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Conventional Wisdom

 Need a variety of capacitance values to
maintain low impedance over freqguency
range

 Many capacitors of one value Is better
than many values

* Place capacitors close to ICs as possible
e Location does not matter
e Spread capacitors over entire board
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Power Plane Noise Control
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What Is Capacitance?

Q Q=CV

e Capacitance is the

ability of a structure to * Amount of charge

stored Is dependant

hold charge _
(electrons) for a given on the size of the
voltage capacitance (and

voltage)

Note: Capacitance has no frequency dependence!
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High Frequency Capacitors

e Myth or Fact?

& 2002 HowStuifWories

It's really the inductance that matters!
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Capacitance and Inductance

e Capacitance > amount of charge stored

* Inductance - speed that the charge can
be delivered from capacitor
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Decoupling Capacitor Mounting

o Keep as to planes as close to capacitor
pads as possible

Via Separation

Inductance Depends

on Loop AREA .
\\/ \ Height above Planes
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0603 Size Cap Typical Mounting

9 mils 9 mils 20 mils
10 mils* 10 mils* Via Barrel 10 mils

A

v

60 mils

T GG E e R e PP
A ol Ty S

108 mils minimum

128 mils typical __
*Note: Minimum

distance is 10 mils but
more typical distance is
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0402 Size Cap Typical Mounting

8 mils 8 mils 20 mils
10 mils* 10 mils* Via Barrel 10 mils

A

v

40 mils

T S
WS L ST

86 mils minimum

106 mils typical __
*Note: Minimum

distance is 10 mils but
more typical distance is
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Connection Inductance for Typical Capacitor Configurations
Configurations with 10 mils from Capacitor Pad to Via Pad

Distance into 0805 typical 0603 typical 0402 typical
board (148 mils (128 mils (106 mils
to planes (mils) between via between via between via
barrels) barrels) barrels)
10 1.2 nH 1.1 nH 0.9nH
20 1.8 nH 1.6 nH 1.3 nH
30 2.2 nH 1.9 nH 1.6 nH
40 2.5 nH 2.2 nH 1.9nH
50 2.8 nH 2.5 nH 2.1 nH
60 3.1 nH 2.7 nH 2.3 nH
70 3.4 nH 3.0 nH 2.6 nH
80 3.6 nH 3.2nH 2.8 nH
90 3.9 nH 3.5 nH 3.0 nH
100 4.2 nH 3.7 nH 3.2 nH
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Connection Inductance for Typical Capacitor
Configurations with 50 mils from Capacitor Pad to Via Pad

0805 0603 0402
Distance into (208 mils (188 mils (166 mils
board between via between via between via
to planes (mils) barrels) barrels) barrels)
10 1.7 nH 1.6 nH 1.4 nH
20 2.5 nH 2.3 nH 2.0nH
30 3.0 nH 2.8 nH 2.5nH
40 3.5 nH 3.2 nH 2.8 nH
50 3.9 nH 3.5 nH 3.1 nH
60 4.2 nH 3.9 nH 3.5 nH
70 4.5 nH 4.2 nH 3.7 nH
80 4.9 nH 4.5 nH 4.0 nH
90 5.2 nH 4.7 nH 4.3 nH
100 5.5 nH 5.0 nH 4.6 nH
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Via Configuration Can Change
Inductance

The “Good”

The “Bad”

The “Ugly”

Really “Ugly”
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SMT Capacitor

i FO

Via

Capacitor Pads

Bruce Archambeault, PhD

Best
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Comparison of Decoupling Capacitor
Via Separation Distance Effects

0.1 uF Capacitor

Via Separation

A
10 mils
\ 4

10 Oct 2012

Via separation, mils Inductance, nH Impedance @1 GHz, Ohms
20 0.06 0.41
40 0.21 1.3
60 0.36 2.33
80 0.5 3.1
100 0.64 4.0
150 1.0 6.23
200 1.4 8.5
300 2.1 12.7
400 2.75 17.3
500 3.5 21.7
Bruce Archambeault, PhD 13



Example #1
Low Cap Connection Inductance

O oy PWR
GND

PCB <
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Example #2

Hi Cap Connection Inductance

PcB <

IC

N

Cap

N

+PWR
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<«—GND
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Example #3

Lower Cap Connection Inductance

PcB <

IC

N
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+PWR
«—GND
N
< 7
Cap
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Example #4
High Cap Connection Inductance

IC Cap

O PWR

GND

PCB <
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Capacitor Connection Inductance Ratio

ESL
L2 Cap L3=L3" + ESL
e L3’
T
»
PCB < w7 b «PWR
| “—GND
o
Power/GND 62mil brd L3/L2 L3/L2 L3/L2
plane via centered 0603 w/extra | w/extra | w/extra
spacing, diameter, L, plane SMT 100 mil | 200 mil | 300 mil
(mils) (mils) (nH) spacing, L3 trace trace trace
10 10 0.32 mils (nH) | L3/L2 | length length length
10 13 0.304 10 1.66 6.75 9.13 11.50 13.88
10 25 0.27 35 092 | 1.29 1.98 2.67 3.36
35 10 1l
= e i For local d [ dL3/L2<3
<
35 5 0.95 or Iocal aecoupling nee
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Decoupling Must be Analyzed In
Different Ways for Different
Functions

« EMC

— Resonance big concern

— Requires STEADY-STATE analysis
* Frequency Domain

— Transfer function analysis

 Eliminate noise along edge of board due to
ASIC/IC located far away
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Decoupling Must be Analyzed In
Different Ways for Different
Functions

 Provide Charge to ASIC/IC
— Requires time-limited analysis

e Charge must get to the IC during the time it is
needed!

— Charge will NOT travel from far corners of the
board fast enough

— Local decoupling capacitors dominate
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Decoupling Capacitor Mounting

o Keep as to planes as close to capacitor
pads as possible

IC Connection

Inductance Loop
IC

Capacitor _ !
Capacitor Connection
Inductance Loop
"""""(j‘?‘/ """""""""""""" f " E """"""""""""""""
C
i

Plane Inductance Loop
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Current in IC During Logic Transitions
(CMQOS)

V

IC | LI -.._.!‘:_/ SWitCh IC Ioad

1
v drlverl’a,_fl_ -
DC I (] ]

-------

I .
riven

. 7 E d |ve: )1_'_:_q =

; T Z,, Vy ; "ch: - T ! A v, I 70 Vi

I;’_ o :I 1 P = = ! = 1

shoot-tfra ™~ — e " Shoot- -===1~" e J
current ~ GND P thru GND a4

g current logic 1-0
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Typical PCB Power Delivery

DC/DC converter
(Power source)
T capacitors o electrolytic
GNl:I)ii 1 @capacitor
r- 1
GND EL Vec GNDIT]
Vee
1 .VCC
1 4 IC load
] 1:4 [ 1:
: GND: [ -I GND:
IC driver  V¢c & Vee
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Equivalent Circuit for Power Current
Delivery to IC

connector #ia i rcainect distance
and wiring capacitor inductance PCB

leads wiring
Lpsl / M e A4
M0 — - — o— /0"

: \
DC/DC _ _
converter electro_ lytic capacitors V/GND
capacitors plane
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Power Bus Charging Hierarchy

HUGE BIG SMALL NY TS
LDS L huik Lyia I—planes Ltracei
power /00— 000 I T-— a0
supply leaded SMT DC power | \
(DC/DC capacitors capacitors planes i
converter) [ t 2 =

ultimate charge
source 100’s uF 0.01-100’s uF pF’s-100 nF

SLOW POKEY QUICK FASTEST
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Traditional Analysis #1

e Use impedance of capacitors in parallel

ESR, ESR, ESR, ESR,
p—
ESL, ESL, ESL, ESL,
L . %y =
1uF 0. 1uF 0.01uF .001uF
Impedance to IC No Effect of Distance Between Capacitors

power/gnd pins

and IC Included!
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Traditional Impedance Calculation
for Four Decoupling Capacitor Values

= All in Parallel

(swyo) aouepaduwy

0.01

1.00E+09

1.00E+08
Frequency (Hz)
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Traditional Analysis #2

e Calculate loop area — Traditional loop
Inductance formulas

— Which loop area? Which size conductor

ESR, ESR, ESR, ESR,

ESL,+Ly, CESLy+Ly, SESLgtLg & ESL,+Ly,
=

1uk 0. 1uF 0.01uF 001uF

Impedance to IC
power/gnd pins

Over Estimates L and Ignores Distributed Capacitance
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More Accurate Model Includes

Distributed Capacitance

Intentional Decoupling Capacitors

Distributed
capacitors

_ 4 F
TP
- = =

e
R e e [
AEqE R A

T e e I
AR HE SR

_ HF | HF L HF
AF 4 AE L HF

| ST B
i 'y i =
61 0 it
w kL HF A

g

m
m|:|n_ |__|n:|n:|n:|
jelis i
e g ey |
B ol SO
= "y -
)
il B
g
=

IC Power Pin
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Distributed Capacitance
Schematic

Intentional

Capacitor Distributed Capacitance
ESR
—>
Loop L
_ §Note: L increases

—— Capacitance = = as distance from

source increases
Source L = Loop L + ESL, but Loop L dominates
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Effect of Distributed

Capacitance

« Can NOT be calculated/estimated using
traditional capacitance equation — need to
use full-wave technigue

* Displacement current amplitude changes
with position and distance from the source
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Sample Parameters for
Comparison to Measurements

e Dielectric thickness = 35 mils
e Dielectric constant = 4.5, Loss tan = 0.02
e Copper conductivity = 5.8 e7 S/m

10 Oct 2012 Bruce Archambeault, PhD
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Impedance at Port #1
Single 0.01 uF Capacitor at Various Distances (35mil Dielectric)
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Z11 Phase Comparison as Capacitor distance Varies for 35 mils FR4

ESL = 0.5nH

\

—100 mils
——200 mils
—— 300 mils
— 400 mils

1000 mils
— 2000 mils

T T
10 S} 0
S =

(peJ) eseyd

-1.5 4
2

1.0E+09

1.0E+08

1.0E+07

1.0E+06

Frequency (Hz)
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Impedance at Port #1
Single 0.01 uF Capacitor at Various Distances (10mil Dielectric)

\\\\\\\\\\\\\\\\\\\\\

1000 mils

=—no caps
=300 mils
=500 mils
=700 mils

20
10
0

(swyogp) aouepaduw|

-30 4
-40 A
-50
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Effect of Capacitor Value??

 Need enough charge to supply need
 Depends on connection inductance

10 Oct 2012 Bruce Archambeault, PhD
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Charge Depletion

e |C draws charge from planes

e Capacitors will re-charge planes
— Location does matter!

10 Oct 2012 Bruce Archambeault, PhD
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Model for Plane Recharge Investigations

Ls”

Decoupling Capacitor : L
/ A \ (E:S:Rl:ZOmOhm i
! ll\\ Iﬂ\ ESL = 0.5nH
) i [ i
- [ [ [
IR
1? , \ l ‘ , ‘ D(:(r:l ;/rcg tea? hee upso?/f/jet r0
L
K time [ns] ’ " /

Port 2 represents IC current draw
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Charge Between Planes vs. Charge
Drawn by IC

Board total charge : C*V = 3.5nF*3.3V = 11nC

Pulse charge 5A peak : I*dt/2 = (1ns*5A)/2=2.5nC

10 Oct 2012 Bruce Archambeault, PhD
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Charge Depletion vs. capacitor distance

3_:' 1 2T '

| — 400 il
5000 nuls

_Nﬂ
. S S SO SO, W
|5 i i i i i i
0 1 2 3 4 5 6

Tine [1s]
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Charge Depletion for Capacitor @ 400
mils for various connection Inductance

1.5

10 Oct 2012

— sl 0.50H | |
— s 1nH |
ezl 2nH

e O SR U S—

Time [ns]
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Noise Voltage iIs INDEPENDENT of
Amount of Capacitance!

e S s
3.2 i h’ ?'-'-'; --------
3
S e s S e
] I i ——— — 1\ Aslong as there is
1 dec 0.8uF i i ‘ .
Dist=400 mils 2.4 | xerens Ldecap SuF e —.—\. ‘enough’ charge
ESR=30mOhms Ring 8 decap 0. 1uF
22| memenn Ring 8 decap 1uF B RRERENNt| WRREEEEEEEES 5
ESL=0.5nH — No decap | ; '
% 1 > 3 i 5 6
time [ns]
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Capacitor Locations and Orientation

 Many myths about decoupling capacitor
design

* Proximity between capacitors has been
shown to Impact capacitors’ performance

e Wish to quantify these various effects, not
just show which is best

e Current (not voltage) important for
decoupling capacitor analysis

10 Oct 2012 Bruce Archambeault, PhD
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What Happens if a 2"4 Decoupling Capacitor
IS placed near the First Capacitor?

Via#l — around Observation

point while
maintaining 500 mil
istance to
olservation point

/ Via #2 Moved in arc

distance

Observation
Point ———
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Second Via Around a circle

Port 3 (%) N
‘ d R: distance between Port 1 and Port 2
o 1 Port 1 in mil

r: radius for all ports in mil

R d: thickness of dielectric layer in mil
\ ...... d1: distance between Port 3 and Port 1
---- @ in mil
d, =R Port 2 :
0 d2: distance between Port 2 and Port 3
d, =2Rsin — ! .
’ 5 in mil
theta: angle as shown in the figure in
2 , |nz(d1+r] degree
p (R+r)y(dy+r)f) d ~ \R+r
Y r3(d, +r) Y In(dﬁrj
r Courtesy of Jingook Kim, Jun
Fan, Jim Drewniak
4
M _(R +r) : Missouri University of Science
4r (2R SII’](@/ 2) i r)r and Technology
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2100 -
2000 -
1900 -
1800

Effective Inductance for Various Distances to Decoupling Capacitor

With Second Capacitor (Via) Equal Distance Around Circle

Plane Seperation = 35 mil -- Via Diameter = 20 mil

1700

1600

1500 |
1400 \\

1300 ,,\

1200

-
e

=750 mil

Inductnace (pH)

1100 ~
1000
900 -
800

\

700
600 -
500
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50

100
Angle (degrees)
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Effective Inductance for Various Distances to Decoupling Capacitor
With Second Capacitor (Via) Equal Distance Around Circle
Plane Seperation =5 mil -- Via Diameter = 20 mil

\\\\\\\\\\\\\\\ —_ ] — m et e | THE R T 7 = s =
E E E o
o O O o
\\\\\\\\\\\\\\\ O n N OtH--—9plpt--9p-+--—-—""-""-"-+--————-
O AN ~
k \
(@] o o o o o o o
Lo o Lo o Lo (@] Lo
™ o™ N N — -l

400

(Hd) aoeuonpu

150 200

100

Angle (degrees)
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Understanding Inductance Effects and
Proximity

1via 2 via with degree 30°
A A
» i
i H, ]
10cm i ilOmm
. i e D e
(DY E 20cm
- e ER= - g
10cm ! _ _
: 2 via with degree 90° 2 via with degree 180°
i Socm WD s ;: E B ':. O
______ R g

10 Oct 2012 Bruce Archambeault, PhD 48



Current Density - simulation

80
I?D
F 160
480

{40

430

0.08
003 0085 009 0095 01

0105 011 0118 012

0.12 a0
0.115 I?D
0.1 {60
0.105 {a0

{40
0.095 130

0.0g
003 0085 009 008 01 0108 011 018 012
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A/m?

[m]

[m]

[m]

0.115
011
0105
0.1

0.025

0.02

0.085

0oss 002 0095 01 0103 011 0115 012
[m]
[m]

012

0115

a0

0.11 160
0.105 —50
0.1 L 140
0.095 430

0.09

0.085

0.0g
00s 0085 002 0025 041 o105 011 0115 012

[m]
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DUT for Experimental Validation (Single Plane pair)

Shorting via
O,
[
1 shorting
O- 4-0O-.
,’,O \\‘ me : N
o L ve

\ !
N .
S -
O

G-S probin
probing 2 shorting with 30° 2 shorting with 180°

port
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Experimental Validation (Single Plane Pair)

Impedance [R]

10 Measured Input Impedance |

0.

1

50 . 00 i 400
i Frequency [MHz]

1000

850 ¢4~

800
750 |
700
650 |
600 T
550 |

Total inductance [pH]

900 | yyjtﬁonly 1\(}’5 (852ij

¢
with 2 vias with 30° (687pH)

with 2 via with 180°
(586H = 68.8% X 852pH)

500
10 Oct 2012

50

100 150  2BBuce ApBham¥¥hult, 330D
theta (degree)

» Even in the case with two
shorting vias at opposite sides
(6=180°), the inductance
value is 68.8% of that with
one shorting via

* As two shorting vias get
closer together, mutual
Inductance between two
shorting vias increases.

: \\udln(( (R+r)’ j

47\ (2Rsin(@/2) +r)r®
Equation 51



Observations

 Added via (capacitor) does not lower
effective inductance to 50%

— 70-75% of original single via case

* Thicker dielectric results in higher
Inductance

10 Oct 2012 Bruce Archambeault, PhD
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Multiple Capacitors

GND_cap  PWR_cap

Cavityl
GND
PWR Cavity?2
GND
PWR
Cavity3
Cavity4
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Via Spacing

9 mils 9 mils 20 mils
]
10 mils* 10 mils* Via Barrel 10 mils
60 mils
108 mils minimum
128 mils typical .
Distance to Planes | 40 mil Spacing (nH) | 0402 SMT (nH) | 0603 SMT (nH)
(mils)
10 0.3 0.9 1.1
20 0.5 1.3 1.6
30 0.75 1.6 1.9
40 0.95 1.9 2.2
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Possible Configurations

() D
(LT e EEEE=_ ==L
Dense, Dense,
non- alternating
alternatin

{
=EECRE=REE SEE=HE=EN=
Spread, Spread,
UGS alternating
alternating
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120

Effective Inductance for 16 Decoupling Capacitors for Dense and Spread
Configurations and Plane Pair Depth

100 -

80 -

i
B —

o\

60

40

Effective Inductance (pH)

20 7

—&— Dense Non-Alternating

—i— Dense Alternating

—&— Spread Non-

Alternatin )
Spread Alternating

| |
40 mil via spacing

10 Oct 2012

0 15 20 25

Distance into PCB (mils)
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40
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Number of Capacitors

0. 6|nch l
1 cap 2 caps

EESEEESEES
B _EEEEEEEE"
% 4 caps % % Je %
e EEmEE==="
EETETH
- -

" 16 decaps [
i a2

eEE=EE .
Bruce Archambeault, PhD

57



Effective Inductance vs. Number of Capacitors and Plane Pair Depth

1000

100 -

Effective Inductance (pH)

777777777777777777777777777777777777777777 | —&—1 Capacitors BN __ B
——2 Capacitors
A FAET Bl TSR, SRR P | —&—4 Capacitors |-~~~
8 Capacitors
—¥— 16 Capacitors

1 0 T T T ! T T

0 5 10 15 20 25 30 35 40
. . . Distance into PCB (mils)
40 mil via spacing
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Inductance vs. Plane Width

e Current tends to spread to minimize the
Impedance

* \What is the effect of narrow power/ground
planes?

« Using PowerPEEC in guasi-static
Inductance extraction mode

* Plane widths of 10”7, 57, 2" and 1”
e Distance between planes = 10 mils
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Geometry
Solid Plane \
\ 4

‘IC’ Port (shorting via)
/‘Capacitor’ Port

o ¢ width
‘ 10 inches '
Top View |
: 12 inches :
‘IC’ Port (shorting via)
s Ry | $ 10 mils

‘Capacitor’ Port Side View
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Table 1 Inductance as a Function of Plane Width

Plane Width | Inductance
(inches) (pH)
10 545
5 709
1352
1 2574

10 Oct 2012 Bruce Archambeault, PhD 61



Effect of distance between
Capacitor and IC

 |nitially used 10" now use 2" and 1”
e Vary plane width as before

10 Oct 2012 Bruce Archambeault, PhD
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Table 2 Inductance as a Function of Plane Width

Inductance Inductance | Inductance (pH)
Plane Width (pH) (pH) (Distance=1")
(inches) (Distance=10") | (Distance=2")
10 545 173 154
5 709 178 156
1352 355 163
1 2574 658 240
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Current Density

2” wide

100




0.1 —

0.05 -

Current Spread Comparison
Planes 5” Width

Distance = 10"

Distance = 1"

agg 200
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Really Ugly
From Actual PCB

11000

10000

g0a0

G000

Y-Bxis in mils

4000

2000

10 Oct 2012 000

10000 11200 12800 14400 16000 176E00 19200 20000
H=Ris in mils




Conclusions

* Inductance increases rapidly as plane
width decreases

* Impact of plane width not as severe when
capacitor and IC are close

e Should avoid all long thin power/ground
structures

10 Oct 2012 Bruce Archambeault, PhD
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Summary

Capacitance values should be as large as possible
within the package size

In most cases, IC takes charge from between the plates,
capacitors replenish that charge

Capacitors are better able to provide charge when
spread out

If placed near each other, capacitors should alternate
power/ground pins

— Worst configuration is when capacitors are close
together and all pins in the same direction

When plane pair is deep in PCB stackup, effective
Inductance is higher
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Conventional Wisdom

ue-is-better-

* Place capacitors close to ICs as possible
 Locatioh-doesnotmatter
: | . o] |

10 Oct 2012
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Backup

Bruce Archambeault, PhD
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Modeling Technigue

 Difficult to model many layer PCB with full wave
models

o Multi-Via Transition Tool (MVTT)
— Breaks multiple layers into individual via transitions

— Cavity resonance technique to find impedance
between planes

— Capacitance calculation for via-to-plane effects

— Concatenate S-parameters from all individual
elements
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Breaking the Problem

Top Plane

Plane | e —
444 777
44477
A oAb

Plane N-|  sieite—ian
4 4 4

Bottom Plane
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One via between a power
plane: 2-port network
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Top Port
——)
I Top Power
_ Plane
Via Barrel
Bottom Power
R Plane
G
Bottom Port
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Signal Via

Signal Via

4 4
m\\j\‘\\\\\\‘\)&\\_\ﬁ‘s‘;

—
<

Signal Via

ar
\\\A (-\\\\1

\\\\\\‘;“;\\}&\fl

-
<«
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la Configurations

S Top Port G Top Port
GND Via
7 L
% ¢ Zusd PWR Plane s PWR Plane
W oD
% : Via (G)
% i PWR Plane wamgs  PWR Plane
N
é + <— - -_—
S Bottom Port G Bottom
GND Via S Top Port Port
§ k« [N +— -
r \ < GND Plane
'(\ §_§\ \\&\\ SN R s PWR Plane
Signal GND
Via (S) Via (G)
PWR Plane s _I - s PWR Plane
+-— -
S Bottom Port G Bottom
. Port
GND Via S Top Port
k« k« % k # P
\ e KB TR - arnc
Signal 7 GND
Via (S) PP Via (G)
¢ '{\ m GND Plane
S HE NS PWR Plane
& + — -
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