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Lots of people have the paradigm that adding
capacitors 1s the “Go-to” solution for all EMC and
Power Integrity problems. But mindlessly adding
capacitors often adds to your troubles. The reason
you might ask? They create new resonance structures.

PDF copies of the presentation do not show the animations.
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The energy moves back and forth
as a current.
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Voltage changes the Capacitance

ON Semiconductor® MM32XXXT1 G Series, SZM M3ZXXXT1 G Series
e TYPICAL CHARACTERISTICS

$ 1000

SOD-323 Ta =25°C
CASE 477
STYLE 1

MM3ZxxxT1G Series,

0 V BIAS % 1V BIAS
SZMM3ZxxxT1G Series —

—jr%
BIAS AT

50% OF Vz NOM >~ 1

/]
/
/

100

Zener Voltage Regulators
300 mW SOD-323 Surface Mount

—_
o

This series of Zener diodes is packaged in a SOD-323 surface
mount package that has a power dissipation of 300 mW. They are
designed to provide voltage regulation protection and are especially
attractive in situations where space is at a premium. They are well
suited for applications such as cellular phones, hand held portables,
and high density PC boards.

C, CAPACITANCE (pF)

Specification Features:
® Standard Zener Breakdown Voltage Range —2.4 Vto 75V 1 O
® Steady State Power Rating of 300 mW 4.0 10 70
. 3r(r)12171”B0dy Ol’J’tlme Dimensions: VZ’ NOM | NAL ZEN ER VO LTAG E (V)
. x 0.049” (1.7 mm x 1.25 mm)
Low Body Height: 0.035” (0.9 mm) . . .
Package Weight: 4.507 mg/Unit Flgure 3. Typlcal CapaC|tance
ESD Rating of Class 3 (> 16 kV) per Human Body Model
SZ Prefix for Automotive and Other Applications Requiring Unique
Site and Control Change Requirements; AEC-Q101 Qualified and
PPAP Capable
® These are Pb—Free Devices*
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Voltage changes the Capacitance

Impedance

off

e-006 T T LI L B S R R | T T L S B S B R | T T LI S SR S A | T T L
100KHz 1MH:z 10MH:z 100MH:z 1GHz

Output impedance of a current switch mode power supply
with a zener 1n the circuit. Note the movement of the
resonance and antiresonance as the DC voltage changes.

PDF copies of the presentation do not show the animations.
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Frequencies changes the Impedance

At low frequencies At high frequencies
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[et’s take a look at two
capacitors and the
distances between them.

© Joanna McLellan, all rights reserved 10



I.et’s take a look at two
capacitors and the
distances between them.

1
, Frequency=
There is one 27\JL, C,
resonance and £ |~~~ N
one loop of e~ T
current.
Loren =10 4002 [ <1517 600

inch meter inch meter
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Now let’s take a look at an
array of three capacitors and
the distances between them.
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Now let’s take a look at an
array of three capacitors and
the distances between them.

e T have three
resonances.

i_m NY:_IM J_ We now
Y_Nm
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But what happens as we
add a fourth capacitor?

]
]

LR
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We get ten different
resonant frequencies.

]
]

LR
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Hence adding lots of
capacitors 1s not the
answer to EMC

problem mitigation.

Because as
capacitors are added
you end up playing a
game of Capacitor
Whack-a-Mole.

© Joanna McLellan, all rights reserved 18



Hence adding lots of
capacitors 1s not the
answer to EMC
problem mitigation.
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We find and break
the loop antennas.
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This Switch Matrix failled EMC Testing

Switch matrix inputs
are very common.

The microcontroller
scans the rows and
columns of the
matrix to determine
if a switch has been
depressed.

SEL_A

SEL-B

SEL-C

SEL.D

SEL-E

RB? 22 Hne
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22k i 22k i zzki 22k J’I]m if-ég
1 1

This product detected a switch depression
due to RF excitation at 220 MHz.

© Joanna McLellan, all rights reserved
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Pin the tail on the resonant circuit.

RST 22k
R16O 22« R33 22 R38 22k CT8 160
068 | 100F 063, 100F 76 100F Sev ”
v Y ov SWBNK_IN. %
; SWBNK_IN. 45
VBNK_IN. Q
SHBNK_IN_4 = ,
48
50

L1

S B A

ris
l

Here 1s a single row of the switch matrix.
Can you find the 220 MHz resonant circuit?

© Joanna McLellan, all rights reserved




Pin the tail on the resonant circuit.

Here’s a hint: The distance to the switches
1s 10 inches.

© Joanna McLellan, all rights reserved
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Pin the tail on the resonant circuit.

RST 22k

R160 RI9 22 22k 71 100F
(68 10»' C83 10nF C7 1906'
SNBNK_IN.
SWBNEC_IN.
WBNK.IN.

SNBNK_IN_4
ﬁ
S0
49
o 51
FMP1T148 SN _ _SW6 _ SHT _ _SN8 _ cc
0S8 = t:‘i__l F:a;:l
SEL_A Loy o -n.l g TR
067 K4 K6 K8 K2
InF
56V 34
' l

R10S
zz&i

Here’s a hint: The distance to the switches 1s 10 inches.

2 10 inches = 200 nH

nH
Ly =10 -
inch

© Joanna McLellan, all rights reserved



Pin the tail on the resonant circuit.

susm-m_: - LBK'IN' — ;
TR el
3 | 2
Here’s a hint: The distance to the switches 1s 10 inches.

nH
L;=10 - 2 10 inches = 200 nH

inch 1

| C, = - =2.6 pF
Cr = 5 (27 220 106 ) 200 10-°
(27z F req) Ly

© Joanna McLellan, all rights reserved
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Pin the tail on the resonant circuit.

rrrrr 3 y
0S8
067
IoF
;%v
1

A BER|TR A

Where are we going to find a

2.6 pF capacitor?

© Joanna McLellan, all rights reserved
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Pin the tail on the resonant circuit.

Here’s another hint: with an increased value
of R105 the EMC performance got worse.

© Joanna McLellan, all rights reserved
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Pin the tail on the resonant circuit.

rrrrr 3 P
0S8
SEL_A
067
lﬁ
56V
1

Resistor R1035 1s 1n a parallel resonant circuit.

© Joanna McLellan, all rights reserved
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Pin the tail on the resonant circuit.

RST 22k

R160 22k RIS 22« RI8 22k o7 0 ;
(68 OAF Ce On" C7 M
SNBNK_IN.
SNBNKCIN.
WBNK_IN.
SNBNK_IN.4

OSpF ,,,,,,

5to 10 pF

1
S voits and

'll
g RF ground
Rt

105 (3 -

&E’:BB;E S BB

a—%«gd
;*ﬁ
¥ ¥ ¥ ¥

|
aalt
th |
QUI': by €

The traces are inductors, the open switch 1s
a capacitor. The microcontroller input 1s
also a capacitor and so are the off diodes.

© Joanna McLellan, all rights reserved
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Pin the tail on the resonant circuit.

% N ¥

SEL.A
C67

R105 @

How do we make sure this is the

right resonant circuit?
We calculate the resonant frequency.

© Joanna McLellan, all rights reserved 29




Pin the tail on the resonant circuit.

Sto 10 pF
0.0 pF —é 000" S8,
L
FHP1T148
1 pss i ”~ \::, ~ ;
SEL_A™"Y & . U |
:ém - S voits and
o e, RF ground
- OO —rs
L,

22k

R105 (% —Jm -

First we need to know the
capacitance of the off diode.

© Joanna McLellan, all rights reserved




The Rohm Data sheet

®Electrical characteristics (Ta=25°C)

Parameter

Symbol

Min.

Max.

Conditions

Forward voltage

Vi

09

|F=5mA

Reverse current Iz - - 0.1 MA Ve=70V
Ct - - 3.5 Vz=6V, =1MHz

Capacitance between terminals

Reverse recovery time trr - - 4 ns Vg=6V, IF=56mA , RL=50Q

@ Data Sheet

Switching Diode

FMP1

®Applications ®Dimensions (Unit : mm)
Uitra high speed switching

®Land size figure (Unit | mm)

qamN

®F eatures
1) Small mold type. (SMDS)
2) High reliability

®Construction
Silicon epitaxial planar

With the diode off the
maximum capacitance 1s

‘ t A .
\ [@m oo i3 = |
N Tl | q
: = H- nHE i
H1H| ETH \| sl
L | / I
y | | .
. lute maximum ratings (Ta=25°C) [ ] [ ]
et mi Limits Unit
7 USVe peak) | Ve 50 v
Ve ) v
leu 80 mA
o 25 mA
] i 250 mA
) mw
150 c
55 10 +150 C
3 haracte 25°C
Parameter Symbol Min. Typ. Max Unit Conditions
Forward voltage v; 08 V. |k=5mA
Reverse cutrent 0 WA |VesTOV
Capacitance betwee! C pF_ |Ve=6V. F1MHz
Reverse recovery time V=6V [F=5mA  RL=500
4 Co 17”2 2011.06 - Rev.C
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The resonant frequency

The total length to the switch

through cables and PCB then
back again 1s 20 inches.

5to 10 pF

J— 05 pﬁ_‘ gove) sl

SeL_A=—p~td . 0O ;'
=:CG7 bt S voits and
éc"i roo- 34 RF ground

000N o 1 Inf
R105 (% l, ;"
| 1 1 1 10nH
— = | | L, = 20inches=200nH
C, 05pF 7TpF 35pF inch
Frequency,, = ~230 MH?
270200nH -2.4 pF

© Joanna McLellan, all rights reserved

32



The resonant frequency

The total length to the switch

through cables and PCB then
back again 1s 20 inches.

FMP1T148

¥

058
SEL_A™*?

——
InfF
£y

.

O{Spfq”__‘ 000 ) -L

[ —

R105 @ - Ti

Now that we have determined the
offending circuit, how do we fix it?

© Joanna McLellan, all rights reserved
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The resonant frequency

The total length to the switch

through cables and PCB then
back again 1s 20 inches.

5to 10 pF
0.5 pF 000 8
- = 1
rmm(;sss o PR ;
SEL_A=*1 % |
::cm o 5 volits and
Inf ‘ RF ground
56Y OV 34 -
000 _-l— Inf
; SCY
R105 ("% jm '

We add a series resistor.

© Joanna McLellan, all rights reserved
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Resistor are very Broadband

5to 10 pF
0.5 pF 000 AN, —%
- —4 1
Ll o
FMP1T148
058 | 4—o—1 00O ;
SEL_A™*Y o Y 1
C67
o P S volts and
InF (o3 RF ground
5EY 4 ‘/\/\/‘ \ 34 res _j-
000 nF
NS ; ;cv
R105 (%% 1 |
22k

The only DC current 1n the resistor 1s the input leakage current.
With a series resistor the QQ of the resonance 1s lowered and the
circuit susceptibility have been reduced by a substantial amount.

But how much resistance do we need to pass?

© Joanna McLellan, all rights reserved 35



We can calculate the amount of
— resistance required to pass the EMC ——

([ J
requirement.
5to 10 pF
0.5 pF H 000N /\N\/ 58 l
FMP1T148 T R r
SeL_A=t—t~14 o | — WO (:In
::csv 1o~ S voits and
SOV e, R oround
000 q_ InfF
; 5CV
R105 @ i ,
1

The Schelkunoftt small loop equation tells us:

Em late R 1
20 Log —L =20 Log—2>=~20 Log O _60aB

E radiated 2 Rl 1 OO m Q

© Joanna McLellan, all rights reserved




We can calculate the amount of
— resistance required to pass the EMC ——

(]
requirement.
5to 10 pF
_ 0.5 pF —é OO0 /VW 58 _J_
SEL_A‘*:PHJ& ,:: j —000 r ;1
! [ _;_,,T 5 volts and
v AT e RF ground
; 5CV
R105 @ | ,
1

In the words of Henry Oftt,
“kill it dead”

E_.
20 Log —ded] zzoLog&zzoLog IOOQz6OdB

radiated 2 1 m

© Joanna McLellan, all rights reserved



Do you add
resistors or capacitors?

It 1s better to lower the Q with a resistor.
Adding capacitors makes more resonances.

Changing a capacitor value moves the center
frequency.

Let's not play hide and seek with the emissions
and circuit susceptibilities.

Use resistors to fix EMC 1ssues.

© Joanna McLellan, all rights reserved 38



Decoupling Circuits

Decoupling 1s a Bucket Brigade of charge from
slow big buckets to fast small buckets.

© Joanna McLellan, all rights reserved 39



The Bucket List

y X 2 ki =

Power supply bulk charge well.
Discreet decoupling capacitors.
Interlayer sheet capacitance in the PCB.
Discreet capacitance on the interposer.
Interlayer sheet capacitance of the interposer.

White space (unused) space on the die.

© Joanna McLellan, all rights reserved 40



S1zing the Buckets

4 4 ad B

The size of each bucket 1s determined by the
Current demand,
Rate of charge drain,
Voltage ripple requirements, and

Electrical length to where the charge 1s needed.

© Joanna McLellan, all rights reserved
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S1zing the Buckets

4 4 ad B

Each capacitor of the Bucket Brigade can form a resonant
loop with another capacitor 1n the Bucket Brigade.

This will cause ringing on the two resonating capacitors.

The off-board communication bus drivers decoupling
capacitors should be checked for ringing due to this 1ssue.
As again, we are playing Capacitor Whack-a-Mole.

© Joanna McLellan, all rights reserved 42



I, . Peak AC Current
Estimation

We estimate the average AC current
demand as one third of the DC

= current demand.

L

g I . I DC demand
O AC average 3

|

ACaverage |

tr | t, Time Leycle
Time to next pulse
This estimate 1s from the work of Bruce Archambeault. ¢ joanna McLellan, all rights reserved 43




Peak AC Current Estimation

By equating the charge of these two waveforms |74
we can determine the peak current demand. Q — 4

t
[, 21} tCycle 1
QPulse :J‘I dt T J. I dt QAC Average — J I AC Average dt
0 t 0
QPulse =dar eaRiseRightAngleTmngle T ar eaFall Right AngleTrangle
Q _ I Peak tr , I Peak tr _ f
Pulse o ' o — T Peak “r
QAC Average = ar eaAC currrent demand rectangle — I AC Average tcycle
I f = I t . I DC demand
Peak “r AC Average ~ cycle AC average — 3
Reference: I . ZLcycle DC demand
https://en.wikipedia.org/wiki/Electric _charge Peak f 3

© Joanna McLellan, all rights reserved r
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I Peak AC Current

Peak . )
Estimation
= I _ tcycle IDC demand
8 Peak
= [, 3
-
O
IAC average

tr | ¢ Time Leycle
Time to next pulse

© Joanna McLellan, all rights reserved 45



Peak AC Current Estimation
We consider the voltage noise on Vpp.

2tr
1

él t)dt+V(0) then V(2fr):E_O[1(f)dt+V(O)

4
( ( ! / eman
with QPulse - J [dr+ J Idt= IP eak tr ) 1 Peak — e ‘

l 3
= _ _QP Ise |
with V, ., specified by the requirements, than V. .= ]lee
C _ tcycle IDC demand
Decoupling V 3

noise

© Joanna McLellan, all rights reserved 46



Total Decoupling
Capacitance Estimation

= C . tcycle IDC demand
O Decoupling

g Vnoise 3

@,

|

AC average |

tr | t Time Leyele
Time to next pulse

© Joanna McLellan, all rights reserved 47



Total Decoupling
Capacitance Estimation

C _ tcycle IDC demand

D ling
ecoupling Vn0ise 3

If physical limits do not allow
compliance with this value,
change the design.

© Joanna McLellan, all rights reserved
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Distance to Decoupling Capacitance
Estimation

We consider the pesky slow speed of light.

| l

— f =
\/ UE \/ U E capacitor ()

cycle

capacztor C

then d .=t . =1

capacitor capacitor \/ capacitor \/
e U, €,

d tcycle C

capacitor 2 O \/ur gr

© Joanna McLellan, all rights reserved 49




Distance to Decoupling

Capacitance Estimation

C . tcycle IDC demand

Decoupling — V 3
+~ noise
- . . .
O Be sure to place this capacitance within
g d . tcycle C
capacitor
O 20 Ju, €,

to allow for 10 reflections.

|

AC average |

tr | ¢ Time Leycle
Time to next pulse

© Joanna McLellan, all rights reserved 50



© Joanna

Distance to Decoupling
Capacitance Estimation

Be sure to place this capacitance within

d t(:ycle C

capacitor 2 O \/u 8

If physical limits do not allow
compliance with this value,
change the design.

McLellan, all rights reserved
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S1zing the Decoupling Capacitor

These equations will
provide a mimimum C toete L pcdemand
: ] Decoupling
capacitance value at a v . 3
maximum distance.

But 1t 1s always best to use
the biggest capacitor value Loy C

available within the package ~ “"" 20 i ¢,
S1Z€ minus one step.

© Joanna McLellan, all rights reserved 52



Sometime 1t Doesn’t Work Out

» X L\ =

There 1s inductance between decoupling
capacitors and the other capacitors on the rail.

They will resonate at various frequencies.

If any of these frequencies are at a harmonic of
the current demand, there will be voltage noise on
the capacitors and also on the driven outputs.

© Joanna McLellan, all rights reserved 53



Power Plane Target Impedance

How to Design for Power Integrity: Founder
Finding Power Delivery Noise Problems o

Power Integrity
A McGraw-Hill

- publication

Keysight EEsof EDA
“How to” Video

DOWNLOAD
YOUR NEXT
LINSIGHT

[ em—)
L4
3

KEYSIGHT

TECHNOLOGIES

For further information see Steve Sandler’s YouTube Videos or his book:

https://www.youtube.com/watch?v=X 1-aJzVYq8&list=PI.tq84kH8xZ9FNXAsf-odoGNeb6hSA6D31in
https://www.amazon.com/Power-Integrity-Optimizing-Troubleshooting-Electronics/dp/0071830995/
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Power Plane Target Impedance

- Allowed Voltage Ripple

target -

/

Dynamic Current

Often we do not know the dynamic current, but we
can estimate 1t as half of the maximum current.

- Nominal Voltage -% Allowed Ripple

target o

/
50% Maximum Current

,  __5V-5% _250mV
et ] 5A50%  750mA

=333m¢{)

© Joanna McLellan, all rights reserved 55



Decoupling Example

100Q
£ /
Cl
Resonance
ooooo : Frequency
Qe . —. 100K-1GHz
S A smgle lOOnF capamtor
has a self resonance
frequency (SRF) of
16.4MHz.
56
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Decoupling Example

100Q . .
(F Cl & C2 / Only
/Antiresonance
o
g Cl & C2
= . /"
SHEE C2
Resonance \
5 Cl
°°°°° * Resonance Frequency
ET O — +4. 100K-1GHz
- By addmg a2. 2uF capacitor
we get a new resonance at
0.945nH 1.8nH 2 . SMHZ and an

antiresonance at 4.5MHz

© Joanna McLellan, all rights reserved 57



Decoupling Example

100Q
(P Cl & C2 C3 Zener =
{ Antiresonance Antiresonance
S
S
.S
2.
£ 2 /
| Resonance C1 / C3 Zener /

ooooo } Resonance Resonance Frequency
1uQd - 100K-1GHz
TR By adding and an oft zener

diode we get a new
wan S S resonance at 652MHz and an
antiresonance at 234MHz.
58
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Decoupling Example

100Q
4 A New \ C1 & C2
1 Antiresonance :
| /Antlresonance
=
qv;
=
8.
g 2 /
Deeper C3
, Resonance
? Cl & C4 Zener
°°°°° * Resonance/' Resonance Frequency
TpuQd e - ———————————— —. 100K-1GHz
By adding a second
I 100nF capacitor we get a
T T deeper resonance at

16.4MHz and 652MHz.

© Joanna McLellan, all rights reserved 59



Decoupling Example

100€2

(» Moved zener
Antiresonance
-
ks |
g
E -
ooooo } Frequency

IMQ ‘e"’f;o-mz ———— = 100K-1GHz
| T The second 100nF

S S ) capacitor also moved the

D R S zener’s antiresonance to

314.5MHz.
60
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Frequencies changes the Impedance

ON Semiconductor® MM32XXXT1 G Series, SZM M3ZXXXT1 G Series
e TYPICAL CHARACTERISTICS

$ 1000

SOD-323 Ta =25°C
CASE 477
STYLE 1

MM3ZxxxT1G Series,
SZMM3ZxxxT1G Series

/]
/
/

OVBIAS | 1VBIAS
—jr%
BIAS AT

50% OF Vz NOM >~ 1

100

Zener Voltage Regulators
300 mW SOD-323 Surface Mount

—_
o

This series of Zener diodes is packaged in a SOD-323 surface
mount package that has a power dissipation of 300 mW. They are
designed to provide voltage regulation protection and are especially
attractive in situations where space is at a premium. They are well
suited for applications such as cellular phones, hand held portables,
and high density PC boards.

C, CAPACITANCE (pF)

Specification Features:
® Standard Zener Breakdown Voltage Range —2.4 Vto 75V 1 O
® Steady State Power Rating of 300 mW 4.0 10 70
. 3r(r)12171”B0dy Ol’J’tlme Dimensions: VZ’ NOM | NAL ZEN ER VO LTAG E (V)
. x 0.049” (1.7 mm x 1.25 mm)
Low Body Height: 0.035” (0.9 mm) . . .
Package Weight: 4.507 mg/Unit Flgure 3. Typlcal CapaC|tance
ESD Rating of Class 3 (> 16 kV) per Human Body Model
SZ Prefix for Automotive and Other Applications Requiring Unique
Site and Control Change Requirements; AEC-Q101 Qualified and
PPAP Capable
® These are Pb—Free Devices*
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Decoupling Example

10€2

S

=

<

4

2,

=

ooooo y Frequency

pQ 100K-1GHz

[f the zener voltage 1s changing, the capacitance
of the junction will change. This changes the
frequency of the zener’s antiresonance

from 314MHz (off, 35pF) to 416MHz (on, 20pF).

© Joanna McLellan, all rights reserved 62



Decoupling Example

10€2

Q

Q

=

<

3

2.

=

P

s Frequency

1uQd f 100K-1GHz

If load current has frequency content at a antiresonance,
large voltage ringing will result. This ringing has been
known to exceed maximum allowed voltages causing a
microprocessor reset. It 1s also known as rogue waves.

© Joanna McLellan, all rights reserved 63



Decoupling Example

10€2

Q

Q

=

<

3

2.

=

P

ooooo : Frequency

1uQd f 100K-1GHz

If an external RF excitation 1s applied at
an antiresonance frequency, the energy
will be absorbed by the circuit and again
rogue waves are created.
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Joanna (Hill) McLellan

EMC, EMI & EMP issue mitigation and prevention
JPHill, LLC « Georgia Institute of Technology

Holly, Michigan « 500+ &&
+1 248 765 3599 JoannaEMC(@iCloud.com

EMC & EMP issue prevention and resolution, onsite training, BSEE & MSEE

|IEEE Senior Member, IEEE EMC Society Board of Directors and EMCS Social Media Coordinator
IEEE Women in Engineering (WIE) of Southeast Michigan Past Chair

Member CISPR/D USTAG, SAE EMI Task Force and ISO TC22/SC3/WG3 USTAG

Society of Women Engineers, iINARTE Master EMC Design Engineer

Networking 1s good for business, please send me a LinkedIn link request.
And post a LinkedIn recommendation.

https://www.linkedin.com/in/joannaemc/
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Thank you for

allowing me to )
share this ii

information
with you today.

Presented by Joanna McLellan
248-765-3599 JoannaEMC(@icloud.com
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No part of this presentation or any of its contents may be reproduced, copied, modified or adapted, without the prior written consent of the author, unless otherwise indicated
for stand-alone materials. Respective copyrights are owned by their respective copywriter holders.

Important: The information in this presentation is of a general nature, and should not be relied upon as individual professional advice.

The Presenter makes no warranty or promise whatsoever that the information presented is complete, current, and accurate, and accepts no responsibility for any loss ,
damage, or personal injury that may result from the use of any material provided, whether orally or through any form of media, during the presentation.
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