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Revisdo sobre dB, reflexdo/refracao de onda, espectro eletromagnético

ASPECTOS BASICOS NO ESTUDO DE CEM

“When you can measure what you are speaking about and express it in numbers

you know something about it; but when you cannot measure it, when you cannot

express it in numbers your knowledge is of meagre and unsatisfactory kind; it may

be the beginning of knowledge but you have scarcely progressed in your thoughts
@ to the stage of science whatever the matter may be.”

Lord Kelvin



Grandezas em decibéis

@ Unidades das quantidades primarias de interesse
do EMC:

Tensao (Volts) Campo Elétrico (V/m)
Corrente (Amperes)  Campo Magnético (A/m)

Poténcia (Watts)
Densidade de Poténcia (W/m?) =
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Grandezas em decibéis

@ Representacao de uma larga faixa dinamica de
magnitudes

ex.: 1 uV/m a 200 V/m — diferenca de ordem
de 108

Em dB: 0 dBpV/m a 166.02 dBuV/m
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Grandezas em decibéis

@ Decibel de sinais de tens3ao/corrente:

Transformacao logaritmica da razao entre um
valor absoluto e um valor de referéncia.

It
dBmV = 20 1ogm(m S)

I mV
volts

dBpV = 201 — 2010 amperes

M Ogm(l MV) dBpA = 201 gm( oA )

ampereS) oun
1 mA

dBmA = 20 logm(
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Grandezas em decibéis

@ Decibel de sinais de poténcia:

dBuW = 101log, [ AUS
W 210 lp,W

watts) dBm = dBmW

dB = dBW = 1010g10( w

= IOIOgm(
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Grandezas em decibéis

@ Decibel de sinais de campo elétrico/magnético:

V/m
dBuV/m = 20 lﬂgm(l }LV/I‘H)

A/m
dBpA/m = 20 lngm(l uA/m)
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Espectro em Frequéncia

@ Ferramentas matematicas:
= Série de Fourier
= Transformada de Fourier (FT)

" Transformada de Fourier de Tempo Discreto
(DTFT)

* Transformada Fourier Discreta (DFT)
= Algoritmo: transformada rapida de fourier (FFT)
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Espectro em Frequéncia

@ Sinais digitais possuem conteudo harmonico
significativo.

Fundamental
Various harmonics
—— Synthesized wave

mSérie de Fourier

harmonic[PARTIALS] =
{1,3,5,7,9,11,13,15};

attenuate[PARTIALS] =
{1,3,5,7,9,11,13,15};



Espectro em Frequéncia

@ Sinais digitais possuem conteudo

14

significativo.

»Transformada de Fourier

Amplitude
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Espectro em Frequéncia

@ Sinais digitais possuem conteudo

significativo.

= N [ e

Amplitude (Volts)

o
o

narmonico
T N\ A A/
Y YY

Magnitude (dBV)

Frequéncia (Hz)

10° 10’
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Espectro em Frequéncia

@ Sinais digitais possuem conteudo harmonico

N

significativo.

w

[y

Amplitude (Volts)

o
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Espectro em Frequéncia
A

|sin X
@ x
0 dB/decade

1

— 20 dB/decade

|
|
|
I
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|
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f
|
1 n 2n 3n

FIGURE 3.18 Bounds on the (sin x)/x function.
(PAUL, 2006)
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Espectro em Frequéncia

@ A

0 dB/decade

—20 dB/decade

—40 dB/decade

(PAUL, 2006) FIGURE 3.19
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Bounds on the one-sided magnitude spectrum of a trapezoidal pulse train. wstmuroreea
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120

Spectrum of 1-V, 1-MHz trapezoidal wave,
duty cycle 50%, rise/falltime 20 ns

Espectro em Frequéncia

110¢

1007

Spectrum magnitude (dBuV)
]

s 8 8

8

(PAUL, 2006)

10 100
Frequency (MHz)

(a)

rise/falitime = 20 ns
rise/falltime = 5 ns [ ]
(a) ®)

FIGURE 3.21 Experimentally measured spectra of a 1-V, 10-MHz, 50%-duty-cycle
trapezoidal pulse train for rise/falltimes of (a) 20 ns; (b) 5 ns.



Campos proximo e distante (da fonte)

NEAR FIELD FAR FIELD
. ,/\ & TO
@ (INDUCTION FIELD) (RADIATION FIELD)

.. ———-TRANSITION
REGION

oot Arpha e > - 4 ORI ¥

SOURCE A
27T
DISTANCE FROM SOURCE ous

[ [ 1]
(OTT, 2009) INSTITUTO FEDERAL
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WAVE IMPEDANGE (£))

Consideracoes de campo proximo (NF)

s = As propriedades do campo sao
G definidas principalmente pelas
Puane wave caracteristicas da fonte.

f g e \ = Correntes altas, tensdes baixas:
o NF predominantemente

— RS- magneético

- = Correntes baixas, tensdes altas:
T NF predominantemente
elétrico.
FIGURE 6-4. Wave impedance depends on the distance from the source. oo
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WAVE IMPEDANCE ((1)

Consideracoes de campo distante (FF)

wE N\ gserme o srecomna- = As propriedades do campo s3o
~ definidas principalmente pelas
P A caracteristicas do meio de

ol S \ propagacao.

T / 4 = Onda planar uniforme:

impedancia da onda

30
40
30

MAGNETIC FIELD PREDOMINANT —
Heo1#r3, Ecalire

. E u
o e e NEAR FIELD ——————— ‘+———FAR FIELD ———-= S

S— Nw =73 = |— Q)

0.5 1.0 H
an
DISTANCE FROM SOURCE NORMALIZED TO A /2w S g =.
[ ] 1]
FIGURE 6-4. Wave impedance depends on the distance from the source. L
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(LAWSON)

Reflexao de Ondas

thick wall barrier

muuany)? I
N

reflection at change '
of impedance i

thin wall barrier

=
K&;l

same effect
ragardm of wall

s

Transmission line
equivalent
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Reflexao de Ondas

MEDIUM 1 MEDIUM 2

IMPEDANCE Z; IMPEDANCE Z,

FIGURE 6-10. An incident wave is partially reflected from, and partially transmitted

through, an interface between two media. The transmitted wave is E; and the reflected

onn
[ [ ]
ans
[ [ ]
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wave 1s E,.

(OTT, 2009)



(OTT, 2009)

Reflexao de Ondas

IMPEDANCE Z,
ELECTRIC  Fo
FIELD ’
EW =---

MAGNETIC Hy
FIELD ’

Hy ===

FIGURE 6-11. Partial reflection and transmission occur at both boundaries of a shield.

IMPEDANCE Z,
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" Zaz Eq
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(LAWSON)

Refracao e absorcao de ondas

impinging
field

induced current on
surface of barrier

current
density
through
barrier

thick wall barrier

M

8.6dB

W

one skin depth &

current on
far surface

Y

transmitted

thin wall barrier
current
density
through
barrier > reflection
/ from far wall
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Métodos preventivos e corretivos

TECNICAS DE CONTROLE DE EMI



Mitigacao de EMI

primary

O Secondary: interface filtering

(LAWSON) 71 Tertiary: screening
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(LAWSON)

Mitigacao de EMI

Rack cabinet Shielding

Chassis (rack) unit Example
of a cable

Cable filtering

INSTITUTO FEDERAL
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Blindagem (Shielding)

/ SHIELD

NO

Caso 1: Imunidade ao ambiente

(OTT, 2009)

SHIELD

NO EXTERNAL
FIELD
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Blindagem Efetiva

Blindabem efetiva (SE) é a medida da qualidade de
atenuacao do campo eletromagneético.

INCIDENT FIELD

STRENGTH, | REMAINING
E, DISTANCE | FIELD STRENGTH,
—_— FROM EDGE, I— E,
f——

SE4p = 20 log,, =

; 1

an

REMAINING
FIELD STRENGTH, E

w

<

m

0 DISTANCE FROM EDGE, t ==
an
as

FIGURE 6-6. Electromagnetic wave passing through an absorbing material is attenu-

ated exponentially. (OT]; 2009) INSTITUTO FEDERAL



Blindagem Efetiva

@ SE tedrico de um material homogéneo considera:
- Perdas por reflexao, R
- Perdas por absorcao, A
- Perdas por reflexao secundaria, B (ignorar se A > 8 dB)

SE4s = R+ A+ B

Veja exemplos de R, A e Bem OTT, 2009 — Cap. 6: Shielding.

(COLOTTI, 2003) GANTA CATARINA



e
Limitagoes praticas da blindagem efetiva

PLANE WAVE

SE € normalmente limitado por aberturas
e juncoes:

n

S

=]
|

/I - Coberturas removiveis
/

TOTAL SHIELDING EFFECTIVENESS (dB)
@
=]

ewe-—-_/ | - Aberturas para controle/mostra de
/
L/ componentes

—_—

ol === J - Aberturas para ventilacao

FREQUENCY (KHz)

FIGURE 6-16. Shielding effectiveness of a 0.02-in thick copper shield in the far field. _ A be rt u ra S p a ra CO n e Cto re S

(COLOTTI, 2003) EE-
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Ll e
Estratégias para melhorar o SE

PLANE wave

TOTAL SHIELDING EFFECTIVENESS (dB)
g

01 10 10 100 1000 10,000
FREQUENCY (KHz)

FIGURE 6-18. Electric field, plane wave, and magnetic field shielding effectiveness
of a (.02-in-thick solid aluminum shield.

Mitigacao de aberturas e jungoes:
- Minimizar tamanho e numero de
aberturas de juncoes;

- Uso de juntas mecanicas (arruelas)
para selar interfaces de metal;

- Interfaces livres de tinta

- Area de superficie adequada

- Evitar corrosao galvanica

- Usar componentes de controle de EMI

onn
(COLOTTI, 2003) afn
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Gaiola de Faraday

Campo elétrico (e carga total) dentro de uma superficie condutora
fechada é nulo.

A “gaiola” é imune a passagem dos campos elétricos externos.

Faraday cage

Source of high

FPersan is safe
from efectric shock
insicle the cage!

el

—

vollage

INSTITUTO FEDERAL
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Gaiola de Faraday: Exemplos

O forno micro-ondas utiliza a gaiola de Faraday para
conter a energia das micro-ondas dentro do forno.

Elevadores e outras salas com frames metalicos simulam
gaiolas de faraday, causando “zonas mortas” para usuarios
de telefones celular, radios e qualquer dispositivo que
requira campo eletromagnético externo.

Cabos blindados (USB, coaxial).



Gaiola de Faraday

INSTITUTO FEDERAL



“Gaiolas” Magnéticas: Ferrites

@ Desviam o fluxo magnético externo e
concatenam o interno.

S . O

IIIIIIIIIIIIII
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“Gaiolas” Magnéticas: Exemplos

|ll

III

Material “u-meta

Ferrites.

MAGNETIC

SHIELD OF MAGNETIC
MATERIAL ———

SHIELDED
REGION

FIGURE 6-17. Magnetic material used as a shield by providing a low-reluctance path

for the magnetic field, diverting it around the shielded region.

I

(liga de niquel-ferro)

Steel Armour

Insulator

Mu-metal
/ loading wire

((AAAHAAAmATAmAmAAA A

Copper core conductor
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“Gaiolas” Magnéticas: Ferrites

Ferl.'isr.\ield installation locations.

CABLING ‘/ BUS BARS
RFI suppressor functions > , / RFI suppressor functions: bus bars
A
A ~—
'
C
A. Data signals and high frequency interference signals A. Power distribution and high frequency interference
absorbed and conducted signals absorbed and conducted
B. All high frequency interference absorbed by ferrite B. All high frequency interference absorbed by ferrite
suppressor and thermally dissipated suppressor and thermally dissipated
C. Low frequency data signals pass unimpeded C. Power distribution characteristics pass unimpeded
onn
[ [ ]
ans
[ [ ]
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(OTT, 2009)

Cabos: acoplamento capacitivo

o Jo[Ci12/(Cia 4+ Cag)]
-~ CONDUCTORS =~ 2 Y jo +1/R(Cpy + Cag)

1
1

Ciz 1 | 2

7 ) T “T‘
’ "RCo ") " l

Cia
Sk

— sl — —_—
— — —_ -

PHYSICAL EQUIVALENT

REPRESEMNTATION CIRCUIT ==I
[ [ 1]
FIGURE 2-1. CﬂpﬂCiti\"E CDUpIiT‘Lg between two conductors. IN5TITU.T:FEDERAL

SANTA CATARINA



Cabos: acoplamento capacitivo

SHIELD

C
1 ;E €| )

T |

Cosg”

=2Ciq Csa T V%

| Y

PHYSICAL EQUIVALENT
REPRESENTATION CIRCUIT
FIGURE 2-4, Capacitive coupling with shield placed around receptor conductor. o

(OTT, 2009) GANTA CATARINA



Cabos: acoplamento indutivo

Ir1 Rﬂ
.r"M"‘"-\
- LY
2 @“‘ ; EVM
e HI1 R — -

EQUIVALENT
CIRCUIT

— PHYSICAL

REPRESENTATION 8
s

(OTT, 2009) FIGURE 2-8. Magnetic coupling between two circuits. INSTITUTO FEDERAL



(OTT, 2009)

Cabos: ruido de campos
elétrico x magnético

ELECTRIC COUPLING

V) R § Iy=joCy,V, g/ R,

A

MAGNETIC COUPLING
Gk

[ o4
é V= joM,l, %
( i ) R, R,
£ L

FIGURE 2-9. (A) Equivalent circuit for electric field coupling; (B) equivalent circuit for

magnetic field coupling.
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SANTA CATARINA



Cabos: blindagem na terminacao

Manter a qualidade do SE e da impedancia de
transferéncia depende da terminacao efetiva em cada
ponta dos absorvedores (blindagem):

- Acessorio do conector (backshell) 360 graus

- Seisolacao de alta frequéncia € necessaria, evite usar
trllhas longas para finalizar as blindagens.

Exploded View of 360 Degree

Unassembled 360 Circular D38999 Mil Backshell for D38999 Connector Coax Shield Terminated with

Degree Backshell for D Connector with 360 Excessive Lead Length
Connector Degree Backshell




Cabos: campos ao redor

—t—
o AT
/ RN \\
/ —|~ \ -ELECTRIC
I [ NebX\ ¢~ FEWD
4| L@+
NSV, A /’ :
CONDUCTOR —\- -~ ~|- P¥-_ MAGNETIC

(OTT, 2009) Fields surrounding a current-carrying conductor.

FIELD
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Cabos: aterramento da blindagem

yad - RN
/ f..-*'"""““'m N
/7 - SHIELD
I/ \
| |
\ \ / |
\ /
\ \ / /= MAGNETIC
\ / FIELD
N 7
~ P

Fields around shielded conductor; Fields around shielded CDnducmf.;.

shield grounded at one point. shield erounded and carrving a 22
| current eaual to the conductor current
(OTT, 2009) but in the opposite direction. i



Modelo do cabo coaxial blindado

@ Considere um circuito aterrado nas duas pontas,
conduzindo corrente i; com blindagem coaxial.

(OTT, 2009) PHYSICAL REPRESENTATION INSTITUTO FEDERAL

SANTA CATARINA




Modelo do cabo coaxial blindado

Em alta frequéncia um cabo coaxial consiste na verdade
de trés condutores isolados; o condutor central, a
superficie interna do escudo e a superficie externa do
escudo. |

(1 Jjo )II
Jo +

f_vzfl(. j;&; T )
(OTT, 2009) EQUIVALENT CIRCUIT jo + Rg/Lg



Modelo do cabo coaxial blindado

@ A corrente de retorno pela blindagem reduz (tenta
cancelar) o campo magnético gerado pelo condutor

central. ;
—
- D S S
le=1 -—\
() H1
NO GROUND
CONNECTIONS
— p, 4
“ 3
,.-""’ S : "a'-f INSTITUTO FEDERAL

(OTT, 2009)
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PCBs: Planos de Terra

|
S
| |
Source Subsystem 1 Subsystam 2 Subsystam 3 _
ey T
— 1.
L

| |

Subsystem 1 Subsystam 2 Subsystamn 3 -

INSTITUTO FEDERAL
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e
PCBs: Planos de Terra

1 O circuito de terra de um sistema digital com
clock alto deve garantir pequena indutancia
parasita na conexao entre componentes digitais
gue se comunicam entre si.

Isso €& conseguido providenciando varios
caminhos paralelos de retorno da corrente.

-Uma abordagem é usar um plano de terra
“solido”.
-Outra opcao sao sistemas com mateizes

(PAUL, 2006) (grades) de aterramento (figura ao 1ado). umsromn

(EM research group at Michigan )



PCBs: Planos de Terra

As trilhas que conectam o capacitor de Vcc e o Cl devem ser tao
curtas quanto possivel e colocadas proximas entre si para minizar a

area de loop.

Um capacitor também pode alimentar mais de um Cl (usando um

bom layout).

Ve

(PAUL, 2006)
(EM research group at Michigan )

r1 3 M

Ground —

Ror Pw ok
de-;cuphcnﬁ cupacitor

1 M ™ o o
— . ke pluent
J \C I#l B) = D[—d,er.m..l'ﬂlna
- mp&kih‘h—
I L B I I T B B A



PCBs: Planos de Terra

Radiation Example, 50 MHz Clock

Efd e + Adding ground
plane reduces
emission of
fundamental =40 dB

PWB: 2" x 6" x 0.060" (FR4)
Trace: 5" x 0.050"
E-Field Probe Spacing: 2
(Emco 7405-004)
Source: 50 MHz, 4 ns rise/fall,
3Vp

Mo Ground Plane With Ground Plane

{Micro-Strip)

(COLOTTI, 2003)

One and Two Layer

« Inexpensive
Signals, Grounds, Supplies « Difficult to control EMI without
Dielectric external shield

« Difficult to control impedance

One Sided

« Inexpensive (slightly more than 1

Signals, Ground, Supplies sided)
« EMI mitigation with ground plane

e - Impedance control simplified with
Two Sided Groond Plane ground plane
Multi-Layer Stack Up Examples
1 3
| ]
L — et

Analog Signal/Power
Anaiog Signal/Pewer
Grouna Mane
Digitat Sceply Mane
Digital Signal

Sgral
Sigral
Ground Mane
Supply Mane

Signal
Signat
Ground Pane

Supphy Plane Oigaat Signal
Sgnat Ground Mane
Signal Sigral
High Speed Digital PWB High Speed Digital PWB Mixed Analog/RF/Digital PWB
« High Density « Moderate Density » Moderate Density
. Ten Layers o Six Layers « Ten Layers
+ Two Micro-Strip « Two Micro-Strip « Two Micro-Strip Routing Layers
Routing Layers Routing Layers « Four Asymmaetrical Strip-Line
. Four Asymmetrical « Two Buried Micro-Strip Routing Layers
Strip-Line Routing Routing Layers « Single Digital Supply Plane
Layers « Single Supply Plane « Analog supplies on inner layers
.+ Single Supply Plane « Two Sided - Routing Clearance Considerations
« Two Sided - Improved isolation
* Two Sided



PCBs: Disposicao de componentes

Os componentes mais rapidos devem ser colocados em uma sec¢ao
da placa a qual esta o mais longe possivel de conectores externos.

Isso aproveita a vantagem da perda natural sobre o material da
placa, o qual atenua sinais de ruido. |

lowspeed |
Commrpiin e, |

tf-.l‘ll:ﬁ(n"‘ I

[ . ]

e —

! ediom -5peed (ain Ctmauls :
1

bgrspead |

t | Lo pontnts !

—_ e e o = = = ——

T oveers 1

|cae |

C:auﬁ_ 2. Placwet o Naawons - saeed r.m.(::um«i-s on & losand.

(PAUL, 2006)

(EM research group at Michigan )

%

_____________

z
g
H

Slowesl-speed components

it

Edge

connector

FIGURE 11.34 Keeping the highest-speed components away from offboard connect

INSTITUTO FEDERAL
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PCBs: Disposicao de componentes

Conexoes entre osciladores e Cls que usam o sinal dos osciladores devem
ser feitas o mais curto possivel. A fim de minizar as areas de loop, o sinal e
caminhos de retorno do clock devem ser paralelizados proximos.

Conexdes de enderecos, dados e portas I/O devem ser feitas o mais curto
possiveis, com sinais e caminhos de retorno o mais proximo possiveis, a
fim de minimizar areas de loop.

Bt - lﬂ"“
R [ b a
i ‘Pw T1 I
— _ Disposicao ] !
C SN Gl sposicao
] : mais adequada :
Riyw Disposi¢do Ruim q belte.~ e flou end Place uad

(PAUL, 2006)

Fau=< iz2. PC bow~d wa A= Lol :
(EM research group at Michigan )Fber' (Dwepg I o Pl-ﬁ-cm.u.. 3.{'— v oo c‘j wWgheAas



Integracao de Sistemas
@ System Partitioning/Guidelines

+ Minimize interconnections between WRAs/LRUs
+ Minimize the distribution of analog signals
+ Control interference at the source

S

= -

(COLOTTI, 2003) INSTITUTO FEDERAL




Integraga'?io de Sistemas
@ Control Interference at the Source

+ Preferred Apprnach Shleld/'Fllter the Source (Culprit)

n Patential ‘ Patential ‘ Patential ‘
e i Wiktim Wickim Vistim
F Y F F

+ Alternate Approach - Shield/Filter Potential Receivers (Victims)

N2 /‘//’ /’"’f—””’lrf’*
N

+ onn
Fower Bus + an
hhhhhh L e R L Y e B [ [ 1]
............
n i T T —
COLOTTI 2003 e i . . . . . . . . Al e e e e e . a2 INSTITUTO FEDERAL
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http://www.egr.msu.edu/em/research/goali/notes/

“For every difficult problem there is always a simple answer and most of them
are wrong.”
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