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Coupling modes
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coupling

Noise cannot be eliminated;
it can only be reduced

The electromagnetic noise generated by the
equipment was reduced to comply with the

regulations, but we cannot set the objective of
eliminating it totally.
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EMI coupling modes

Ground loops

w
Antennas \_/ f:omr;\on
Inductors impecance

Conducted noise can be transformed in radiated
one or viceversa

The harmonics of current flowing through the cables
can also become electromagnetic radiation since the
cables can behave like antennas. For the same
reason, radiated electromagnetic noise can become
noise voltages in the circuits since the tracks and the
wiring can also act as antennas



Conducted coupling

A conductive path exists between the emitter and the receptor.

* Power cables

e Control system interfaces » Common-mode currents

. Data transn‘lission lines r Diﬁerential‘mOde currents
e Grounds

Bandwidth 9kHz-30MHz

Conducted noise is analyzed between 9kHz and
30MHz. In order to eliminate this noise, it is very
important to identify what type of currents generate
it: common-mode currents or differential-mode
currents.
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Common mode currents
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Common-mode currents go through parasitic capacitances

The common path for common-mode currents are
the parasitic capacitances and their return through
the mass of the circuit
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“ Conductive coupling

Operating currents create
noise voitage, V), across
ground impedance, Z;.
\

R,
—_— |_J G °[1v
N O o]
Voltage different
Z to that expected

due to Vy

In this case current | causes a voltage drop across
impedance Z; in the ground connection. Since the
amplifier G shares the same connection to ground,
the output of said amplifier will be conditioned by
the value of voltage V.
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Common mode currents

—
enciasure

Current . Noise may also
circulates Stray be rad|§ted
through the capacitance
snclacire i \\ thaugh:the
enciosure aQue W’eak points Df
to C1 and C2 the enclosure

Noise voltage produced by the
electronic component

Metallic structures such as radiators, metal boxes,
etc. present non-negligible parasitic capacitances
due to their high surface area, thus offering a low-
impedance path to common mode currents. It is very
convenient to connect these structures to a zero

potential.



Differential mode currents

Perturbed Perturbing
System System

Differential-mode currents depend on the line impedance.

Differential-mode currents are conditioned by the
impedance of the line.
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“Measurement of both types of currents
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Differential
current

In order to identify the origin of electromagnetic noise in the
equipment, it is convenient to identify the type of currents
that generate it, since the solutions that can be provided differ
depending on the type of current.

To measure common-mode current, both conductors are
directly threaded through a toroid. By doing so, only common-
mode currents will cause magnetic field in the same direction
in the toroid. With this configuration, differential-mode
currents through the cables will generate opposite magnetic
fields in the magnetic core that cancel each other and do not
generate voltage across the additional winding (top figure).

On the contrary, if one of the cables forms a loop around the
toroid (bottom figure) only differential-mode currents create
fields in the same direction in the magnetic core and,
therefore, only these currents will induce a voltage across the
additional winding.



CURRENT PROBES

Catalogue image

=
=, 1

TRANSFER IMPEDANCE

The reading of the current probe
output, V (in microvolts), divided by
the current probe transfer
impedance, Z; results in the CM
current in the conductor under test, I
(in microamps).

' le=V/Z;
I. (dBuA) = V(dBuV) - Z,(dBQ)

To determine the typical transfer impedance of the current probe throughout the
frequency range, make a known RF current (I;) flow through the primary test
conductor and note the voltage (V) obtained across a 50-Ohm load.

The Fischer F-33-1 probe, which is a commonly used troubleshooting tool, has a
flat frequency response from 2 to 250 MHz. Its transfer impedance is about 5
(+14 dBf), as show on the graph in the next slide). Thus, a 1-pA current will give
rise to a 5-uV output voltage across the current probe. -

10
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CURRENT PROBES

PREDICTING PASS/FAIL

To predict whether a particular cable will pass or fail radiated emissions,
measure the CM current at the offending frequency, determine the transfer
impedance of the probe, Z; (dB), and solve for I

1,(dBuA) = V(dBuV) - Z,(dBQ)

To calculate the E-field level (in V/m):

I LfL
E ¢ s =1.257-10'°A%

H.W.Ott,

where L(m) is the length of the cable and
-20 ’ . U'D > f(Hz) is the offending harmonic frequency.

0
Frsque;cvtMHz} 1 1 Use a test distance, d=3m or d=10m to
predict the outcome at those test distances.
Z.(dBQ)=20log (Z,/1%) 11

11
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a) Frequency f1 increased by 6 dB=>the currents in the wires are flowing in opposite directions.

b)

At 5, there is a strong reduction of almost 30 dB. This indicates that the currents at this
frequency on cables 1 and 2 are nearly identical in amplitude and direction.

The net current at other frequencies (f2,f4, and f6) remains unchanged indicating that the
current on cable 1 does not significantly appear on cable 2. These currents must either
radiate from the EUT (which we have assumed is not happening for this example) or must

appear on the power cable.

D.C.Smith
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Couplings: Common impedance

SRS -
E1 | Amp Amé}l\ r|ﬁ ,

reference - Y

)

T 2l skt |
VRab
RLZ r ' 4 r
L. Amp2 = GZ(L Ampl + I/ Rab)

The impedance that is shared by two or more
circuits is called common impedance and can be a
major problem of interference.

In the circuit of the figure it can be seen that
Amplifier 2 amplifies the signal coming from
Amplifier 1 plus the voltage drop across the common
resistance R,,.

13



SOLUTION:

» Avoid cable loops (radiation)
* Ground plane

* Short grounds

* Only one connection point

To minimize common impedance, star connection to
ground is recommended.

14
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Radiated coupling

(electromagnetic coupling)

Types:

. |pductuve Coun|innfm3nnahr~ﬂa|ﬂ crotinling)
in i g (riagiicul NiSiG COupinnig)
Capacitive coupling (electric field coupling)

Bandwidth 30MHz-2GHz

Radiated emission tests are performed between
30MHz and 2 GHz (typical for industrial equipment).

In these tests, couplings between circuits can occur

both by magnetic fields and by electric fields (near
field).

15



Capacitive coupling
15000
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It is modeled by parasitic capacitances

Electric-field coupling is modeled by parasitic
capacitances that represent the energy stored in the
form of electric field.



" Capacitive coupling

U e : L2
— .
—_— Directly proportional to the surface and
Rg L1 inversely proportional to the distance
Ug o]
N
usI | | RL
Us a Y R - The intensity of the disturbance
P i MU depends on dV/dt
¥

Voltage variations in line L2 are easily transmitted to
line L1 and vice versa due to the presence of a
parasitic capacitance between them.
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Capacitive coupling
Model:

12.1

fu C[pF/m]x ——— 1 2
di:%—u_@ s IogL “f]

D

] LI l
SOLUTION: /Jg(n{) Ryo T /
Shielding

Now loop 2 is
isolated from loop 1
uu

i8

To avoid coupling originated by electric fields, the
only solution involves shielding. The screen provides
a low-impedance path that prevents currents
generated in circuit 1 from reaching circuit 2. A

typical example of shielding can be found in coaxial
cables



Magnetic coupling

Variable
magnetic

Variable field
current ,,-—3\,_
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Parameters: distance, permeability, surface, angle 19

When an alternating current circulates through a
cable, it creates an alternating field that can reach
other circuits, thus inducing noise in them. This
induced voltage will be proportional to the area
defined by the affected circuit and to the intensity
and variation rate of the field generated.

19
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Magnetic coupling
Lenz's law V=-L(di/dt)

Model: mutual inductances
u, = (R, +R,}i, +L%+M%
R, M A L

t)= i, - VR, 1 ot=
u, (1) llgm1l TR ,e T m

Positive or Negative
depending on the coupling sense

iy 1 L-(M/L)
| KT

The circuit of the figure shows the electric model of
a magnetic coupling. Variations of current in one of
the lines (i,) affects the voltage across the load due
to the magnetic coupling between both circuits,
represented by two coupled coils

20
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’ Magnetic coupling

C [pFiem] M [nH/cm]
0.25 1.25

\\ D Ground plane is the
0,20 1 nn iy return path for both

o - O conductors
0.15 0.75 1mm 0.5mm D
—>
0.10 T - 0.50 Mutual capacitance
\ 1. 6mm
0.05 0.25
/]

. r— P Mutual inductance
LR v
1 2 4 6 8 10 20 40 60 80 100
D (mm)

Capacitance and mutual inductance versus distance

SOLUTION:

* Cables crossing at 90°

* Ground plane

* Twisted cables

* Ferromagnetic shielding

The magnetic and electrical coupling depend on the
distance between conductors, as can be seen in the
attached graph. Solutions to minimize this coupling
include twisting the cables, including ferromagnetic
shielding, etc.

21
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Z; =Ry, + WL, Z, =R+Ry, + jwL,
u, =(2R+Z, M, +(Z, - jwM)1,
0=(Z,— jwM)1, +(Z, + Z, - jw2M)1,

u

L]

u,, =-I,R.normalizando respecto au, =

Nl|

Iy _ 2R(Z, —jwM)

u, 2R(Z,+Z,-jw2M)+(z,Z, +w'M?)

If R>>Z, | By _ Z,

R>>R,,+wL, -
o

JwM
R

Magnetic coupling reduces voltage noise /

22
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Magnetic coupling + common impedance

- 2% c ) Common
0 4 - ;
= G___; impedance
2 F
SF (@)
;’ Connection GC as 0c
-40 | short as possible N
e (b) $
G p
60 E ¥ £
(b)
- "
80 [ EETIT AT Lo CU“'I"E’:“O“GC
1 i oo
f(MHz) conne;tion CDEF

u, _Z,-jwM

u R

0

Voltage u, depends on the common impedance and the magnetic coupling

In the indicated experiment it can be seen that
twisted cables (b) reduce the magnetic coupling
effect by more than 10dB.
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E-field probes (use them carefully)

E-fields can be generated by un-terminated cables and wires, and printed circuit
board traces leading to high-impedance logic, which can be high-impedance
inputs or tri-state outputs of logic-integrated circuits. The simplest E-field probe
is essentially a small antenna.

The electricfield probe is in essence a small monopole antenna.

Source energy
spectrum as

measuredwith | Consider a length of wire, open circuit at one end and being
I near field probes e— , . E s
* driven by an oscillator. Our 16MHz clock source exhibits a full set
| | | | | I ] 11 of harmonics, gradually reducing in level with frequency.
111

Artere This signal is coupled to a wire that is 60cm long. Ithasa
ngﬂﬂeness characteristic as shown in the middle plot. This will be resonant

at a wavelength of 2.4m (4 x 60cm) which is 125MHz, so the 8®
harmonic (128MHz) of the 16MHz source will be strongly
radiated, even though this is a relatively small component of the

Reciliart radiaton original source. See the lower plot

as measured in far
field

24
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Near field probes allow the identification of noisy
components, but the gain of the probe with
frequency must also be taken into account, since
some harmonics may be attenuated by the probe
although its amplitude is important.

24
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*Cables

generator load
B conductor1 C

u R
/conductorZ K
Lg

re el’eflﬁ.l | | ﬁ 'y g{ |

The circuit can be divided into two subcircuits

Ri

L1

[Zu =R, +jw(L, —M)]

The figures show the electrical modeling of a coaxial
cable and how it can be analyzed by means of two

electrical circuits in which impedance Z,, (or transfer
impedance) appears
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Cables

Global transfer impedance

Zg =Ry +JW(Le, —Mc) =R, + WL, (1-k)

K=1 = perfect shield covering

Skin effect reduces the common impedance

The skin effect allows separating the currents
induced by external fields from those generated by
internal fields in a shielded conductor like the one in
the figure on the right.

Therefore the skin effect minimizes the effect of the
common impedance.

27
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Cables

(1) Coaxial Cable 50 Q (RG58)

94% covering

Rc=16 mQ
(Lgp-M)=3.6nH y
Leo=1uH/m=k=0.996

Z1c(44MHz)=1Q = a 10-yA common mode current will produce 10uV

To obtain 10pA, only 1mV/m (60dBuV/m) would be required, which is very

easy to reach.
(this noise can be similar to the signal of a sensor )

The EM fields can generate currents of 10mA per V/im

28
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Cables

-_— .

—

\

—

Catalogue image

Maximum conductor resistance at 20°C

Resistance unbalance

Unbalance capacitance ofthe pair related to ground
Resistance at frequency 0.772— 100MHz

Maximum operation capacitance

Electrical characteristics

—————————————
Frequency, RL Attenuation,
MHz dB

9.38 ohms / 100m
5%
330pF/100m
85—1150hms
56nF/m

0772
10
40
80

10.0
16.0
200
25.0

31.25

625

100.0

200
230
245
250
250
250
243
236
215
201

18
20
40
58
65
82
93
104
mi
170
220

29
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Cables

CNT-240

Construction

Conductor Material : Solid Bare Copper
Stranding 1/1.42mm

Dietectric : Foamed Polyethylene (FPE)
Diameter of Dielectric : 3.81mm

Screen Material (1) : Bonded Aluminium Tape
Coverage (1) : 100%

Screen Material (2) : Tinned Copper Wire Braid
Coverage (2) 1> 90%

Outer Sheath Material Polyetivylene, UV Resistant
Dister Shasth Coloye s Elack

Electrical Characteristics

impedance 1500

Velocity of Propagation 183%

Capacitance : 24.4 pF/ft (80.0 pF/m)
Voltage Withstand T15kV

Jacket Spark 150V (rms)

Conductor Resistance : €109 0fkkm

Outer Conductor Resistance :£12.8 0fkm

Return Loss (30-2800MHz) =z 15dB

Peak Power 5.6 kW

Physical Characteristics

Overall Diameter :6.1mm

Min. Bend Radius. :19.1mm

Temperature Rating -30°C to +85°C
Weight 2 50 kgflem

Catalogue images

HELIAX

Construction

Conductor Hekcal Cormugated copper tube 0.40 £ 0.20 [
Dhelectreum Collular PE 22.20 2 0.30 e}

Screen Cormugated Cu tute 2490 £ 0.30

Jockat Black SHF1

Custar o 27.50 1 0.20 e}

Wght £30 (g

Jacket marking NEK Kabwel RF LLF 778" Hiflex

M DG racnss et

401 +T0 ")
20rq

1.3 [0
1im

28]
0:20

28 [Ofere|

74 [pFm

50 e
120 jreey

30
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Cables
100
< Aluminium / mylar foil _/
2 /|
E Single braid
= 10
% Double braid
=
N 1.0
0.1 _
2 braid 4 1 Mumetal
(supefrscreen)
e Better
3|braid + 2 Mametal
(superscreen) perfo rmance
0.001
102 102 104 105 106 107 108
f (MHz)
31

The figure shows how the incorporation of shielding
in cables reduces the global transfer impedance
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Bandwith

WAVE GUIDE

Special

Special
applications

COAXIAL CABLE

Normal limit

[SHIELDED] TWISTED PAIR

Normal limit

1kHz 10kHz 100kHz  1MHz 10MHz  100MHz 1GHz 10GHz
FREQUENCY

32

The figure indicates the frequencies of use according
to the type of cable
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Flat cables
Only one signal ground return for all conductors.
This is the worst configuration as far as current loop
area,CM coupling and cross-talk are concerned.
Ground —__

® 0 0 O @@ O e O @ O

Separate signal ground return for each conductor.
Current loop area,CM coupling and cross-talk is

L‘ ‘ reduced, but there are less conductors available.
¥ eco0e0cO0eO0 O e

One signal ground return for every two conductors.
Current loop area,CM coupling and cross-talk is
higher than in the case above.

Best [O. O O O O O OO OO
-—

All conductors use a signal ground placed across the
width of the cable. This is the best configuration, for
the loop area is very small.

In the case of flat cables, the selection of which
conductors act as a mass or signal conditions their
noise immunity.
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Cable connection

cI

CAPACITIVE SHIELDING
It does not work with magnetic interference.

MAGNETIC SHIELDING
is cancels the currents due to external magnetic fields.

The shields of the cables are connected in a single
end to ground when we want to prevent the
capacitive coupling and in both ends to minimize the
coupling by magnetic field.
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Cable connection

CAPACITIVE /INDUCTIVE SHIELD

‘\
Low frequency - High impedance - Shield connected in one point

High frequency

- Low impedance * Shield connected in both ends

=

35
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Cable connection

EJ_,D NOT ACCEPTABLE
7"

1
i

IAY

It is very important to properly connect the cable
screen to ground. The figure shows the proper way
to do it. Otherwise, we can introduce a loop
between the internal conductor and the non-
negligible area screen in which noise voltages could
be induced.

36



- Grounding

37

The connection to ground has a fundamental
function: the protection of people.

37



Grounding

Electrical circuits may be connected to earth for several reasons.

In mains powered equipment, exposed metal narts are connected to gsround
Nl 'JUU!‘!-I‘-U H“lvl‘l‘—ll" ‘—J'\P T Nl lll!—l.!-ll.-l’ e W e VW e e e “-"6 AT T

to prevent user contact with dangerous voltage if electrical insulation fails

The ungrounded cable penetrating the fuel tank caused a potential difference
between the cable and the facility’s structure, and thus caused its explosion.

Surge propagating
on Data Lines

38



AC

Grounding
Equipment Accidental
Enclosure Short
I ""“'r...
AC
GND at l - ) —
Service > To SafetyGND [
Entry ' A
7 Z
Real Case Solution

“Floating” systems may compromise safety

39
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Grounding

Spanish regulation MI-BT-039:

The grounding resistance must avoid 24V in any metallic
point.

The grounding resistance mustbe lower than 5 Q in the
transformation centre.

Frequency increases the impedance of the grounding

40
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Grounding

Three basic objectives

1. Not to interrupt the ground return path
2. Return the current through the smallest possible loop

3. Be aware of possible common impedance coupling in
the ground

a1

41
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“Grounding

Series Connection:
- Very simple
- Common mode problems
- It is the worst grounding system

Circuit 1 Circuit 2 Circuit 3

1 l 12 l 13
c 21 22 V| z
[ -

U.=(L+1+1)-Z, +(I,+ 1) Z, + (1)) Z,

+

L

This type of connection is probably the simplest one,
but it generates problems of common impedance
that give rise to fluctuations in the voltage of point C
due to the currents that flow to earth through
circuits 2 and 3

42
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'*Grounding

Paralel connection:

L & enm mdile

- ko - ol Lo | e P e cmcm ms o f L - ARELE_ \
= 1Ne ReEsSLITIEnuU 101 LUW FIeyuency | mey. = ivine )

Circuit 1 Circuit 2 Circuit 3
tc | |
1 l 12 1 13
21 22 z3

| — i |

The solution to this problem is the star connection

43
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Grounding
Using a Ground plane:

- Freq >10MHz

- Reduces common impedance

Should be reduced

Circuit 1 Circuit 2 Circuit 3
R1 R2 R3
L1 L2 L3

Ground plane adds electrostacic shielding

Star connections must be made trying to minimize

grounding

impedance, especially the parasitic

inductance. In order for this to be so, we will avoid
long cables or we will use ground planes.

44



acts as a single-point ground at low
frequency and as a multipoint
ground at high frequency

conducts noise current
out on the ground conductor

/0000
/0000
/00004

The figure at the top shows how to implement a star
connection for high-frequency currents.

On the contrary, if you want to maintain a ground
plane clean of high-frequency harmonics,
inductances must be incorporated that uncouple the
circuit from the ground plane.

45



Ground loop

CIRCUIT 1] creur
1 T 2

1.- A difference in ground potential VG between the two grounds may couple
a noise voltage VN

2.- Any strong magnetic field can induce a noise voltage into the loop
formed by the signal conductors and the ground

e A common-mode choke can be used

to break the ground loop between
two circuits. It is a high impedance for
common-mode currents

CIRCUIT CIRCUIT
1 2

I

' ;
D . 2 CIRCUIT # - K ' CIRCUIT
1 i L H 2

Optical coupling can be used
to break the ground loop P

@v‘ 2 i




CIRCUIT \

1 Magnetic Core

An easy way to place a common-mode chokein the circuit is to
wind both conductors around a toroidal magnetic core

CIRCUIT
2

47
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Grounding

The technique:
» Proper segregation of ground paths
= Careful location of ground

« Elimination of “ground loops”

1o

The grounding scheme inside a system must accomplish the following goals:
« Analog, low-level circuits must have extremely noiseless dedicated returns; typically wires are
used, dictating a single point, “star” grounding scheme.
*+ Analog, high-frequency circuits (RF, video, etc.) must have low impedance, noise-free return

circuits, generally in form of planes or their extensions (e.g. coaxial cables).

Digital, logic circuit returns, especially high-speed digital circuit returns, must have low
impedance over the entire bandwidth (determined by the “edge rates” ), as power and signal
returns share the same paths.

Returns of powerful loads (e.g., solenoids, motors, relays, lamps, etc.) should be separated from
all the above, even if they end up at the same power supply output terminal.

.

» For signals that communicate between parts of the equipment or system, the grounding scheme
must provide a common reference with minimum ground shift (low common-mode noise)
between system parts.

48
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