are connected between
the two.

2-1-3 Combination of Radiation & Conduction

A combined result of the above two basic interference
coupling mechanisms, radiation and conduction, is a most
common source of electromagnetic energy coupling. Examples
for interference coupling are

e Coupling of electric and magnetic fields in cable
harnesses and multi conductor transmission lines and so
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e Radiation from an emitter picked up by the power
supply lines and/or signal lines connected to other
equipment (this interference enters the receptor as a
conducted interference on these power and signal
lines).

e Radiation from power transmission lines (especially
strong transients or surges) and from signal or control
cables coupling into the power or signal cables
connected to other equipment.

The interference coupling in cable harnesses, multi
conductor transmission lines and closely spaced wires on
printed circuit boards is a result of the inductive coupling or
capacitive coupling of electromagnetic energy. The inductive
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coupling between two loops (current carrying conductors) is
predominant in low series impedance circuits and at lower
frequencies.

Emitter Receptor

@— .

Signal or control panel

PeEl EN&H@@MLLEGE

Power line

Figure: 2-1 Electromagnetic coupling between emitter and receptor

The capacitive transfer of interference occurs in the
presence of high impedance to ground, and is more
predominant at higher frequencies; Apart from a reactive
transfer of interference, a resistive transfer may also take place
through voltage drop in common ground path between two
equipment. The voltage drops across common ground
impedance caused by a current flow in one circuit acts as an
interference signal source to the second circuit. The
interference current so generated is conducted along the line
and presents itself at the load terminals of the neighboring
circuit.
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Radiation of electromagnetic energy can occur when
cables or signal transmission lines are poorly shielded.
Radiation may also occur from exposed wires carrying signals,
especially in printed circuit boards, and at exposed solder
joints. In a transmission line connected to a source at one end,
and terminated in an arbitrary load at the other end, there are
three main components of the electromagnetic energy. These
are

1) Axial wave transferring signal power from its source to
the load.

2) A radial component supplying line losses.

3) A radiated wave which represents losses into the
surrounding space.

The first component also readily offers a path for

conducted interferences. The last path, which facilitates
iationfcobpling, li resignifi thighfrequerici sv@e?
F: sj[-)atl;igr%k'?e%\,mt:amrn lines i ccgrr?glﬂrlbﬁ;[o h

wavelength. Radiation coupling is also a significant factor in
digital circuits where sub microsecond and sub-nanosecond
pulses are involved. In case of steady state excitation with a
waveform represented by a harmonic function, the strength of
interfering signals received via radiation depends on the ratio
of a distance between the conductors to the line length. In case
of an excitation of a line by a pulse, the radiation coupling
depends on the ratio of the distance between conductors to the
pulse duration

2-2 COUPLING VIA THE SUPPLY NETWORK

Power-line coupling, in which either radiated EMI
picked up by power lines or transients directly generated on the
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power lines couple to the victim’s power cable and from there
to victim circuits.

Low voltage (up to 1000V) electric power supply lines
in several countries are three-wire lines. The three wires are the
line (or phase), neutral, and safety ground conductors. The
distance between the equipment/apparatus connected to the
power supply line, and the actual location of electrical earth is
small. In this situation, common-mode surges, and
interference, would be smaller than the differential-mode
interferences.

In power distribution systems with two-wire lines, the
bond between neutral and earth is located remotely, or far
away, from the service entrance to the building. In this case, the
common-mode interferences would predominate over the
differential-mode interferences.

252-h Trdnientslonpower slpply Liles = G E

Electrical transients and other disturbances are induced
in the power supply lines as a result of natural electromagnetic
phenomena, and from the operation of a variety of equipment.
The most common natural phenomena of lightning can induce
transients on overhead power supply lines either by a direct
strike, or by way of induction from a strike on a nearby
structure. Machine operations such as local load switching,
switching-off or switching-on of heavy electrical equipment,
motor control activation, arc welders, and industrial cranes can
induce substantial electrical transients in the power supply
lines.

Transients can appear on the AC power line as a
transient voltage difference between the phase and neutral
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conductors, between the line and ground conductors, or
between the neutral and ground conductors. A digital
oscilloscope with a pair of voltage probes can be used to
measure the voltage Vpc between the phase and ground
conductors, and the voltage Vne between the neutral and
ground conductors. When the probe detects a transient, the
oscilloscope is triggered and the data are sent to a computer for
storage and processing.

2-2-2 Propagation of Surges in Low-Voltage AC
Lines

In the transmission line behavior, a distinction has to be
made between two concepts: surge impedance of the
transmission line, and impedance of the line to the surge. The
first is the classical transmission line parameter, also called

"characteristic impedance" Z, = ,/L/Cand applies for long
P G RN T Erg@ e
frequency. The second, impedance to the surge, 1S indee
dependent on the line length, and is the impedance of the
complex (real and imaginary) network of distributed
parameters, R, L, and C, of the wiring configuration. This
impedance is also dependent on the frequency, so that rigorous
analysis would involve computation over the frequency
spectrum of the impulse of interest. For practical applications,
it would be more convenient, to define the impedance of a line
to the surge as the ratio of voltage to current Consider the

following points for evaluating surge protection schemes:

a) Surge propagation in wiring systems should be
considered as a case of classical transmission lines only
if the lines are long enough to contain the surge front.
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b) For typical voltage or current surges produced by
lightning or switching, the surge impedance

(characteristic impedanceZ, = /L/C) is not the
significant parameter. Rigorous analysis requires
considering the frequency spectrum of the impulse and
the line impedance at the significant frequencies of that
spectrum.

c) Isolating power transformers are intended to serve as
ground isolators, or ground-loop breaks. They do not
provide appreciable attenuation of line-to-line
transients unless they are operating with their series
reactance combined with a well-defined shunt load on
the secondary

d) Ferro-resonant line conditioners can provide
attenuation of fast line-to-line transients with ratios of

PET RMEREERRIG R ECE

e) The connection options for surge suppressors must be
matched to the protection requirements for optimum
protection at minimum cost. Universally applicable
solutions always tend to be more expensive.

f) Careful design is required for impulse generators.
Improvisation can lead to meaningless results and
wasted time.

g) In testing for surge protection evaluation, the timing of
the surge with respect to the power line frequency can
be significant.

h) The pure and sanitary test waves specified by test
standards are intended to obtain reproducible results
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rather than to duplicate surges occurring in reality.
Complex wiring system (within a building or within
equipment) will promptly transform the pure wave
form into a distorted form, but that does not prevent
consistent results, since an agreement exists on the
initial test wave.

2-3 INDUCTIVE AND CAPACITIVE COUPLING

2-3-1 Inductive Coupling

Inductive (magnetic) coupling - no conductive path exists
between the emitter and the receptor (electromagnetic
coupling), the receptor lies in the near-field of the emitter
where the magnetic field is dominant, the proximity of the
emitter and receptor leads to "mutual coupling” (the emitter
radiation is affected by the presence of the receptor).

PETENGINEERING QL EGE

it produces a magnetic flux proportional to the current. This
magnetic flux may induce noise voltage (VN) into an adjacent
channel, generating a loop current in the disturbed circuit. This
type of coupling is one of the most common. The geometry of
the conductors, as well as the geometric range between two
lines in space, determines the value of Lmuwa and,
consequently, the intensity of the inductive coupling. Another
important factor is the environment that contains the lines. For
example, metallic raceway or cable tray can help attenuate or
propagate unwanted signals beyond the initial source of
interference.

In order to reduce the effect of inductive coupling
between circuits, it is important to maintain cable geometry
along the entire channel length and to keep adequate separation
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between circuits. The intensity of the magnetic field is directly
proportionate to the current present in the disturbing channel
(i.e., power line) and inversely proportionate to the distance
between the lines (i.e., power lines and telecommunications

lines).
I'rrmull
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Figure 2-2 Inductive coupling between a power line and a

FJ t nne ,
A time varying external current ii(t) generates a
magnetic field B(t), which induces a disturbing voltage Udist(t)
in a neighboring circuit. In an equivalent circuit model this may
be described by a coupling of both circuits via a coupling
inductance M. The voltage uaist(t) generates a common mode
current i2(t), which itself generates a magnetic field to weaken
the external field. The current ix(t) is superimposed on the
currents of the disturbed system and may lead to malfunctions
of the system. The coupling of magnetic fields of the different
systems can be modeled by an equivalent circuit model by

mutual inductances of the coupled circuits.
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Figure 2-3 Inductive coupling, Field model (left) and
Equivalent circuit (right).

The strength of the coupling depends mainly on three
parameters:

e The magnitude of the disturbing current

e The distance between source and drain

e __The frequenc ofthedlsturbm fie
TELUEB NEINEERING COLL EGE

ing S|gnal becomes Iarge and significant I

The currents of the external circuits are large
e The currents of a go-and-return line are unbalance.
e The circuits are close together and cover a large area.

e The signals of the external circuit vary rapidly in time
and therefore have large high-frequency content.

Inductive coupling, however, may also be useful in
controlling disturbance. If the installation of cable trays and
coaxial cables is done properly, (i.e. they are reliably connected
with short connections with low impedance, also at high
frequencies) they provide shielding of the cables (via inductive
coupling) against external magnetic fields, especially at higher
frequencies.
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2-3-2 Capacitive Coupling

Capacitive (electric) coupling - no conductive path
exists between the emitter and the receptor (electromagnetic
coupling), the receptor lies in the near- field of the emitter
where the electric field is dominant, the proximity of the
emitter and receptor leads to "mutual coupling” (the emitter
radiation is affected by the presence of the receptor).

Capacitive coupling is represented in Figure 2-4 as a
simplified, discrete model of distributed coupling. Capacitive
coupling occurs between power and tele-communications
cables carried in parallel for some extent in a given installation.

Channel |

nmru-mJ_ ‘n\/ -
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Signal source
G| I H

Figure 2-4 Capacitive coupling between a power line and a
telecommunications channel

The capacitance between the two lines, referred to in
Figure 2-4 as Cpr(Power line to Telecommunications line
capacitance), is caused by coupling between these two circuits.
The value of this capacitance will vary with the distance
between circuits - higher for short distances and lower for large
distances. To reduce the voltage noise level due to the
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capacitive coupling between channels, either the capacitance
Cper can be decreased (decreasing the capacitive coupling) or
the impedances Zpt and Zo can be increased. In instances where
it is not possible to change these parameters, screened cabling
can be employed to shield the channel from the disturbing
circuit, thereby reducing the value of Cpr.

The time varying electrical field of an external system
produces time varying charges in the disturbed system. The
flow of the displacement currents can be modeled in an
equivalent circuit by stray capacitances, which connect the two
systems and cause the disturbing voltages.
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Figure 2-5 Capacitive coupling a) field model, b) equivalent
circuit.
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Similar to the case of the inductive coupling, the capacitive
coupling becomes large if:

e The two circuits are close together
e The voltage difference of the two circuits is large

e The signals in the external circuit vary rapidly in time
and therefore possess large high frequency content
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2-4 COMMON-MODE AND DIFFERENTIAL
MODE COUPLING

Noise is classified into two types according to the
conduction mode.

Common-mode and ground-loop coupling, in which
radiated fields couple into ground loops that convert
interference to undesired common- mode currents, and to
differential- mode currents (the failure mechanism.) common
mode noise which is conducted on all lines in the same
direction.

Differential-mode coupling, in which radiated fields
penetrate signal and control cables to develop interfering
voltages at the victim. Differential mode noise which is
conducted on the signal (VCC) line and GND line in the

ite _direction, .t ., Fhis type of, noise-.i
Fedbpeck by Isthid 2 TR 01 he bl VCE) ko e
signal line or power supply line.

The electromagnetic disturbances carried by electrical
power supply lines are classified into two categories, common-
mode currents/voltages and differential-mode (or normal
mode) currents/voltages. The common-mode (CM)
interferences are defined as the unwanted electrical potential
differences between any (or all) current-carrying conductor(s)
and the reference ground. The differential-mode (DM)
interferences are defined as the unwanted potential differences
between any two current-carrying conductors. Thus with
reference to the three conductor lines shown in Figure 2-6(a),
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Figure 2-6 Common and differential mode interferences

The common-mode voltage V. and the differential-
mode voltage Vq are given by

Ve = (Vpc + VngG)/2 (2.11a)
Va = (Vre- Vng)/2 (2.11b)

Where Vpc and Vg are the voltages between phase and ground
wires, and neutral and ground wires, respectively. In terms of
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currents, the CM interference current exits from the source via
the phase and neutral conductors, and returns from the load via
the ground conductor. The DM interference current exits from
the source via the phase conductor and returns from the load
via the neutral conductor, or vice-versa.

Figure 2-6(b) shows a balanced circuit. The sender and
the receiver transformer windings have a grounded center tap.
No metallic conductor is used to connect the two grounded
terminals. If an interference voltage is simultaneously coupled
to the two conductors, the voltmeter V1 will not read a voltage
difference, whereas the voltmeter V> will. This is common-
mode interference.
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E
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Figure 2-7 Examples of coupling conducted EMI (a) Common
mode (b) Differential mode
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On the other hand, if the interference voltage is coupled
to only one of the lines as shown in Figure 2-6(c), then both
voltmeters V1 and V2 will read a voltage difference. This is the
differential-mode interference.

The conducted EMI can be injected into the lines to
simulate either common-mode disturbances or differential-
mode disturbances. Some example circuits that enable the
injection of conducted EMI into the circuit are shown in Figure
2-7. A back filter prevents the injected EMI from reaching the
mains supply, or any apparatus other than the receptor.

Photio
LEDR Ihetector

S :
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Figure:2-8 Use of optical isolation to combat common-mode
impedance.

Common-mode radiated EMI effects resulting from
emissions that are radiated or picked up by a ground loop may

be reduced by the application of one or more of the following
techniques:

e Minimize the common-mode ground loop area by
routing interconnecting wires or cable close to the
ground.
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e Reduce the common-mode ground loop currents by
floating circuits or equipments; using optical isolators;
or inserting common-mode filters, chokes, or isolation
transformers.

e Use balanced circuits or balanced drivers and receivers.

2-5 IMPEDANCE COUPLING

Galvanic coupling or Impedance coupling occurs when
different circuits use common lines and/or coupling
impedances. This may happen, for example, when different
circuits use the same voltage source in their circuit. The
underlying principle of the impedance coupling can be readily
seen in Figure 2-9.

PET ENGINEERING GOQLLEGE

£y

U1

E} II l.l:

Figure 2-9 Impedance coupling
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Circuit | may be part of a power supply network and
circuit 11 part of a data transfer network. The voltage which is
superimposed on the signal, uz, due to the common coupling
impedance, Z¢ = Rc + jwL,, is given by:

uc=Zci1 =(u/(Zi+ZL))* Zc
where Z.<LZi+Z1,

If the current i1 and/or the coupling impedance Z. are
large enough, the superimposed voltage ux may be large
enough compared to the signal u to disturb the data circuit.

The impedance of the shared line consists of resistive
and inductive components, Z¢(w) = Rc+jwLc. While the
resistive part of the coupling remains of the same importance
for all frequencies (neglecting skin effect), the inductive part
becomes of increasing importance at high frequencies.

PET ror e furbbses-oflzstatio e usaaslinte thal thé-

ground or return of subsystem 2 is attached to the ground of
subsystem 1 as shown in figure 2-10 , and both subsystems
subsequently share the same return thereafter. The return
current I for subsystem 2 combines with that of subsystem 1,
and both pass through the common ground impedance Zg;,
developing a voltage drop across that part of the return of
Zg1(l1+ 12). Observe that the signal fluctuations that are unique
to subsystem 2 are contained in Iz, and are therefore included
in the voltage drop Zgilo. Thus the ground point of subsystem
1 is varying at a rate that is proportional to the signals in
subsystem 2. Therefore, the signals in subsystem 2 will couple
to subsystem 1 by virtue of this nonzero impedance of the
ground and the sharing of the ground return by both signals.
Similarly, the voltage of the ground point for subsystem 2 is
Zcili + (Ze1 + Zg2)lo. Thus the ground point for subsystem 2
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has the signals of subsystem 1 imposed on it through Zg:. This
is often referred to as common-impedance coupling.

-+—— Source

| |

Subsystem Subsystem
1 2
Zcahh +I) Zeals
= L i - - t L
.y M -+
P M AT T T by Ty i
Ground

FIGURE 2-10 Illustration of common-impedance coupling

In order to minimize this common-impedance coupling,
the ground system in digital subsystems tends to be multipoint,

it fnaos AN oL s o L ko

with a ground grid, thus reducing the impedance of the return
path. It is also important to route the signal conductors in close
proximity to the ground returns, since this will also reduce the
impedance of the return.

2-6 GROUND LOOP COUPLING

2-6-1 Common Ground-impedance

Common-impedance coupling, in which two or more
units or systems are connected to the same safety wire, ground
grid or plane at more than one place (multipoint grounding.)

Common impedance coupling (also called conducted
coupling) may occur anytime a source circuit and a victim
circuit share part of their respective current paths.
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Figure: 2-11 Two circuits sharing a common signal return

Consider the two simple circuits shown in Figure 2-11.
Each circuit has its own source, signal wire and load, but they
both share a wire for the signal return current. If the shared wire
had zero impedance, the voltage across each circuit's load
resistor would depend only on that circuit's source voltage.
However, a small amount of impedance in the shared wire
causes a voltage to appear across Rr2 when there is a signal in
Circuit 1 and vice versa.

|:'JI' |s—p|_he|n:_orMn§ lsr\élaﬁecﬁcr[s%sltm g:'ri]d ig:gg:r;(lelrﬁlly éf%cﬁ

as,

Crosstalk in dB

coupled voltage appearing at receiver in Circuit 2 | (2 1)
signal voltage in Circuit 1 )

= 20log

or in this case,

YRL2 (2.2)

VRrLilyhen Vg1=0

Xtalk21 =20 log

To calculate the crosstalk in Circuit 2 due to the signals in
Circuit 1, we set Vsz = 0 and determine the ratio Vri2/VRz.
Applying Kirchhoff's voltage law (KVL) to the Circuit 2
current loop, we have,
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Vs2+ I2Rs2 + 2Rz + (11 + 12) Rrer = 0 (2.3)

Setting Vs2 = 0, we can express I in terms of Iy,

Setting Vs2 = 0, we can express I in terms of Iy,

-R
I, = ill (2.4)
Rs2+Rp2+RRET

Noting that 11 = Vri1/Ri1 and 12 = Vri2/Ri2, We can express
the voltages across the load resistances as,

VRL2 __ —RRET VRL1 2.5)

Ry Rs2+RI2+RReT RL1

The crosstalk can now be expressed as,

VRL2 ya—RRET VeI .

PET 28N Prfmtsctl CEGE
Generally, for practical common impedance coupling
situations, the impedance of the common return path will be
much less than the load impedances of either circuit.
Otherwise, the return path would severely attenuate the signals.
In most cases, it is much quicker to estimate the voltage
dropped across the signal return path as,

Veer = IsignalRRET (2.7)

In the case above, lsignai Was |1, the intentional current. Once we
have estimated Vrer, we can use KVL to determine what
fraction of this voltage appears across the victim circuit's load
resistance. In this case,

Electromagnetic Interference and Compatibility Page 2 - 22



PET ENGINEERING COLLEGE

EMI COUPLING MECHANISM

RLZ

Ve ® 5% Vger
Ry + Rs;

Q
-
o]
&
b\]
gy

Q

Riz RRETI;RLL; (2.8) and

the crosstalk is,

~ RRer  (Rr2
XtalkZl = ZOIOg [RL2+ Rso (RLl)] (29)
This approach generally yields very good estimates of the
crosstalk and is much simpler to apply to complex
configurations with many possible signal return paths.

Ground-related interference often involves one of two
basic coupling mechanisms. The first mechanism results from
P BN BRI EERo e @ prhefe
the ground with other circuits or equipment. This mechanism
is called common-ground impedance coupling. Any shared
impedance can provide a mechanism for interference coupling.
Figure 2-12 illustrates the mechanism by which interference is
coupled between culprit and victim circuits via the common-
ground impedance. In this case, the interference current, I,
flowing through the common-ground impedance, Z, will
produce an interfering signal voltage, V., in the victim circuit.
It should be emphasized that the interference current flowing
in the common impedance may be either a current that is related
to the normal operation of the culprit circuit or an intermittent
current that occurs due to abnormal events (lightning, power

faults, load changes, power line transients, etc.).
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Figure 2-12 Common-mode impedance coupling between circuits

Common-impedance coupling becomes a problem
when two or more circuits share a common ground and one or

PET ENGIREERMG COLLEGE
e A high-impedance ground (at high frequency: too much
inductance; at low frequency: too much resistance)

e A large ground current

e A very sensitive, low-noise margin circuit, connected
to ground.

Two or more devices are interconnected by the power
supply and communication cables. When external currents
(lightning, fault currents, disturbances) flow via these
common-mode impedances, an undesirable voltage appears.
This stray voltage can disturb low-level or fast electronic
circuits. All cables, including the protective conductors, have
impedance, particularly at high frequencies.
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Figure 2-13 common-mode impedance coupling

The exposed conductive parts %El?igf devices 1 and 2
ermi

I-dre-cannect¢t| -4 common-earthing I{vie| cdnriections—

with impedances Z; and Z.

The stray overvoltage flows to the earth via Z;. The
potential of device 1 increases to Zili. The difference in
potential with device 2 (initial potential = 0) results in the
appearance of current Io.

_ L, Zq
Zy* 1y = (Zsign + Z2)l; - L= m@-lo)

Current Iz, present on the signal line, disturbs device 2.

At high frequency, the impedance of the stray
capacitance between the circuits and ground is low. The ground
current flows through the capacitance. The result is a
multipoint ground at high frequency.
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Figure 2-14 single point grounding

To reduce the effects of common-ground impedances, it is
necessar

PET NGI EERING COLLEGE

uce |mpedanc
e Mesh the common references

e Use short cables or flat braids which, for equal sizes,
have a lower impedance than round cables

e Install functional equi-potential bonding between
devices.

¢ Reduce the level of the disturbing currents by adding
common-mode  filtering and differential-mode
inductors
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2-6-2 Ground Loops

Electromagnetic
Wave
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e 9 9 Mode Currents
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(a)Susceptibility Case
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mechanism as shown in Figure 2-15(a) whereby the ground
loop, acts as a receiving or transmitting antenna. For this EMI
coupling mechanism, the characteristics of the ground
(resistance or impedance) do not play an important role,
because the induced EMI voltage (for the susceptibility case)
or the emitted EMI field (for the emission case) is mainly a
function of the EMI driving function (field strength, voltage, or
current), the geometry and dimensions of the ground loop, and
the frequency of the EMI signal.

It should be noted that both the conducted and radiated
EMI coupling mechanisms identified involve a “ground loop.”
However, it should be recognized that ground loop EMI
problems can exist without a physical connection to ground. In
particular, at RF frequencies, distributed capacitance to ground
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can create a ground loop condition even though circuits or
equipment’s are floated with respect to ground. Also, it should
be noted that, for both of the EMI coupling mechanisms
involving the ground loop, the EMI currents in the signal lead
and the return are flowing in the same direction. This EMI
condition (where the currents in the signal lead and the return
are in phase) is referred to as common-mode EMI.

Electromagnetic
Wave
L‘\t’\t\ Box #2
C | Z‘“ Iz D
%Es c m D'
Zw 7l | vidzm
Signal B E Load
Réfermcet AT iy //:LC Reference
o .

PEF ESCINEERING Lol I GE

(b)Emission Case

Figure 2-15 Common-mode radiation into and from ground loops

Ground loops exist in a system when there is multiple
current return paths or multiple connections to earth ground.
Current flowing in a ground loop generates a noise voltage in
the circuit. The most obvious way to eliminate the loop is to
break the connection between the transducer and ground or
between the receiver and ground. When this is not possible,
isolation of the two circuits is a universal way to break the loop.
Isolation prevents ground loop currents from flowing and
rejects ground voltage differences.
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The EMI control techniques that will be effective for

ground loop problems are

Reduce the coupling of EMI into the ground loop or
provide suppression of the common- mode EMI that is
coupled into the ground loop.

Use filters or ferrites in ground loops to limit common-
mode currents or provide a common-mode voltage
drop.

Use a common-mode choke or a common mode
isolation transformer to suppress ground-loop EMI.
These devices may provide on the order of 60dB

Use optical isolators and/or fiber optics to block
common-mode EMI effects Optical isolators provide a
high degree of common-mode rejection at frequencies
up to and including the HF band (i.e., 3 to 30MHz).

PE T UE M@ RiIG: Q@ b@E

mode EMI in the ground loop. With a perfectly
balanced circuit, the currents flowing in the two parts
of the circuit will produce equal and opposite voltages
across the load, so the resulting voltage across the load
is zero. Balanced circuits can provide significant
(greater than 20dB) common-mode reduction for low-
frequency conditions. However, at higher frequencies
(above 30MHz), other effects start to predominate, and
the effectiveness of balanced circuits diminishes.

2-7 CABLE RELATED EMISSION AND COUPLING

Cable-to-cable coupling occurs when two wires or

cables are run close to each other. The below figure shows how
cable-to cable coupling works. Figure 2-16 shows two lengths
of cable (or other conductors) that are running side-by-side.
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O O

Figure 2-16 Parallel Conductors

Because any two conducting bodies have capacitance
between them, called stray capacitance, a time-varying signal
in one wire can couple via that capacitance into the other wire.
That is referred to as capacitive coupling. This stray
capacitance, as shown in Figure 2-17 makes the two cables
behave as if there were a coupling capacitor between them.

o O
PET ENGINEERING COLLEGE

Figure 2-17 Capacitive Coupling

Another mechanism of cable-to-cable coupling is
mutual inductance. Any wire carrying a time-varying current
will develop a magnetic field around it. If a second conductor
is placed near enough to that wire, that magnetic field will
induce a similar current in the second conductor. That type of
coupling is called inductive coupling. Mutual inductance, as
shown in Figure 2-18, makes the cables behave as if a poorly
wound transformer were connected between them.

In cable-to-cable coupling, either or both of those
mechanisms may be responsible for the existence of an
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interference condition. Though there is no physical connection
between the two cables, the properties we have just described
make it possible for the signal on one cable to be coupled to the
other. These effects, when combined are known as the make it
possible for the signal on one cable to be coupled to the other.
These effects, when combined are known as the transmission
line the basic transmission line equations are derived for
distributed parameters R (series resistance), G (shunt
conductance), L (series inductance), and C (shunt capacitance),
all defined per unit length of line.

< A =
PET ENGINEERING COLLEGE

Figure 2-18 Inductive Coupling

Either or both of the above-mentioned properties cause
the cables to be electromagnetically coupled such that a time
varying signal present on one will cause a portion of that signal
to appear on the other. The “efficiency” of the coupling
increases with frequency and inversely with the distance
between the two cables. One example of cable-to-cable
coupling is telephone “crosstalk”, in which several phone
conversations can be overheard at once. The term crosstalk is
now commonly used to describe all types of cable-to-cable
coupling.
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2-7-1 Cross-Talk in Transmission Lines

Coupling of electromagnetic energy from one cable to
another in multi conductor transmission lines results from
magnetic field coupling when the two cables are located close
to each other. Magnetic field coupling results from the flux
linkage caused by the current flow in one wire and an
equivalent loop area formed by another wire and its return path.
Both the above linkages account for inductive coupling.

Coupling of electromagnetic energy between wires may
also occur through an electric field coupling between wires
within a cable harness. This coupling is a result of a capacitive
reactance between the wires. Electromagnetic energy transfer
or coupling from one transmission line to another due to the
above phenomenon is called cross-talk. This is a most common
source of electromagnetic interference generation in electrical

ctrenics eirguit ~ -
PETENGINEERING COLLEGE
For an (n+1) conductor line, the zero-th conductor is
treated as the reference ground conductor with zero potential
and the n conductors have voltages Vi(Z) an ground conductor
with zero potential and currents 1i(Z) for values of i= 1,2, ... n.

Under steady state conditions (after transients have
subsided), the transmission line equations may be written as

follows
Vi(Z) [11(Z)7 11(2) V1(2)7
[VZ(Z)} IZ(Z) [12(2) VZ.(Z)
| e e | =deld] L |e12)
Z NI :
lVTl(Z)J [ In(Z)] []TL(Z)J Vn(2)]
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where [L] and [C] are the inductance and capacitance matrices
of the multi conductor line. These matrices are symmetric
because of reciprocity. They satisfy the condition:

[L[C]=pelu] (2.13)

where [U] is the unit matrix, and p and € are the permeability
and permittivity of the medium.

For electrically short lines (length << wavelength)) the
expression for the currents at the o/p terminals are obtained as

li() =4jowLijli+ BjwCiVi (2.14)

The first term in is the inductive coupling contribution
to li() caused by mutual inductance Lj; =L;i between the two
circuits. The second term represents the capacitive coupling
contribution to Vi(l) resulting from mutual capacitance Cij = Cji

n ifGUits: -
- LiAZ : 2

IZ) - Conductori  (Z+A2)

A 1T »

Lv'rﬁz CsAZ
viz)| W2 X TConduuor i\ VZ+A2)
e B oLy V(Z+AZ)
| L;AZ J_ f T
CyAZ

vi(z) T ’ V/Z'AZ)

Figure 2-19 Equivalent circuit representation of coupled lines

The above expression can be utilized for estimating the
cross-talk between any pair of lines i and j, and also the total
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signal coupled to a particular line as a result of the excitation in
all other terminals.

2-7-2 Analysis of Cable to Cable Coupling

Electric field coupling occurs when energy is coupled
from one cable to another through an electric field. This is most
likely to happen when the impedance of the source circuit is
high.

Consider the two circuits sharing a common return
plane shown in Figure 2-20. If the return plane had zero
resistance, the common impedance coupling would be zero.
However, it is also possible for coupling to occur between the
two circuits due to the electric field lines that start on one signal
wire and terminate on the other. For example, if one of the
signal voltages is +1volt and the other is zero volts, then the

PRzt feihahes i B b (o aito el impte
on the zero-volt wire. Schematically, this can be represented by
a capacitor between the two signal wires.

Figure 2-20 Two circuits above a signal return plane
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Of course, there are other electric field lines that start
on the +1volt wire and terminate on the zero-volt plane. This
can be represented by a capacitance between the wire and the
plane. A schematic representation of the two circuits in Figure
2-120 that includes the electric field coupling capacitances is
shown Figure 2-21.

12

M

R R

31 52 —t

Voo Vsy a G| Gz Ry VmRLJTV

Figure 2-21 Schematic representation of the circuits in Figure2-13
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In this case, the capacitance between the wires, C12, is
readily calculated using the formula for the capacitance
between two wires and the capacitances Ci1; and C2, can be
calculated using the formula for the capacitance of a wire above
a ground plane. Once the capacitances have been determined,
and values have been assigned to all the elements in Figure 2-
14, the crosstalk due to electric field coupling can be calculated
using the same basic formula used for common impedance
coupling,

VRL2

Xtalk,, = 20log|—=

(2.15)

VRl yhen Vs2=0

If we try to find the exact solution, the procedure for
analyzing this circuit with 9 elements can be time consuming.
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However, if we redraw the circuit and take advantage of the
relative size of some of the impedances, we can greatly
simplify the analysis.

Chn
I
[
Ryl > e
R, L Ty T R, |tV
AT Ve 2

Figure 2-22 More intuitive schematic representation of the circuits
in Figure 2-21

T Rirse lef’s: the ¢ircuit inFigure2=21 as s -
Fiburd 2122 By i Gttt 2 or e o e ot the-
schematic and Circuit 2 on the right side, the important
coupling, Cio, is clearer. Also, it is helpful to recognize that the
impedances of the self-capacitances Ci11 and C2; are almost
always much higher than the load impedances that they are in
parallel with. If this were not true, the signal reaching the load
would be significantly attenuated. Therefore, we can usually

neglect C11 andC22 when solving the circuit in Figure 2-22.

To calculate the crosstalk in Circuit 2 due to the signals
in Circuit 1, we set Vsz = 0 and determine the ratioVr2/ Vre1.
If the coupling is relatively weak (i.e. if the coupling is not
loading down the source circuit), then the impedance of C12 is
large relative to the impedances in Circuit 1. This means the
value of Vry1 is independent of the Circuit 2 parameters and
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the circuit can be represented in the simple form shown in
Figure 2-23.

Cp

& P:"—“ R, o Ry < P_’m

Figure 2-23 An even simpler representation of the circuits in
Figure 2-22

Now the circuit is relatively easy to solve. The crosstalk can be

expressed as,
56 fog ) BAREIS

PET &y
VRL1
2-8 FIELD-TO-CABLE COUPLING AND FIELD-
TO-LOOP COUPLING (RADIATED COUPLING)

Ix Wire Cable

R52||RL2+(1/ij12
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Figure 2-24 Field-to-cable coupling
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The principle behind field-to-cable coupling is the same
as that behind the receiving antenna. That is, when a conductor
is placed in a time-varying electromagnetic field, a current is
induced in that conductor as shown below. In this figure 2-24,
we see a signal source Vs, driving a load, R.. Nearby there is a
current carrying wire (or other conductor). Surrounding the
wire is an electromagnetic field induced by the current flowing
in the wire. The circuit acts like a loop antenna in the presence
of this field. As such, an interference current, In, and an
interference voltage, Vn, are induced in the circuit. The
magnitude of the induced interference signal is roughly
proportional to the magnitude of the incoming field, the
frequency of the incoming field, the size of the loop, and the
impedance of the loop.

E field H field

PJQI\FINEEHIN% [CEGE
L 4

H

V

(a) (b)

Figure2-25 (a) Field-to-cable coupling (b) Field-to-loop coupling

In radiated interference, the disturber and the victim are
coupled by a medium (e.g. air). The level of disturbance
depends on the power of the radiating source and the
effectiveness of the emitting and receiving antenna. An
electromagnetic field comprises both an electrical field and a
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magnetic field. The two fields are correlated. It is possible to
analyze separately the electrical and magnetic components.

When a cable is subjected to a variable electrical field,
a current is generated in the cable. This phenomenon is called
field-to-cable coupling. Similarly, when a variable magnetic
field flows through a loop, it creates a counter electromotive
force that produces a voltage between the two ends of the loop.
This phenomenon is called field-to-loop coupling. Example:
Radio-transmission equipment (walkie-talkies, radio and TV
transmitters, mobile services), Radar.

2-8-1 Counter-measures

To minimize the effects of radiated coupling, the measures
below are required.

PET ENGINEERIRIG COLLEGE
Reduce the antenna effect of the victim by reducing the
height (h) of the cable with respect to the ground

referencing plane

e Place the cable in an uninterrupted, bonded metal
cableway (tube, trunking, cable tray)

e Use shielded cables that are correctly installed and
bonded

e AddPECs

e Place filters or ferrite rings on the victim cable
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2-8-1-2 for field-to-loop coupling

e Reduce the surface of the victim loop by reducing the
height (h) and the length of the cable.

e Use the solutions for field-to-cable coupling.

e Use the Faraday cage principle.

Radiated coupling can be eliminated using the Faraday
cage principle. A possible solution is a shielded cable with both
ends of the shielding connected to the metal case of the device.
The exposed conductive parts must be bonded to enhance
effectiveness at high frequencies. Radiated coupling decreases
with the distance and when symmetrical transmission links are
used.

2-9 TRANSIENT SOURCES

PET Souloet bhiient e breliighthing clear entpi—

Power line Faults, Noises and Relays, Electrostatic Discharge

2-9-1 Nuclear electromagnetic pulse (NEMP)

Nuclear electromagnetic pulse (NEMP) leads to the
generation of electromagnetic interference (EMI) in its most
severe form. Two broad phenomena of EMI generation are
associated with nuclear explosions. When equipment or a
system is located in the close proximity of a nuclear burst, the
weapon's X-rays or y-rays (the incident photons) interact with
different materials of the system and lead to uncontrolled
emission of electrons. Motion of these electrons creates
electromagnetic fields, which may cause upset or burnout of
system electronics. This is the system generated
electromagnetic pulse (SGEMP).
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2-9-1-1 EMP from Surface Burst

Consider the case of a nuclear explosion close to the
ground or ocean surface, the density of air molecules in this
region is higher and there are more frequent collisions between
the generated electrons and air molecules. As a result, the
lifetime of the electrons is less.

The electrons come to rest within a distance of a few
meters at sea level. The effective lifetime of these electrons is
of the order of a few nanoseconds because of their quick
capture by the ground, and more frequent collisions with air
molecules associated duration of the current pulse (called
Compton current) is also of the same order.

The ground will short-circuit the radial electric field
lines near it. Current loops are formed on the ground surface.
FE] JEROIYE E RN Gd)f U 2| O
perpendicular to the current lines and, therefore, transverse
electric field nears the ground surface. Because of the presence
of both electric and magnetic fields which are transverse to

each other, the electromagnetic field is radiated

2-9-1-2 High Altitude Burst

In the case of an explosion at altitudes of 100km or
more, y-rays are more intense. The y-rays at these altitudes
have a spherical distribution, and the radius of the sphere
increases with the speed of light. The downward moving y-rays
interact with atmosphere at altitudes of 40-50km. The density
of air is less for altitudes higher than about 30km; and the y-
rays are absorbed at altitudes lower than about 30km. The
current is therefore maximum at altitudes of about 30km.
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Since only a part of the y-rays (downward moving y-
rays only) intersect the atmosphere, the spherical symmetry is
upset. This asymmetry, as well as the geo-magnetic field
(earth's magnetic field), generate a transverse component of the
electromagnetic field. The presence of orthogonal field
components results in the propagation of electromagnetic
waves. The radial component of the current can be regarded as
a superposition of the Hertzian dipoles along the radial
direction. The transverse component of current forms closed
loops, and is therefore equivalent to a magnetic dipole.

The intensity of the electromagnetic field generated by
nuclear explosion depends on the intensity of the nuclear
detonation. The strong electromagnetic field produces a
hazardous effect on electronic equipment. This field induces
high voltage transients on power transmission lines. These
fields can also couple into a cable with improper shielding.

292 FERCTROSTATIC DISCHARGE (Bsby -~ = =

Electrostatic discharge (ESD) is a natural phenomenon
in which accumulated static electric charges are discharged.
This discharge produces electromagnetic interference. Static
electricity is generated when two materials of different
dielectric constants, for example wool and glass, rub against
each other. Charging of a material body may also result from
heating (loss of electrons), or through contact with a charged
body. This static charge is discharged to another object which
has a lower resistance to the ground. The effects of such a
discharge, which results in electromagnetic interference, could
vary from noise and disturbances in audio or measuring
instruments to unpleasant electrical shocks to the equipment or
person involved.
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2-9-2-1 Charge Accumulation and Discharge

A common example involving accumulation of
electrostatic charge occurs when a person wearing shoes with
soles made of an insulating material such as polyurethane foam
walks over a carpet made of wool or any synthetic material.
Here the carpet is a good insulator and the shoe sole is also a
non-conducting dielectric. As a person walks across the carpet,
and as the carpet and the shoe sale rub against each other, the
surface of the sole becomes charged. This charge is gradually
transferred to the human body. In this manner, a charge of up
to 10°° coulombs or more can be accumulated depending upon
the nature of the carpet, shoe sole and the distance the person
has walked on the carpet. This could easily result in a voltage
of up to 15mV. A sudden discharge of the accumulated static
charge takes place when the person in this charged state
touches a metallic item. The voltage a person can safely attain
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Figure 2-26 Waveform of electric discharge

An object with accumulated charges will seek the first
available opportunity to discharge the unbalanced charges.
This may occur smoothly by a progressive bleed of the charge
through a moderately conducting path. On the other hand, an
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electric arc, in which an intensive discharge takes place over a
short period, is generated when a release of the charge occurs
abruptly. When a discharge of micro coulombs takes place
within tens of microseconds, the resulting average currents
amount to several amperes, with peak values that can reach up
to 100A.

Figure 2-27Equivalent circuit model for electro static

PET ENGINEEIRIG COLLEGE

The path of an ESD involving a human body (its
forearm and finger) and an object through which discharge
takes place may be represented as an equivalent electrical
circuit. When the finger approaches very close to an object the
large electrostatic field intensity may cause dielectric
breakdown and result in an arc formation. Here, L; and Ry are
the inductance and resistance of the human body and Cj is its
capacitance to ground. L, and R> represent the inductance and
resistance of the arm and finger, and they appear in series with
L1 and R1. C> is the capacitance of the arm and finger to the
ground. Lk and Rk represent the inductance and resistance of
the object being approached. Ck represents the capacitance of
object to the ground. The presence of Cz and Cs in the circuit
indicates that the object does not-have a direct DC electrical
connection with the forearm and the finger. While the charged
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body/finger is approaching an object, a strong electric field is
created in the gap between the finger and the object. This strong
field gives rise to an electric arc. When arcing is taking place,
Csz is shunted by the arc and the resistance and inductance
appearing in discharge is represented by Ls and Rs. The rise
time of the pulse is given by the ratio (L1 +L2) / (R1 + R2) and
the pulse width depends upon the time constant, (R1 +R2) x (C,
+C2).

Transients can appear on the AC power line as a
transient voltage difference between the phase and neutral
conductors, between the line and ground conductors, or
between the neutral and ground conductors.

Some basic techniques for quantitatively measuring the
conducted electrical transients on power supply lines are:

In a simple setup, a digital oscLHoscope_ with a pair of
Fgfage rofedcah st iedshuptie oDidgh iy Honiebi=
the phase and ground conductors, and the voltage Vno between
the neutral and ground conductors. It is necessary to carefully
select the probes so that the time response function of each
probe is able to respond accurately to the anticipated rise-time
of the transient voltage or disturbance. When the probe detects
a transient, the oscilloscope is triggered and the data are sent to
a computer for storage and processing. For reliable data, the
oscilloscope as a whole, and the probes, should have sufficient
operating bandwidth, and the ability to detect transient voltages

at the expected sample rates.
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