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One Rule to bring them all
and in the darkness bind them....
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One Ring t flnd them'
One Ring to bring them all
and in.the darkness.bind them....
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Outline

Principle of Path of Least Inductance

Implication of “Path of Least Inductance” in
PCB Design

— Power and Return Circuits on PCBs

— High Speed Signal and Return Circuits on PCBs
Implication of “Path of Least Inductance” in
Filter Grounding

Implication of “Path of Least Inductance” in
Cable Shield Grounding

— Shield Grounding
— Signal vs. Shield Grounding

Summary
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Principle of “Path of Least Inductance”
Visualize Return Currents

« Currents always return...
— To ground??

— To battery negative??
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“Path of Least Inductance” Principle

$ Which path will the return current follow?

Currents always take the path of least ...

— Distance?

— Resistance?
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“Path of Least Inductance” Principle
Which path will the return current follow?

Is-(Rg + jooLg)—1, - joM =0

Source Cable Load e — 4H
—m—> 1, _ JjoLg
b I, R+ joL,
I

® s

Ry s [, <<I, & oL >>R;

= s Iy >>1, & oLl >> Ry

Equivalent Circuit ' Asymptotic

Current Rat




“Path of Least Inductance” Principle
Which path will the return current follow?

« At (Below 10 kHz in typical copper
structures), the current will follow the path of
, Via ground (lg)

Source Cable Load
>
——
* W
® L SR
RS
I
(jo)
Z=Rs+jo-M = Iy=1-—
A {|Z|za)~LS @w-L,>>R, | (otR/L)




“Path of Least Inductance” Principle

$ Which path will the return current follow?

« At (Above 1 MHz (in typical copper
structures), the current will follow the path of
, via the return conductor (lg)

Source Cable Load
>
_NAArlkAJuAJJ m
M
(=] N SR
RS
ly
;. (o
§ — = .
(jo+R, /L)

YA R.>> jow- L
Z=RS+ja)-M:{| | S @ S J S
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“Path of Least Inductance” Principle
Which path will the return current follow?

FUNCTION
GENERATOR

Percent of Total Current Flowing in the Strap

GROUND
STRAP

Courtesy: Prof. Todd Hubing, UMR
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“Path of Least Inductance” Principle
Experiment Set-Up

RF Signal

@ | Coaxial Cable
Generator |

; ‘ Current
Signal Output Probe

Coaxial
T-Splitter
Coaxial

Copper Strap Terminator
"U-Shaped"

Semi-Rigid
Coaxial Jig

- Te |
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“Path of Least Inductance” Principle
Experiment Set-Up

T e e

10340000,
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-l_ 1 ‘_,_.l. i I
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“Path of Least Inductance” Principle
Experiment Results

i Aglent 158301 Way s, 2003 L i Agilent 162408 May 5, 2003 L
Mkl 256 kHz Mkr1 200 kHz
Ref 107 dByy Atien 10 dB 69.31 dB Ref7249 dB  #Atlen 15 dB 6443 dBY
Peak Peak
Loy Loy
0 4
dB/ dB/

| Ll
Low Frequencies High Frequencies il
N

Start 1 kKHz Stop 1 MHz Start 1 kHz Stop 10 MHz
#Res B 3 kHz YO 3 kHz Sweep 277 .5 ms HO1 pis) #Res B 30 kHz VB 30 kH:z #Svreep 00 ms (401 pis)

l(l'IN
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“Path of Least Inductance” Principle
# When is Inductance Minimized?

* Definition of Total Loop Inductance

* For I=constant, @ . implies S

min

B-ds
b |

K'IW BEOMECL EUC T1D



“Path of Least Inductance” Principle
¢ When is Inductance Minimized?
% +
JWW W,

* The total inductance of two conductors carrying current
in opposite direction (e.g., signal & return leads):
Lpy =Ls + L, —2M,,
* And when the conductors are identical, i.e., Lg,=Lg,:
Lo :2(L51 _Mlz)

0]
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“Path of Least Inductance” Principle
Implication of this Rule?

*The principle of “Path of Least Inductance” will

apply, in cable design for EMC, in: p Z =
—Grounding of cable shields /
—Transmission line layout and routing on PCBs %
»
<

—Power decoupling on PCBs
—Filtering
—Circuit grounding topologies
Few principles in EMC are as important as
this principle for the understanding and
design of shields, filters and return current
circuits
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Objectives of Grounding in PCBs

« 3 objectives: S e
— DC Power Return

— Image Plane

\
RUHHHITIIIIII:IMM T T Tt
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DC Power Return

Signal Return

Image Plane
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Power and Return Circuits on PCBs
QI
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Power and Return Circuits on PCBs
Noise due to Current Switching

* The battery and its power & return leads must have a
very low Z, to maintain stable transmitted signal levels

Noise Voltage
- N +

. &
K
s
= = = = =
- e o

Gate X : ;:4 Gate A Gate C
Signal Current Path
When gate X switches Hi, When gate A switches Hi, it
current from battery charges connects its output to the (+)
the load capacitance terminal of the supply. Any noise

there transfers to its output
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Power and Return Circuits on PCBs
Noise due to Current Switching

Use low impedance ground connections between
gates

The impedance between power pins on any two
gates should be just as low as the impedance between
ground pins

A low impedance path must be provided between
power and ground

=
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Power and Return Circuits on PCBs
Reduction of Power Distribution Impedance

* For high switching current transients, the power distribution
system can be represented by a two conductor transmission line

« Amplitude of power supply transients is directly proportional to the
characteristic impedance of the power distribution system, Z:

L Lx, Cx per unit length
7= = 8
C
+ Both are achieved by: T #
— Reduction of between conductors | <

ml
A

— Placing conductors as possible _L. :dex| | | | #
— Increase of T T T T

1IN
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Power and Return Circuits on PCBs
Power Supply System Decoupling

Ls
* Further Improvement: Decoupling Capacitors s A ’
— Reduce Inductance of power lead '
— Reduce radiating loop area L
— Reduce transient current drawn from P.S.
— Provide a transient current source near device - G F%E"

« How does it work?

Only a smoothed current

- LOW'F Current prOVided direCtIy Low Inductance E%Nﬂrr:eg::nccg/nggri?r:t is
from power source Power Conductor suppresse,grvv\—
: S R 3
— High-F current provided by ) i cover
. - | . _ 1+
decoupling capacitor = Sz —
— High-F current ONLY provided from  cateA 3| Ground Condustor
capacitor via the path of least inductance

Page 23

K'IW BEOMECL EUC T1D



Power and Return Circuits on PCBs
Installation of Decoupling Capacitors

* Decoupling capacitors must be installed as near as
possible to the decoupled device, or else...

Large Current

8-10 nHy . Loop Area
VCC Bad InstallaTion! )
5-6 nH 3-4 nHy . ) )
. Loop iNnducTtance |
d KEN still dominartes, Ooonn
. > Logic IC
GND defeating The

R NI
decoupling L’i@ Voo
Decoupling

SN Capacitor

only half work is done...! The current is forced to flow
through a high inductance!

K'IW BEOMECL EUC T1D



Power and Return Circuits on PCBs
Installation of Decoupling Capacitors

Good InstallaTion!
Loop inductance minimized

IC
cs
I I ||

| _ — — | GND

I | |
[ I B |

iy
= SMD

Capacitor
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Power and Return Circuits on PCBs
Installation of Decoupling Capacitors

Pin Grid Arrays (PGA), €.G. MEMORIES, REQUIRE
multiple capacitors, due 1o high curRReNT consumpTioN
AT Refresh cycles

ComponenT Side
Capacitors

PrinT Side
Capacitors
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on PCBs

;u High Speed Signal and Return Circuits

=
* Loop inductance dominates EMI from high
speed signal propagation and signal integrity

CURRENT DRIVEN

Courtesy: Prof. Todd Hubing, UMR
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High Speed Return Signals on PCBs

Topologies for Signal Returns

« Exposed traces over a PCB with no ground plane

H
=
] ] ]
@- Dielectric Carrier <

 Traces routed as “microstrip”
/'“ /A ‘
S .’.‘.‘-\\\ MM Dielectric Carrier

* Traces routed as “stripline”
Double RETURN ground plane

H

g\
= s Dielectric tarrier .
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High Speed Return Signals on PCBs

Return Current Flow in Ground Planes

Via Via
* How will the return current
flow?

— Will it take the ?

— Will it take the path with the
l?

— Will it take the path with the
?
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High Speed Return Signals on PCBs

Return Current Flow in Ground Planes
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High Speed Return Signals on PCBs

Return Current Flow in Ground Planes
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High Speed Return Signals on PCBs

Return Current Flow in Ground Planes

 The current distribution balances to opposing

forces:

— If the return current is concentrated immediately
below the trace, it would have a higher inductance
= A skinny conductor has a higher inductance than a wide
conductor
— If the return current is spread farther apart from the
trace, the loop inductance will increase, violating the
path of least inductance
= Loop inductance is proportional to the current path loop area

Return Current Cross section of
i(D),,, = ly_. 1 Distribution Signal Trace
" nH 1+(D/H)2 beneath signal ==
trace i
Ground Plane :
Page 22
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High Speed Return Signals on PCBs

Return Current Flow in Ground Planes

* The return current may flow either through
Ground (GND) or Power (VCC) layers

— It will “choose” the path of... lower inductance

— If necessary - it may “jump Iayers
Signal Current Loop )
Through VCC
( ‘ Signal Current Loop )
Through GND

&>I | Signal Current Loop ) I | <:J

= AC GND AC GND
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High Speed Return Signals on PCBs

Return Current Flow in Ground Planes

6 VDC
INPUT Where does the 56 MHz return current flow?

+5 volts g

e []
ground
‘ ‘ +5 volts
56 MHZ
+5 valts =
VOLTAGE [—# B
o | REGULATOR L

ground ground

BOARDWITH INTERNAL
POWER AND GROUND PLANES

Courtesy: Prof. Todd Hubing, UMR
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High Speed Return Signals on PCBs

Return Current Flow in Ground Planes

Daughter Board

Avoid this
loop

Mother Board

K'I'W BEOIECL EUC T1D



High Speed Return Signals on PCBs
How do the Signal Return Currents Flow...
with slots in the ground plane?

« A “Trace in the ground
plane” diverts the return

Daughter Board ST
o P . _SlgnaI+Return loop area
Current Avoid this inereases _
’ , loop  Loop inductance increases

 Crosstalk, Radiation

.

/ '/ 1 u u ] =
Mother Board Ground ||/ - Effect similar to splicing a
Plane Y coaxial cable
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High Speed Return Signals on PCBs

(Almost) Never gap a solid ground plane!!!

S

Gap in the
Ground Plane

Courtesy: Prof. Todd Hubing, UMR
 Enhances potential differences in ground

 Usually creates more problems than it solves

- Except... when necessary to prevent common-
impedance coupling at frequencies below 100 kHz

Page 38 I(J_ W
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High Speed Return Signals on PCBs

Effects of slots in the ground plane lllustrated

Split Ground Plane Test Board

From: “ESD and EMI Effects in
Printed Wiring Boards”

Courtesy of Douglas C. Smith

Page 39

1kV ESD injected onto PCB
with and without split

Noise coupled into a test
circuit was measured

Overall Test Setup - Front View




High Speed Return Signals on PCBs

Effects of slots in the ground plane lllustrated

* Increased current loop size
iIncreased noise coupling

 Violation of the Path of Least
Inductance

'3,
h 1q tﬂﬁ Ao running-admiting trigoer
|J| VY
.l, |

a0l ns
realitme Trigger Mode:
Edge

1 F S0 my

EMI: Split Ground Plane Path (1 kV ESD)

realitme Trigger Mode:
Edge

i1 _F B0.00 md

EMI: Continuous Ground Plane Path (1 kV ESD)
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Some PCB Design Recommendations
Put connectors on one side of the board

Page 41

Put connectors on
one side of the PCB
to reduce the loop
area between /O
conductors

— Reducing loop are of
traces on PCB

Courtesy: Prof. Todd Hubing, UMR
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Some PCB Designh Recommendations
Bypassing Power Planes when Crossed by High
Speed Signals

Alternate HF Current
Return Patsh

33V| ¥ i} 5V

D-GND D-GND

Although a solid ground plane is present, the
RETURN current must seek its way through when the
upper power planes are slotted/split to guarantee the

path of least inductance
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High Speed Return Signals on PCBs

Chassis Ground Connections/”’Stitches”

Use caps when safety requirements
prohibit direct bonds

On PCB

Chassis

Ground
Connection

Chassis
Ground
Connection

“Ground Stitches”:
“Anchors” for the Circuit...?

Sfuverander, Ethnotraphiesd K _L‘w bBO‘lEC_‘L EMG 'l‘_LD



High Speed Return Signals on PCBs
Chassis Ground Connections/”’Stitches”

A Problem?

Signal Current Loop
Through D-GND
Lowest Inductance

Signal Current Loop
Through Chassis GND

- xxxxxxxxxd

her Inductance

Hig

Power
Return

Signa

o=
23
c=m
e =
o =0
= Sl
o
g co g% 2
m ds e
- n%n i
© (7)) m
Q Uh.m an
- SOFT o O
= O oo —
© smn G Y=
_ 2285 oo
. 850 P2
56 §T82
0 g p-mF
® & S Q ]
¢ 3L @ h.nn..h
S0P @ =D
(&) .mnwh
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B = naos
Onn.. 7] L9 =55
29 o c o=
So O © C
I M5 I
- =g
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2
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High Speed Return Signals , = =57~
on PCBs A IR

Moats/Barriers

The “bridge” acts aAs A choke on The f(
GND (& power) Planes

Optignall Connectionito Main Optional Connection to
Chassis Area Chassis /0
| Connector
SO
"Clean" I/O
Area
Bridge in
Moat
A o
Choke on 1™
VCC :
Ground
Plane = o)
Himeji-Jo Castle,
Bulk Chassis Japan
Decoupling Ground

Capacitors Lafeel




High Speed Return Signals on PCBs
Moats/Barriers
An Protected Harbor in a Rough Sea

* Keeping the
rough seas
outside, but
letting the

ships in...

-, L e ] < -:F'
b ?%f" )

= 3

- -

The Breakwater in Haifa Port,
Northern Israel
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High Speed Return Signals on PCBs
Moats/Barriers Applications

Sensitive
Signals Isolation
Application

Page 47
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High Speed Return Signals on PCBs
Moat Violation
Violation of the Path of Least Inductance

Large Loop
Area due to
moat violation

Small Loop
Area Between
Trace and
Return
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Implication of
oT Least Inductance” In

14 : o , L
Ar (GGrounc 6
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EMI Filters: Definition

Ls I L,
Eg ESiT Filter ELT |_ir| Z
0 0
Source Load

A filter is simply a two-port device, characterized by its
Insertion Loss function:

E, () 20 E, (f) w/ Filter Inserted

-Log :
E, , (f) E, (1) w/ o Filter Insertec

IL(f)=20- Log

« A filter is a simple method for attenuating conducted
(and subsequently - radiated) emissions and

Page 50
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Filter Topologies

7 L-Filter Z Capacitive-Filter
L
C 7 Z e(t) —~ C Z
v T-Filter - T-Filter




Filter Performance

* T, L &t filters are reflective filters

—“Losses” are due to the mismatch between the
noise source interference and filter’s impedance

— Interference shunted to ground/reflected back to
the source

Signal B (/[ \U signal
| - Filter -
Incident WW e mnn. Transmitted
EMI EMI
Reflected AR
EMI

Page 52
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Effective Filter Performance — Dependant
on Filter Grounding

Filter . .
Mains S * A well-grounded filter will

Sotree _:Ll + ST reflect the high frequency EMI
. back to the source

Reflcted EVI — HF EMI follows the path of least
inductance back to the source
— l,fl'f,[l « When improperly grounded —
Power | | 1 [Equipment the EMI may “bypass” the
Source TLlT : filter
oy pasee 1 — Due to the high inductance of the

filter grounding, the EMI
High Imlpedance bypasses the filter

from Poor Grounding
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Effective Filter Performance — Dependant
on Filter Grounding

A

IIG(xnll
"High-L"

0.1 1 10 100 1000
Frequency [MHz]

Effect of bad filter grounding on Insertion Loss
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Shield Grounding

Page 56
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How Does the Cable Shield Work ?

* In a non-shielded cable:- CO”dUCtO'”""”I;’

/

“I./."' -9
4

1

I
1

[
o [ Y
H-Figldh. T 32
NS B -
QS -

* In a shielded cable, grounded at one end:-

— E-field terminates at the shield (@ Low F)
— H-field penetrates the shield

* In a shielded cable, grounded at both ends:-
— E-field terminates at the shield (@ Low & hi F)
— H-field cancelled by opposite shield currents

K'IW BEOMECL EUC T1D



Does The Shield Prevent H-Field Radiation
?

* Design goal:-

— Cancellation of magnetic flux
emerging from
* Internal conductor current

. ) Magnetic
Shield current Flux - B,

— Magnetic flux from currents Ig & |,
will cancel out

« Goal achieved by:
— Limiting ground current I

Current

i ('Ii)




How Does The Shield Prevent H-Field
Radiation ?

Source Cable Load
. . Equivalent
I -(RS +]a)LS)—Il. - joM =0 ° Circuit
-------------------------------------- M
Le=M l € ¢ Le R

o [. << & wly >> R, 1

[, <<l . S ol >> R

Current Ratio
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How Does The Shield Prevent H-Field
Radiation ?

Z=R;+ jw-M=
Zirw-Ly @ w-Li>> R,

« At low frequencies, the current will take the
, via ground (lg)
— Design goal not achieved

...............
- ~
’ ~

K'IW BEOMECL EUC T1D



How Does The Shield Prevent H-Field
Radiation ?

/=R R.>> jo- L
Z:RS+ja)-M:{| | S @ S J S

« At high frequencies, inductance dominates the current
paths

— Since Inductance<f{Loop area}, the current will flow through the
shield, if grounded properly s G Load
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How Does The Shield Prevent H-Field
Radiation ?

Source Cable Load Source Cable Load
A D > WL >
— i
La ISRS Large
rgeR,, °\Q,$ ' ge R,

“C
— /77 ‘eﬁ\‘e = /77
A V. =—joMI, + R, + joL.I,
Ly=~M =V, =R

Thus:

* For low-frequency noise protection, the shield should not be
one of the signal conductors

* One end of the circuit must be isolated from the ground M
| 1)




How Does The Shield Prevent H-Field
Radiation ?

Source Cable Load Source Cable Load |
o P > - a >
I > e“ ls (out)
Large R,
R,

— — /77
At HF, a coaxial cable contains 3 “isolated” conductors:

Outer Surface
of Shield

— Outer surface of shield conductor

 The inner and outer surfaces of the shield are
effectively isolated (large R;) due to skin effect

* Noise coupling does not occur because:

— Noise current flows on outer surface

= ROEITEnpEe A e —
LW BEOMECL EUWC T1D



Signal vs. Shield Grounding

Page 64
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Signal Cable vs. Shield Grounding

Frequencies: Unbalanced Shielded Line

« Unbalanced (single
ended) shielded line W=
— If single-point grounded: 's Single-Point
* Return current flows
through the shield only < ’/
- Effective low frequency —

magnetic flux cancellation —

— Unbalanced (single ended) shielded lines should be avoided in low

frequencies
Page 65
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Signal Cable vs. Shield Grounding

Frequencies: Unbalanced Shielded Line (coax)

I Muti-Point

4

* Unbalanced shielded line {W\ =
— If single-point grounded: 1
* Return current flows through

chassis only

 Ineffective high frequency magnetic <
flux cancellation

* Noise may couple into circuit via = =
shield to cable capacitance

‘-

o Grounding both ends is
MANDATORY for effective shielding
and flux cancellation

o Coax and similar single-ended lines
are effective

Page 66
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Signal Cable vs. Shield Grounding
Low & High Frequencies: Balanced Shielded Line

Page 67

Balanced shielded line

— Return current flows through
return conductor and not
through the shield

— The shield is used strictly for its
purpose — shielding!

— If shield is single-point
grounded:

+ Effective low frequency E-field
shielding

Signal Current

".

» Ineffective low frequency H-field
shielding

+ Ineffective high-frequency E-field v
shielding

— Shielding at high frequencies is effective ONLY when shield

grounded at both ends

J_IN

K'IW BEOMECL EUC T1D



summary
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Summary

« “Path of least inductance” is a principle of
utmost importance for understanding EMI
phenomena and application of design rules for:

— Cable shield grounding

— PCB trace routing

— Decoupling and bypassing B ——
— Filtering VA ‘

* In your design, therefore, remember:

— Visualize signal current paths st v brim dhom vst ond 1 |
— Common sense is still permitted... b

Few EMC design principles of as such
importance as the principle of “Path of Least

Inductance”
Page 69
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