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WELCOME!

Thank you for attending this special one-day Mini-Symposium and
exhibition brought to you by the Santa Clara Valley chapter of the IEEE
Electromagnetic Compatibility Society.

We hope you enjoy our special guest speaker Dr. Eric Bogatin’s full-day
presentation “A Practical Guide to Measuring and Modeling PDN
Components.” The goal of this regional event is to bring technical education to
IEEE members who do not have the opportunity to attend the annual
international symposium on EMC. Quite often, travel costs and time away from
the office prohibit engineers from attending these large, week long,
conferences. Our hope is that you will learn practical information that you can
bring back to your work place from this Mini-Symposium. We also hope you will
have the opportunity to talk to Dr. Eric Bogatin in person. There will be vendor
exhibits throughout the day so please visit vendor booths to find out what EMC
solutions they have to offer.



Special THANK YOUS to those who made this event a big success, including all
the vendors, companies, individuals, all volunteers and officers.

Please plan on staying for the reception with our guest speaker Dr. Bogatin
following the technical presentation. There will be appetizers, wine and beer
served and several raffles. Enjoy the Mini-Symposium and exhibition!

Please visit us at http://ewh.ieee.org/r6/scv/emc/index.html
Monthly meeting on the 2nd Tuesday except June/July and August
@ Applied Materials Bowers Cafeteria, free admission

September Event
Date: Tuesday, September 13, 2011

5:30pm: Networking/light dinner
6:30pm: Presentation
7:45pm: Adjourn

Title: PCB stackup design
Speaker: Lee Ritchey, Speeding Edge

2011 Mini-Symposium Program Outline

7:00 AM - 8:00 AM Registration, Breakfast & Vendor Exhibits

8:00 AM - 9:30 AM Module 1: Measuring Low impedance with a 2-port VNA

9:30 AM - 10:00 AM Morning Break & Vendor Exhibits

Module 2: Building Models from S-parameter

10:00 AM - 12:00 PM
Measurements

12:00 PM - 1:30 PM Lunch & Vendor Exhibits

1:30 PM - 3:00 PM Module 3: Interpreting the Complex Behavior of Planes

3:00 PM - 3:30 PM Afternoon Break & Vendor Exhibits

3:30 PM - 5:00 PM Module 4: Interpreting Plane properties with Capacitors

5:00 PM - 6:00 PM Reception, Vendor Exhibits & Raffle
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A Practical Guide to Measuring and
Modeling PDN Components

Istvan Novak « Jason R. Miller
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Schedule

v" EMC 01: Measuring discrete components

v' EMC 02: Building circuit models for discrete components
v" Lunch

v" EMC 03: Measuring and analyzing planes

v" EMC 04: Measuring and analyzing planes with capacitors

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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For More Information about Signal
\) and Power Integrity Design
Signal and www.BeTheSignal.com
Power Integrity

Second Edition :)JJJJH—JJ‘J:D

B Recent Publications
W Future class schedules
m EE Times Blog

ﬁ ;I g ® My Blog: What | learned this month

B www.PrintedCircuitUniversity.com
for online training

Eric Bogatin

Published by Prentice Hall, 2009
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S-Parameters: How “Precision”
Reference Signals “Scatter” Off a DUT

=

1981101101101
VNA

S21

ransmitted Wave

_ sinewave out from port 1 sine wave out from port 2
sine wave into port 1 & sine wave into port 1

Transmitted wave
TDT
Time Domain TDR
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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S11 is the Reflection From the Input Impedance
of the DUT in the Frequency Domain

Magnitude
and phase
Detector

’\/\/\ Reflection coefficient, rho

50Q 7, =50Q S = Z1 -50
V soure 2 " Z1 +50
L |

50 Q source impedance

Z, = input impedance of the DUT

— Z1 —50 Analysis software: > Z =500 1+ S11
11 QUCS, ADS, SPICE, Excel 17
Z1 +50

11

(complex algebra)

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Bogatin’s Ten Rules

» Goto www.PrintedCircuitUniversity.com
+ Search on BTS218

% PRINTED CIrcUIT UNIVERSITY

Home Blogs ¥ Tuition-Free Content ¥ Tuition-Based Content ¥ About PCU ¥ searc [

Welcome, Eric Bogatin. You are signed in as a Paid Subscriber. (Bogatin Enterprises) My Account | Log O | Cart Conter

BTS218 Bogatin's 10 Rules

Dr. Eric Bogatin has been writing about, lecturing and teaching signal inteerity topics for more than 25 years. He has taught
more than 7,000 engineers and personally mentored more than 30. Along the way, he has developed some sayings that
: crystallize important rules to consider when working on signal integrity projects. Of course, these rules apply to mere than

just signal integrity. Here is the reprint of the column he wrote for PCD&F, Aug. 10, 2010, that summarizes these top 10
rules.

Currently no reviews.

‘ v View bocoEnT ‘

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Bogatin’s 10 Rules

Answer “it depends” questions by “putting in the numbers”
Separate myth from reality by “putting in the numbers”

Watch out for the whac-a-mole effect

Most important step in solving a problem: find the root cause
Apply the Youngman Principle to optimize designs

Sometimes an OK answer now! is better than a good answer late
Evaluate “bang for the buck” with virtual prototypes

Watch out for mink holes

© ® N o o~ wDdh =

Never perform a measurement or simulation without first
anticipating what you expect to see

10.There are two kinds of desi?ners: those who have signal integrity
problems and those who will

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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S11_1port

frequency

Phase 1-port S11

© Bogatin Enterprises LLC 2011

1-port S11 (dB)

Ao oN
S8 8 3
> Q@ <
|

-10+

2608 4208 6e08 8e08 1609
Frequency (Hz)

90+

04

00+

-180

N

0

2608 4208 6e08 8e08 1€09
Frequency (Hz)

What do we do with this data?
What does it tell us about the component?

www.BeTheSignal.com
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1-port S11 (dB)

Frequency (Hz)

0 2e08 4e08 6e08 808 el

09

Phase 1-port S11

Frequency (Hz)

0 2e08 4e08 6e08 8e08 1e09

7,50
"7 Z, 450

QUCS

2,-500!5

1

No assumptions
No model
No fitting

Based on definition of S11

© Bogatin Enterprises LLC 2011
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frm

1-port Impedance (ol
=)
o

| Note:

10+1. log-log scale change
1 2. typical impedance value:
1606 1e07 1e08 1e09
4 Frequency (Hz)
& 180
o
3
e 90+ >
2
& ot
I
£ _90¢ ooomm
Q
n
& 180 | |
o 1e06 1e07 1e08 1e09

Frequency (Hz)

What model does this impedance profile suggest?

www.BeTheSignal.com
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Modeling Package Leads

model

106 1e07 1e08
Frequency (Hz)

-90 ¢ oOCmmIm

Phase Impedance, degrees
ko

| I
1606 1e07 1e08
Frequency (Hz)

1e09

model

3

€ 1e03+
3

o 100+ y
E
£ 10+

o

2 i i
= s 1e07 1e08 1609
] Frequency (Hz)

o 180

(=}

5

e 90+ >
o

5

° 0

Q

Q

E 90

(o}

&

< -180 y f

o 1e06 1e07 1e08 1e09

Frequency (Hz)

Simulated model of an ideal 4.8 pF capacitor
What is the bandwidth of the model?
What might be a higher bandwidth model?

© Bogatin Enterprises LLC 2011
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Directly Extracting Package Lead

Capacitance

{06 1e07 1e08
Frequency (Hz)

-904 ooa

-180

Phase Impedance, degrees
hd

| I
1606 1e07 1e08
Frequency (Hz)

1e09

0 f }
1e06 1e07 1e08 1e09
frequency

Why does the capacitance go up?

© Bogatin Enterprises LLC 2011
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5 e g - 50
o frequency | %
B g4oy
I 83
£ g 1908
FR = ‘ o o o 820
- % 1607 1608 1809 . 3 1\10
£ 100 Frequency (H2) Lo imag(Z) o5
2 - c f f
® w0 27l ol 1e06 1e07 1€08 1€09
2 ol frequency
T frequency
E 90
3
£ % 1e07  1s08  1s0 Cool! Any VNA is really an impedance analyzer!
Frequency (Hz)
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Impedance Measurements with a VNA

« A1 port VNA can be used as an
impedance analyzer

» Use algebra to display the “input”
impedance of the DUT

« Based on simple L, C model interpret Z
and extract the value of L, C

+ Identify the bandwidth of the LC model

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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«f What about a “Dead Short”?

60 ~ / 5

.

—-
o
I
T

oy

g';"" ™ Why is a dead

short so high an
inductance?

o
-
|
t

1-port Impedance (ohms)

|T=1.8r3H

BN ‘ | | 1. Why is low resistance so noisy?
Remember rule #9 1e06 1e07 1e08 1e09e09

o
o
=

2. Why is low resistance frequency

0 Frequency (Hz) dependent?
S 180
e 5 10
- g Real partof Z:
R 14 series resistance
5 - i
3| \: % 0+ 0.1
=t o
o E 90—+ 0.0
| o
o Blg | | ‘ 1058 €08 1€09
frequency O "1e06  1e07 108  1e09Be09 frequency
to 2 GHz Frequency (Hz)
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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.22 Problem #1 with 1-Port Measurements of
e i)
ee > | . Low Impedance Structures

Magnitude
and phase

Detector ’\/\/\ Reflection coefficient, S11
ZDUT — Z1 ZDUT —30

R e ' Sy =
50Q Z, =500 ZDUT + Z1 ZDUT +50
\Y ZDUT
sourc
L

When measuring a low impedance:

1-50 —49 0.1-50 -49.9
= =—~--0096 S, =—/———=—""=-0.996
" 1450 51 "7 0.1+450 50.1

=-0.35dB =-0.035dB

Difficult to measure small changes from 1

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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p
&D (i &/_ .
o S Problem #2 with 1-Port Measurements of
Qg:“ ] ) Low Impedance Structures
50Q _Eﬁ H . — (ZDUT +Zfix)_50
o= 500 fixture Zoyt " (ZDUT +Zy, ) +50

ourc
Len = 0.1 inches - 0.5 inches

extracted_model
It 1 3
k n

i

Num=3 L=L_H_model
Z7=50 Ohm Z Z0_ohms_model €
d L=Len_m_model &
1 T
- | feD6 1e07 1e08 1e09 1e10
_ -
R=R_ohms_maodel 3 frequency
o
E 10
3
2 1
—- s
£ 0.1
m\
0.01

_1port
?
<)
w

Fixture length can distort the measurements:
artificially high L, frequency dependent R

R_ohms_1
9
o
iy

06 1e07 1e08 1e09 1e10

@

frequency

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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0 f: Problem #3: “Contact Impedance”

and Reproducibility

Probe model

. A A A O vV .

open  Residual R, L
v R ~0.01-0.1 ohms
v' L ~0.05-0.1 nH (2-8 mils length changes)

v Variation from calibration to measurement

Photos Courtesy of GigaTest Labs Gig@blbs

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(D Range Where Contact Impedance
Plays a Role
c n‘(\“\s
_0%°
1E1 Y ®” 0.\,‘“\/\

Routine 1-port
measurements possible

Difficult to get
reproducible 1-port
measurements

|

w
1E7 1E8 1E9 1E10
freq, Hz

Need a new method for R < ~ 0.1 ohm,L<~0.1 nH, C>~ 0.1 uF

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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D Low Impedance Measurements with

a 50 Ohm VNA Has Problems

« There is a practical limit on how low an
impedance can be measured with 1-port

v Noise floor of instrument

v Fixture length artifacts
v Fixture contact impedance artifacts

+  Why is low impedance important?

Vias

Package attach elements: wire bonds, solder balls
Ceramic capacitors

On chip capacitance

Planes
Power distribution networks

NN NN

Voltage regulator modules (VRM)
What to do?

www.BeTheSignal.com

© Bogatin Enterprises LLC 2011
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R ”x/ . An Alternative Approach, Based on
g™ Kelvin Technique for DC Resistance

Copper rod
1
—\V\N——— VWV @
Rcontact Rrod Rcontact
Kelvin
technique v
Riod = T
)
N R can be < 0.001 Q

Separate leads for current force and voltage sense eliminate contact resistance effects

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Y~ ) 2 Port Measurements to Reduce
‘\ q Y '
ee Fixturing Parasitics
Port 1 ~ ) Port2
Port 1 Port 2
dnves the measures the
current ol voltage

a What information is in S11, S227?
FC What does S21 measure?

« 1storder analysis, if Zp ;1 << 50 ohms
v Current out of port 1 =V, /50 ohms = 1 v/50 ohms ~ 20 mA

v Voltage across DUT ~ 0

v rho ~ -1

v Current through DUT =2 x 20 mA

v’ tofirstorder, Vpyr =Vpoe = Zpyr X 2 X Vyony/50 OhmMs = Zpjr X V,,4/25 ohms
Sy \\//ponz = 215 Zoyr ZDUT =25Q X S21

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Second Order Analysis

Equivalent Circuit Model 508 Zpyyr
500 + Z,,,,
Port 1 R=500Q V2 = Vsource
500 + 208 Zour
50Q + Zyyr

R=500Q
Zowr

Ve Zou Ve =Veowe 500 + 27,
DUT

V=72 Ve Vi Vsource

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Measured Output Impedance of
Voltage Regulating Module (VRM)

ZDUT =25Q = 221
1- Sz1
12v to 1.2v Supply from Power-One

2E1

1E1— off
58
NN
gg 1E-1—

on
152 Courtesy of
1E1 1E2 1E3 1E4 1&.5 1‘E6 1!‘57 4E7 Ultimctrix

www.BeTheSignal.com
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Measured Output Impedance of
Voltage Regulating Module (VRM)

2E1

1E1— %

)
)

Z_no_load

(Z_disabled

1E-1—

mag(
mag

1E-2

Data courtesy of

© Bogatin Enterprises LLC 2011
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Is this reasonable? £ 1
5 |
§0_757—|_='_@@
S 2nf
E 0.5+
pel
o25¢ o0
S
5 { { ;
?606 1e07 1e08 1e09 1e10
@ Frequency (Hz)
£
E 10
o
8 17
c
g o1}
@
& oo01}
el
2 1e-03+
o
£ 1e-04 | | |
-70+ 5 '®e06  1€07  1eD8  1e09  1e10
Frequency (Hz)

-8 f f
?eUB 1e07 1e08

© Bogatin Enterprises LLC 2011
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Estimating the Total
Inductance of THIS Via

!

T Diameter = 50 mils, r = 25 mils

. 2d
Lo [PH] ~ 5 x h[mils] {'”( ; )‘ 0-75} Partial self inductance
Neglecting mutual to the loop

2 x 64
Lo [PH] ~ 5 x 64 {In( oe

)— 0.75} =0.28pH

-

o
~
o
.
}

...but why does L drop off > 400 MHz?

DO

e

N

a
!

Extracted Inductance (nH)
<}
[&]

e

06 1e07 1e08 1e09 1e10
Frequency (Hz)

s)

n

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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X2Y Capacitor Fixture Boards

Len ~ 0.7 inches

asas JEHF ¢
o
|

— I:l
SMA connector SMA connector
Sample courtesy of X2Y
Port1 ( Ay ~ ) Port2
Port 1 Port 2
drives the - measures the
current X voltage
S
ZDUT =25Q _g = 221
21

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Measured 221

(9]
£
-y
s
3
f =
[
el
(0]
Q
£ ]
=
g 1e_0 Il Il Il
606 1607 1608 16096009
Frequency (Hz)
|
T
1e06 1e07 1e08 1e00Be09 °
Q
Frequency (Hz) S
g
E
[0}
S %
— 21 —
Zy,r =25Q =27, T
1 - 821 -18 I I I
0606 1607 1608 10096209

Frequency (Hz)
Why does model break down > 400 MHz?

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

o f j_ Conclusions

» Don’t relay on 1-port VNA for low Z measurements

v Too much opportunity for artifacts

» Use 2-port VNA measurements for low impedance
* Impedance ~ S21

» Hard toread R, L, C values directly from VNA
 Still some artifacts to evaluate

» Measurements requires some analysis

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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o @ Schedule

EMC 01: Measuring discrete components

v

v' EMC 02: Building circuit models for discrete components
v Lunch

v' EMC 03: Measuring and analyzing planes

v

EMC 04: Measuring and analyzing planes with capacitors

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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oo™ f@) Analysis Tools

To analyze the measured 2-port S-parameters, you must bring
the measurements into an analysis tool environment

Example: QUCS (can also use: HyperLynx, ADS, SPICE, ...)

v’ http://qucs.sourceforge.net/download.html

Qucs o,é

Quite Universal Circuit Simulator

DESIGN SIMULATE EDUCATE

Nl
‘i\w}"'
€

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Examples

Vias

Dead short (ultimate limits)

Capacitors
VRMs

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Example: 1 Shorting Via

Port 2

Port 1

!

h =64 mils
T Diameter = 25 mils|

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(O e
" Read Touchstone File

s
2

File=A_VIA_2.52P

2 1. Bring them into the simulation environment
fil L
CNum=1 T LT Num=2 2. Read touchstone files
Z=50 Ohm L Z=50 Ohm 3. Plot the S-Parameters
= = 0 0
-104
File=A_VIA_2.S1P 820
= 30T
40+
08 sebs  1ebs 15608 2600 08 sebs  1ebs 15009 2ebo
Frequency (Hz) Frequency (Hz)
- 1804 & 180
3 3
S 904 S 904
\ =} =3 \
5 A = 0+ S 0+ 3
£ Z 2
= o -90-| ° 901
» \ / 2 a
\ / T -180 | | | T -180 | | |
S 0 508 1e09 1509 2e09 0  5e08 1e09 1.5e09 209
A i Frequency (Hz) Frequency (Hz)

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Ve
\D H E2]
can observe a lot by looking
- Yogi Berra
« Plot dBS21 A s
1=
vs log fre >
g q g 1— q/
[
* Convertto Z 3 01 S
50 o © E 01— E
70+ g
o A0 : : = 10nas : : :
EXtraCt L’ R 9 51906 1e07 1e08 1e0&5:08 1“1906 1e07 1e08 1e0%3e08
Frequency (11z) - Frequency [l Iz}
Equation - 180
Z_1port=507(1+S[5,5])/(1-S[5,5]) £ oo —
Z_1port_model=50*(1+S[3,3])/(1-S[3,3]) E \
7_2port=25"S[2 1)/(1-8[2,1]) ?__‘ U
phZ_2port=phase(Z_2Zport) g” o
phZ_1port=phase(Z_1port) E -
Z_model=25"S[4,3)/(1-S[4,3]) 180 | I |
phZ_model=phase(Z_model) el 1elr 1elg 1elusal
phZ_1port_model=phase(Z_1port_model) Frequency (11z)

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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f Extracting Simple R, L Values

» Based on assuming

: T
the model is: £
2075+
1=l _H_madel £
2 05+
£
o |
R=R ohms madel £025¢ o0
o
f606 1607 108 1e0Bs09
w Frequency (Hz)
Equation E 10
[=]
L_nH_extracted=imag(Z_2port)/(2*pi*frequency)*1e9 o 1+
R_ohms_extracted=real(Z_2port) = 01
s REA
8 001f
5 10034 o @
3]
£ 1e-04 ' = :
E 1e06 1e07 1e08 1e0%e09
Frequency (Hz)

But why does L drop off and R increase?

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Analysis: Build a Simple Model of
the Structure

Num=3 77777777 1" Num=4

Z=50 Ohm Z Z0_ohms_model Z=Z0_ohms_mo! Z=50 Ohm
4 L=Len_m_model L=Len_m_model
= c1 =

C=C_F_model
L=L_H_model

Simple fixture.: R=R_ohms_model

1.  Symmetrical

2. ldeal lossless transmission line 1 Model Parameters:

Device Under Test (DUT): ! ZO_f|>§ture

1. Ideal C 2. Len_fixture

2. IdealL >0

3. ldeal R 5 R

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Parameter Values

Num=3
7=50 Ohm Z£=£0_ohms_model

77F77TEZ 77777777 Num=4 .
7=70_ohms_modgh| 7-50 of | Equation
L=Len_m_model L=Len_m_model %2 Z0_ohms_model=50
c1 = L _nH_model=0.25
C=C_F_model C_nF_model=175
R_ohms_model=0.001
L=L_H_model Dk_model=4
Equation
Len_inches_model=0.35

R=R_ohms_model

(Dk = 4)
Constant L, R with frequency

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Measured and Simulated

0 0
-10+ -10+
$ 20 B -20+
5 30T &4 -30+
40—+ 40+
-50 + + t -50 f + +
0 5e08 1e09 1.5e09 2e09 5e08 1e09 1.5e09 2e09
Frequency (Hz) Frequency (Hz)
= 180 o 180
@ [
o o
g 90 o 904
8 a \
= 0 = 04 L
1] %)
@ -90 o 90T
I @
£ 180 £ 180
o - f f + 1 o - f t t
0 5e08 1e09 1.5e09 2e09 0 5e08 1e09 1.5e09 2e09
Frequency (Hz) Frequency (Hz)

How do you find the optimum values for each parameter?

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Extracted R, L Values

T 1
£
[
20751
i)
o
3 054 L =260pH
c
B
2025
. o
=
= 1e0 | | | | | |
€ 13e06 1e07 108 1e0@e0s ‘?EOG 1e07 108 1e0%Be09
Frequency (Hz) . Frequency (Hz)
Why does L drop off? 180 % 10
't 3 = 1
It doesn’t! é gotm 8 1 R = 0.001 Ohm
o & 0.1
Why does R E 0ot ®
i ? @ & 0.014
Increase* 2 g0l <
It doesn’t! i £ 1e-031
[
-18 f + + £ 1e-04 + + f
The fixt . . ?906 1e07 1e08 16008 1T &ie0s 1e07 1e08 1e0%Be09
€ tixiure Is causing Frequency (Hz) Frequency (Hz)
the frequency
dependence to R, L Model simulated with constant L, R with frequency
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Effect of the Fixture on Z21

Z, =50 Ohms, TD

Port 1 Port 2

Port 1 Port 2 h
drives the measures the
UT  voltage

current

S21 will have a phase shift of (2 x TD) x f

Zpyr measured will have an anomalous phase shift

To keep Z phase shift << 90 degrees, keep TD << 1/(2 x 4 x f)
At 1 GHz, keep TD << 1/8 nsec or << 1 inch, like ~ 0.3 inches

Frax < 0.3/Len or Len< 0.3/F,, with F_, in GHz, Len ininches

max max

Always ok to use circuit topology de-embedding of the fixturing
from S-Parameter measurements directly

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

€

A Dead Short:
Limits to this Method

5¢08 1e09 15209 209
Frequency (Hz)

0  5e08 1e09 15e09 209 0
Frequency (Hz)

o]
=1
p

1=}
=1
T
t

90 S,

o
(=]
i
}

|
=]
=]

Phase of S11 (Degrees)
<

Phase of S21 (Degrees)
<

-180

5e08 1e09 1.5800 209
Frequency (Hz)

5¢08 1209 15200 2e09
Frequency (Hz)

© Bogatin Enterprises LLC 2011
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(0

€

How Low an Inductance is this?

Impedance) (ohms)

= 0.01

Extracted Inductance (nH)
o
w

1607 1e08  1e0®Be09

Frequency (Hz)

1607  1e08  1e0Be0Y

Frequency (Hz)

| Equation
Z0_ohms_model=50
L_nH_model=0.13
C_nF_model=175
R_ohms_model=0.0005
Dk_model=4

| Equation

Len_inches_model=0.15

Phase Impedance

Extracted Resistance (ohms)
(=]
2

-1804 T v t
’?906 1e07 1e08 1e02e09

Frequency (Hz)

1e07  1e08  1eDBe0Y

Frequency (Hz)
Smallest short that can be fabricated with SMA is ~ 100 pH

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

X2Y Capacitor

apas JEAF ¢

Sample courtesy of X2Y
Port 1

Len ~ 0.7 inches, Fmax ~ 0.3/0.7 = 420 MHz

~ ~ ) Port2
Port 1 Port 2
drives the U measures the
current voltage

© Bogatin Enterprises LLC 2011
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(0

Raw Measurements

10+ s
B 20 :
%30T ;
40+
-50 f t t i -50 f f t
0 5e08 1e09 1.5e09 2e09 5e08 1e09 1.5e09 2e09
Frequency (Hz) Frequency (Hz)
E 180 § 180 \)
2 ao 2 o0
a] a}
= 0 = as
w ]
o 90 o 0¥
© ©
T 180 | | | T 180 | | |
0 5e08 1e09 15e09 2e09 0 5e08 1e09 15e09 2e09
Frequency (Hz) Frequency (Hz)

© Bogatin Enterprises LLC 2011
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(0

Extracted Values
What does this mean?

| 300
£
go7sf 5207
& o Q200
] = h
o 051 $ 150+
= 3 ‘100
o s} c T
20251 {
E g O 504
= 1e0p : : | & 9 ! : o
9 €06 1e07  1e08 1e0Be09 €06 1e07  1e08 19098 09 e06  1e07 1e08 1e0%Be09
Frequency (Hz) G Frequency (Hz) frequency
180 E 10
o =2
st 1
g g0t g !
b 5 o01f
o w
£ 07 ] 4
2 g & oo
£ o0 B 1e03t
w
-18| + + W S 1e-04 + + t
?906 1e07 1e08 1e0%e09 E & 1e06 1e07 1e08 1e0%e09
Frequency (Hz) Frequency (Hz)
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(0

€

The Model

Equation
Z0_ohms_model=3.1
L_nH_model=0.40
C_nF_model=175
R_ohms_model=0.01
Dk_model=4

Equation

Len_inches_model=0.7

Num=3 77777772
7=50 Ohm Z=£0_ohms_model
= L=Len_m_model

Num=4

Z Z0_ohms_mod Z=50 Ohm
L=Len_m_model

C C_F_model

L=L_H_model

R=R_ohms_model

How do you find the parameter values?

© Bogatin Enterprises LLC 2011
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Slide -19

€

(0

S-parameters

0+
10+
§ 20+
6'30_
-40+
-50 + + + 1 -50 f f +
0 5e08 1e09 15e09 2e09 5e08 1e09 15e09 2e09
Frequency (Hz) Frequency (Hz)
§ 180 § 180 \)
g 90 " P 90
a} a}
= 0 = 04
] 7]
o 90 o 904
& @
a -180 : ; : T -180 : : )
0 5e08 1e09 15e09 2e09 0 5e08 1e09 15e09 2e09
Frequency (Hz) Frequency (Hz)

© Bogatin Enterprises LLC 2011
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How to improve the fit:
1. Change model to include SMA path and circuit board fixture

2.

© Bogatin Enterprises LLC 2011

Maybe R is frequency dependent

EMC 02 Analyzing Discrete PDN Components Slide -20 h
(0
@ 100 P % 300
£ 1
S 10+ E 0754 E‘ Ej 250
T ] < §200L
g b E} S 8
S 2 05+ & ® 1501
B 01+ £ o Lo
3 Boosl o 5 't 1001
£ oy B g1 o sof
2 1003 i i i b | I | o | |
fe06  1e07  1e08  1e0Be09 %6 1607 1508 1eb®eng %6 1eb7 1608 1e0eno
Frequency (Hz) . Frequency (Hz) frequency
o)
180 & E 10 frequency
@ s
£ gof PO
g e
3 £ 014
2 @
E o7 2 4
s & oot
g B 1e034
3
- | | | =] | | |
8006 feb7 €08 1e0e00 & CUfe0s  1eb7 108 1eDeBe0
Frequency (Hz) Frequency (Hz)

www.BeTheSignal.com

28



EM

C 02 Analyzing Discrete PDN Components

Slide -21 Q

(0

VRM- Zilker Labs

VRM OFF

ag(lmpedance) (ohms)

Mt
@
=}
Y

0 100 1e031e04120516061e071208
Frequency (Hz)

Phase Impedance

10 100 1e0310412051e061e071208
Frequency (Hz)

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Slide -22 Q

(0

VRM: On

What is the model?

L=Len_m_model

Num=3 777777
7=50 Ohm Z=Z0_ohms_model

] o

10 100 1e031e04120516061e071208
Frequency (Hz)

TTIITIT? Num=4
Z=70_ohms_mod Z=50 Ohm
L=Len_m_model 5=

= 1e-03, | t t t t t C=C_F_model
10 100 12031e041e051e061e071208
Frequency (Hz) L=L_H_model
180
@ L=L_H_}RM
2
= R=R_ohms_model
@®
g R=R_cjms VRM
2 =
& 004 1
o =
-180

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0
Equation
Z0_ohms_model=50 Equation = 100
L nH_model=5 Eqn34 EE
C_nF_model=8e5 L nH VRM=400 =
R_ohms_model=0.003 R_ohms_VRM=0.005 g
Dk_model=4 - - ’ ©
@
Equation E
Len_inches_model=3 &
= 1e-03, f f t t f
— N 10 100 1e031041e0512061e07108
1“2‘0 ohm 7276, apms_model 776, abms_mod Z“Q‘O’Ohm Frequency (Hz)
L=Len_m_model L=Len_m_model 180
= c1 = o
C=C_F_model 5
el
L=L_H_model i;x
L=L_H_YRM 2
- 8 901
R=R_ohms_model o
R=R_d}jms_VRM 180,160 160316041 05160616071 €08
= Frequency (Hz)
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0
Power One VRM

Equation Equation Equation = 10
Z0_ohms_model=50 Eqgn34 L_nH_model_2=6 E
L_nH_model=20 L_nH_VRM=700 C_nF_model_2=3e4 St
C_nF_model=7e5 R_ohms_VRM=0.01 R_ohms_model_2=0.003 g
R_ohms_model=0.008 g 01t
Dk_model=4 2
E 0014
o
g 1e-03 | Il | | | '
7 10 100 1e031e041e051e061e071e08
Frequency (Hz)
180
Num=3 77777777 77777777 11 Num=4 @
% 7-50 Ohm Z=Z0_ohms_model Z=Z0_ohms_mod Z=50 Ohm E 90 4
=} L=Len_m_model L=Len_m_model N2 ©
= c1 c2 = E
C=C_F_model C=C_F_model_2 % 04
L=L_H_model L=L_H_model 2 o
L=L_H YRM ﬁ 90+
R=R_ohms_model R=R_ohms_model_2 o 1 30
ReR_djms_ vRM r “7H0 100 1e031041€0512061e07108

Frequency (Hz)
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(0

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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EMC 03 Analyzing the plane cavities Slide -1 L'

(0

Schedule

v' EMC 03: Measuring and analyzing plane cavities

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com

EMC 03 Analyzing the plane cavities Slide -2 L'

(0

Measured 1-port Impedance of a
Simple Bare Board

(o %é»uu{bu,uooo =
i -104
=

= 201

0  5e08 1209 15e00 2e09
Frequency (Hz)

T
2

-90
180 5e08 1e09 1.5e09 2e09

Frequency (Hz)

Phase 1-port S11
7

* How do we interpret these results?

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Slide -3 4

(0

1-port Impedance Analysis

Frequency (Hz)

Frequency (Hz)

© Bogatin Enterprises LLC 2011

04m 7 R geos :
o-10T s
E [0} .
= -20¢ 1+ 311 g What is the
220l =50Q—— | % root cause of
2,1 1-S,, : the 200 MHz
50 | | | o4 | | ‘ resonance?
0 5e08 1e09 15609 209 1€06  1e07  1e08  1e0®e09
Frequency (Hz)
2 180
- )
z B oot
& of | & g% What circuit
2 o g 2 model does this
& E gmmﬂ match?
[}
1306L—o—¢—¢7 g | | ‘
508 1el0 15000 209 & -1OP G e 1domane

www.BeTheSignal.com

EMC 03 Analyzing the plane cavities

Slide -4 Q

(0

Matches an RLC Model

L_nH_model=1.6
C_nF_model=0.475
R_ohms_model=0.1

c1
— C=C_F_model

§ L=L_H_model

% R=R_ohms_model

1-port Impedance (ohms

Phase Impedance, degrees

C = 0.475 nF

L=1.6nH

1e06

1607

Frequency (Hz)

108  1e09e09

R CT

107

1€08  1e0%Be09

Frequency (Hz)

© Bogatin Enterprises LLC 2011
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(0 __
e%) Capacitance in Plane Cavity

A gy = 0.225 pF/in
C=¢,Dk— Dk=4
h A =areainin?
l h = dielectric thickness, inches

i
A A Dk=4
C= 8oDk_ =7 A=areainin?
h h = dielectric thickness, mils
Estimate for this example:
4.5x6.25
If Dk = 4 C=g, x4 222 _041nF
62
4.5x6.25
If Dk = 4.6 C=¢,x46———=047nF
62
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(O -
o2 (% i ?
M%) What is the Inductance?

* What does the 1.6 nH correspond to?

v' The fixture!

Need to use 2-port technique

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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€

@%;f :_

Measured 2-port Impedance

WE:
-104
20+
=30+
40+
50+
60+
70+

9 'S?eoa

S21 (dB)

Zoy =250 22

21

1e07 1e08  1e0Be09

Frequency (Hz)

© Bogatin Enterprises LLC 2011

g‘leOS
£ :
S 100
S 10
3
@ 1
£
= 0.1
D
©
= 0.014 ; ’ ’ |
9 1e06 1e07 1e08 1e0%8Be09
Frequency (Hz)
180
[
2
S 90+t
°
g
E 07
&
g -Qow
o
18006 1607 1608 1e0®Be09
Frequency (Hz)

www.BeTheSignal.com

© Bogatin Enterprises LLC 2011

EMC 03 Analyzing the plane cavities Slide -8 h
o™ | 2-Port Impedance Model

@ 1e03 _
E : 2-port impedance- measured
S 100+
o
% 10+ P-port RLC model L =0.65nH
=)

1 £
jé 1-port impedance- So where does the 0.65 nH
5 0.1pmeasured inductance comes from?
3]
= 0.01 | | |

1e06 1e07 1e08 1e0%Be09

Frequency (Hz)
Ans: Spreading inductance

www.BeTheSignal.com
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€

(0

}

@ Most Important Property of Cavities

®OReO0®

Features

v' Wave propagates
outward at speed of
light in material

v' Current spreads out
v Impedance drops off

v’ Voltage wave drops
off radialy

v Wave reflects at
boundaries

v Resonances show up

Voltage
distribution
between the
planes

Simulated with HyperLynx 8.0

© Bogatin Enterprises LLC 2011
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Slide -10

€

(0

Radial Wave Current Loop
Between the Planes

4

D

(@ dPM)));

R = distance from via center to observation point
D = diameter of contact point

© Bogatin Enterprises LLC 2011

R A
Qo
5 2R) 3
602 h 2 L[pH]=5.1xh[mils] x In(—)——
Zinvlamaneouv =—==30Q- e D 4
) * Dk R &
3
o
g
3 Related to the
h= dievlectricvthickness between the planes @® open at the
Dk = dielectric constant between the planes .
boundaries

www.BeTheSignal.com
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(0

Spreading Inductance Estimate

Contact R

L[pH]=5.1x h[mils] x [IH(FJ_Z]

h  L[pH]=5.1x 062 x In(ij—g =0.56nH
04) 4

|

R = radius to edge of plane ~ 2.5 inches
D = diameter of contact ~ 0.4 inches
h = spacing between the planes ~ 062 mils

~ 0.4 inches

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Spreading Inductance
Analytical Analysis

« Simple disc e\xa/rﬁple

v' h=1mil=0.001 inches

v' B =1inch radius of the plate, 2 inch
diameter

¥ r=5 mil radius of the via, 10 mil diameter
v Dk = 4, emulating FR4

v €0 = permittivity of free space = 0.225
pF/inch

v 10 = permeability of free space = 4 p x 100
nH/m = 32 nH/inch

100MHz

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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- Self Resonance Frequency (SRF)
@ for Circular Plane Cavities:

C=¢, ka"TRZ L:%hx[ln[%}—o.ﬁj

P
= on JC

1 1

res = 27[ 2
e Dk My Ho |n(E ~0.75
h 2zn D

1 1
res 2
™2 g Dkige, J [m(%} -0.75]

11.8 1 1.33

fr%:"‘/éﬂR\/ in[&B)-075 :R\/ (2 )-0.75
Dk=4 [ (Dj j fin[GH[z,DR]in inch(]s

R =1inch
f=0.51GHz f=0.62GHz D = 10 mils fres = 0.62 GHz

R =1inch
D = 1 mils

h drops out!

foo = 0.51 GHz

© Bogatin Enterprises LLC 2011
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Ve

Plane Cavity Properties with
Decreasing h

« Decreasing h

v’ Increases C, decreases low
freq Z

v Spreading inductance
decreases
L[pH] =5.1x h[mils] x (m(%}-%}

No change in SRF

Note: more dampening of
* ez e Toctz “resonances”

f.=

res

Magnitude

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Slide -15 p'

&)

Damping for Long Rectangular

0

Sotten = 4.34[0.043 ‘/%‘ﬁ +0.53 Df +/Dk f]

S,1en =Dk [0.187‘hﬁ+2.3 Df fj

© Bogatin Enterprises LLC 2011

eg,;‘f%ﬁ Sheet of Planes
w —
Dk =4
Len
S, .. = 4.34[?+ GLZOJ dB/in Zo = %% =1 889%

R, =2x &% Jf Ohms/in
w

w, hin mils, fin GHz

Dk = 4:
Soiten = 0.374? +4.6 Df f dB/in

VE

www.BeTheSignal.com

EMC 03 Analyzing the plane cavities

Slide -16 p'

0.001
100kHZ

Magnitude

© Bogatin Enterprises LLC 2011

NG

S,iien= 0'374T+4'6 Df f dB/in

Dampening of
resonances

v Increase with sqrt(f)
v Increase with thinner h

Consequences

v' Higher frequency, more
dampening

v Thinner dielectric, more
conductor loss, lower
amplitude of resonances

www.BeTheSignal.com

40



EMC 03 Analyzing the plane cavities Slide -17 L'

(0

Multilayer Board Example:
5in x 10 in, 5, 2 mil thick dielectric layers

» Courtesy of

v’ Istvan Novak, Sun Microsystems, for providing sample boards and measurements
v GigaTest Labs for providing the photos

re board

Only 2 plane pairs connected to the vias

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

€

How a Board is Probed Influences
What is Measured

+ Both ports on same pads

v" Via loop inductance

v+ spreading inductance

» Each port on same via, opposite sides PuR
of the board -

v Spreading inductance

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Slide-19 (4
(D

The GigaTest Labs GTL5050
Rotating Platform Probe Station

Photos Courtesy
Of GigaTest Labs GTL SI)\SD ROTATING PLATFORM

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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-

e if, Measurements from the Top

SIG ~mmo-
GND
PWR

PWR
GND

" 1E-2-
o B3P
ta0 1E7 6E9

. freq, Hz
» 2-port has lower contact impedance a

* What is the inductance being measured?
v' Via loop inductance + spreading inductance = 80 pH

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Probing from Opposite Sides

1E2

2o 1E1-

u O

“ S 1-

7 O q

8 1E-14

v £

L12 1E'2_

w o 1E-3

e 1E7 1E8 1E9 6E9
{20 freq, Hz

Cavity spreading inductance = 20 pH
Via loop inductance = 80 pH — 20 pH = 60 pH

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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o <% @) Estimate Spreading Inductance

Contact

| :

h  L[pH]=5.1xh[mils] x [m(%j_

R = radius to edge of plane ~ 2.5 inches
D = diameter of contact on bottom plane ~ 0.1 inches
h = spacing between the planes ~ 002 mils

Dk

L[pH]:5.1x002x(|n(ij—§]:32pH , .
0.1) 4 “if all you haveis a
hammer, everything

looks like a nail”

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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[D (% &'

.2~ Spreading Inductance is the Limit to ANY
92/ Cavity Impedance Measurement
L[pH] =5.1x h[mils] x [In(zsj— ij

If 2R ~ 5 inches
D ~ 0.05inches

L[pH] =5.1x h[mils] x [In(1 00) 3] ~ 20x h[mils]

4

h
L= (32p%n X h) X Len
w
Sheet # of

inductance squares

Len

Spreading inductance ~ 2/3 x Sheet Inductance

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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T
oe” f :. Four Regimes of Cavity Behavior

1000,

» Low frequency: capacitance ‘ |

dominated | capacitance dominatqle i

v’ plane capacitance dori sted dominated
v' C ~ board capacitance

» Self Resonant Frequency
v All about the RLC
v' C ~ board capacitance
v L ~ spreading inductance
v" R ~ spreading resistance

* Inductance dominated

v All about the cavity spreading
inductance

v L ~ spreading inductance
+ High frequency, modal [ oo owre
resonances

Simulated with HyperLynx 8.0

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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X Rectangular Board Resonance
Frequency

Dk =4

Len

resonance is when Len=nx 12 A
f —n v 120 ec ~n 3

X =NnX
e 2xLen JDk 2xLen Len

n=1mode: Len=w

Len f.
2in 1.5 GHz Cavity modes are an intrinsic property of the cavity
‘5‘ 8;5 Independent of 1 or 2 port impedance

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

i 2-port from the top = via inductance +
I spreading inductance
@
O 1 <l .
C |
(1] |
©
(M)
Q 1 E_1 2-port from the top and bottom = just
g spreading inductance
Note, linear freq scale
1E-2 II‘\\I\|I\\I‘Illll\\\I‘II\\lIIII‘\I\\

0.0 0.5 1.0 1.5 20 2.5 3.0 3.5 4.0

freq, GHz
Board Len = 10 x 5 inches
f .. for 5inches = 0.6 GHz, 1.2 GHz, 1.8 GHz, ...

res

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com

45



EMC 03 Analyzing the plane cavities Slide -27 L'

(0

Where Board is Probed Influences
Which Modes are Excited

v 12i%sec — 3

f.=nx =nx n
res 2xLen JDk 2x Len Len

(Dk = 4, at higher freq)

foa =N X2 - =0.48 GHz fo =N x—2- = 0.67 GHz
25 45

n X y

1 0.48 0.67
2 0.96 1.34
3 1.44 2.0
4 1.92 2.67

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(D )
Impedance Profiles from 1-port
Measurements
1e03 bbbt ; 5
£ o> Z =50Q F 2t
5 100 1 s
g 10t
B
E "

0006 1607 1608 10609
Frequency, Hz

] 200
- »

0.8 £ 150+ 1+S
o ° Z = SOQA
€06 3 1
< £ 100 1-S,;

| 1 .
= 0-4TWhere did the energy go? Eéi 504

L NN

0 | 08 5608 1009 15609 2009

0  5e08 1e09 1.5e09 209
Frequency, Hz

frequency

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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r

Resonances, Excited from the
Center

frequency: 9.57e+08
+S[1,1]: 0.55/ 151

frequency: 1.33e+09
S[1,1]: -0.565+j0.348
frequency: 1.66e+09
S[1,1]: -0.406+j0.313

08 2008 4c08 6008 Be0B 1600 1.26091.46091 660018500 2600 1 X y
frequency 1 0.48 0.67
2 0.96 1.34
3 1.44 2.0
4 1.92 2.67
Where are the n = 1 resonances? 0.957 GHz , nx = 2
1.33GHz, ny =2
1.66 GHz, nx =3
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Resonances at other Excitation
Points

08+t
206
Q4+

0.2

WA, centeﬁ (/—’ w\

B, mid
C, edge N
x2 y2 \
n X y
3 1 048] 0.67
x1 2 096 | 1.34
3 144 20
4 192 | 2.67

2¢08 4208 6e08 8¢08 109 1.286091.42091.6€091.8209 2209
Frequency, Hz

x1 and y1 not excited from center excitation

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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€

(0

Measured Power Lost from Signal
At Plane Resonant Frequencies

qe" )
(] (]
®
®

5 ")

7 S21
12GHz _3GHz wo return vias

=~ Dk 2xLlen Len

Plane resonances expected:
Len=3.25in fes = 0.92 GHz
Len =1.187in fes =2.5GHz
Len=0.8in fes=3.75GHz [E I

HyperlLynx 8.0
2GHz 4GHz 6GHz 8GHz 10GHz 12GHz

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Low frequency: capacitance e
dominated resonance
v’ plane capacitance 0 ot idiec dominated
v' C ~ board capacitance
Self Resonant Frequency R == & -~ = = =
v All about the RLC
v' C ~ board capacitance
v L ~ spreading inductance
v" R ~ spreading resistance
Inductance dominated

v All about the cavity spreading
inductance

v L ~ spreading inductance

High frequency, modal
resonances

Magnitude Simulated with HyperLynx 8.0
What happens when we add capacitors?

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0
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(0
Schedule

v' EMC 04: Measuring and analyzing planes with capacitors

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(D Measuring the Impedance of the Plane
Cavity at One Point Means Going
Through the Cavity Spreading Inductance

s wall | Reersrr

L=5.1xh xln[E
—_ a
é 1e03 Dominated by
spreading
£ 100— inductance ./ .., R
g 10 ¢
g > :.
T 1- R
£
= 0.1— d
@
= 0.01 1
1e06 1e07 1e08 1e09Be09
Frequency (Hz) Va(R)
60Q h h
Z =—_—=30Q—
instantane ous ‘\/ﬁ R R

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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EMC 04 Planes with Capacitors

(0

Using Z-Parameters to Explore

i
gg;f. Spreading Inductance

ly — — b
Port1 ( ~ |+ Port 2

Self impedance: V
1

V1 = Z11I1 + Z12I2 Z, =1

~

V2 = Z21|1 + Z22|2 Transfer impedance:

www.BeTheSignal.com

© Bogatin Enterprises LLC 2011

EMC 04 Planes with Capacitors Slide -4 L,'
(0 .
R T--\ Self Impedance
g™ When I, = 0
L, |
Port1 ( ~y /= 1 2 ~ ) Port2
V1 * * V2
0 Self impedance: V
_ "1
Z11 e

V1:Z11|1+Z.22 ]
=0

When no current flows through port 2,
self impedance is the impedance of the DUT,
with all the artifacts of a 1 port measurement

www.BeTheSignal.com
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0 R ”*/\ Transfer Impedance: Z,,
et Special Case- probing same point

[P

v, A

Related to the voltage generated at port 2 for a current from port 1

Transfer impedance is counter intuitive
With a large Z,,, a small current produces large voltage (lots of coupling)

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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g }\f Transfer Impedance: Z,,

|1—> - |2
Port1 ( ~y /= ~ ) Port2
V, * * Vs

V.
= T fer impedance: =_2
V, =2, +Z,l, ransfer imped Z,, I
1 l,=0
Transfer impedance is a measure of the voltage
generated across port 2 due to a current from port 1
Do not think of Z,, as an impedance “between” two ports 4 2

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Transfer Impedance in a Cavity

« Exciting cavity from
the middle

» Observing voltage

farther away R =5 mils

R21 = 250 mils|
. R31 =2 inches|
» Transfer impedance,

Z21:

What will V(2) look like?
What will Z11, Z21, Z31 look like?

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Impedance for 10” x 10” Planes,
h = 10 mils

Spreading L decreases

It is as though you see the spreading
inductance of a larger contact point

. 1 1
SRF of cavity ~—=——
L In[lj
R

SRF is not intrinsic to the planes
D = 10 mils, SRF ~ 95 MHz

R21 = 250 mils,
Expected SRF ~ 1.8 x95 =170 MHz

Sim SRF = 150 MHz
0.001 H

100kHz 1MHz 10MHz 100MHz 1GHz 10GHz .
R31 =2inches
Expected SRF ~ 2.3 x 95 = 220 MHz
Magnitude Sim SRF = 300 MHz

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

2-Port Impedance Measurements
of Planes
Module B

Port 1

Module A Module B

gesasasnaz

-7 I I
‘PeOG 1e07 1208 1e023e09

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

Features of the Measured
Impedance of Board with No Caps

| Zyuy =250 22
Note flattening of S21 at low freg- why? 1-§,,

0
101+

m 20T
T _304

—

o -40-
2]
504
604+

| | ‘ 0.01 : : :
TRe06  1e07 1608 120909 1e06 107  1e08 12093209

Frequency . Features Frequency

v Capacitance at low freq

Impedance

v" SRF due to spreading inductance, with ports
separated ~ 0.75 inches

v Spreading inductance increasing impedance
v On-set of cavity resonances

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

What Will be the Impact of Looking
Through a Large Clearance Hole Field?

Module A

Module A

Measured from module A, and B, looking at entire board

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com

EMC 04 Planes with Capacitors Slide -12 L'

(0

What Will be the Impact of Looking
Through a Large Clearance Hole Field?

100 :
o With-holes
2 10+
(3]
3
Q 1+
E

0.1

No holes
0.01 } | |
1e06 1e07 1e08 1e098e09

Frequency

Very slightly higher inductance looking through the hole field

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

What Happens to Cavity Impedance
When a Capacitor is Added?

07mis
. 1 6 mils 1 Er=45
6 mil core ) - i ‘ oot .bethesignal.com
. — Iy — —
6 mil pre-preg 3 B
36 mil core o —
| osrsme
—_ & mils [N
6 mil pre-preg \—mgag ‘ =
6 mil core _ e N o :
6 &
Module 3
E Draw proportionally  Total thickness: E4.1 mis [ Drawpropottionally  Total thickness: B4.1 1 Lager‘s 2 & 3
r
No emars in stackup. No errors in stackup.

Cavity: layers 2-3: 6 mils below the surface, 6 mils thick

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

2-Port Cavity Impedance, no Cap

Features:

100 - board capacitance
g 10l = SRF with-spreading influctance
= - Cavity resonances
o]
g 1t
E

0.1+
0.01 | f

1€06 1e07 1e08 109 1e10

@

Module
Layers 2 & 3

What will be the impact
of adding a cap?

001
|

Eﬂulated impedance ﬁsing HyFerLynx

MHz 1oMHz 100MHz 1GHz 10GHz

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Slide-15 (4

(0

Adding a Capacitor

» Features:

v Capacitor’'s C
Capacitor's R
Capacitor’s L
SRF of capacitor RLC

capacitor L and cavity C
Cavity SRF
Cavity resonances

<S

Parallel resonance between

100

Bare board

Impedance

with capacitor

|
7e06 107 1e08 1e09 1e10
Frequency

1e-03 I

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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oo™ @) What is the Capacitor’s L?

Cavity spreading inductance

Capacitor’s L = mounting L + cavity spreading L

odule
Layers 2 & 3

L ~ 32 pH/mil x h

spreading

What happens to spreading inductance
contribution when measured on left or right
side?

Right side: minimum spreading inductance
Left side, max spreading inductance

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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CD RN 3\/
ae“ff @ Impact of Spreading Inductance

2,3 Cavity = 6 mils thick, Lspread ~32x6=0.2nH 2,4 Cavity = 42 mils thick, Lspread ~32x42=1.3nH
100 100
0 10 0 10
= c
1y ©
2 1 AR
o
= o
E E

right
right g

0.01 : : :
1606 1807 108 1e09 0.0

Frequency

1607 108 1e09 1elQ
Frequency

Does position matter?
If spreading L >> mounting L, yes
If spreading L << mounting L, no

odule
Layers 2 & 3

© Bogatin Enterprises LLC 2011
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(D AP Accurately Modeling Spreading

oo™ @ Inductance

HyperLynx
0.01
100kHz  1MHz 10MHz 100MHz 1GHz 10GHz

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

0?36‘9\ Features of the Impedance Profile
e ™ @ w, wo Capacitor

Note: above modal resonance
of the planes, high ESL
capacitor plays no role in board
level impedance

i With i ‘ Capacitance of the
Capacitor I ] planes dominates
. g over capacitance
of capacitors

freq (SRF) of C

“@nd ESL ™=
© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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CD o "3\:;::7 " g m -
g Impedance Profile of Cavities with
4 @ Capacitors

hitel o0 o Transition frequency of pin
cadaciors | Planes 1 Modes impedance dominated by

, - cavity capacitance over
capacitor capacitance is PRF

PRF ~ 711 EOMHz __ /E”S’I‘_rkmo MHz
,/*ESL Coanes
n

A Ain sq inches
Coanes =1 MF hiin mils

Example:
ESL=2nH,n=10

A =10"x10" =100 sq inch
h =5 mils
. . PRF:mzsoMHz

Magnitude 4/2x100

© Bogatin Enterprises LLC 2011
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(0

10 capacitors
What should right and left sides look like?

Module 15
fagers £'&' 3

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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-
0
Measured Response

100
10+
14 left
0.1
right
: 0.01 | | |
MOdU]_e 15 1e06 1e07 1e08 1e09 1e10

Lagyers £ & 3 Frequency

With 10 caps, 1/n ESL is very small
Spreading inductance can dominate at high freq

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(D a\@ax
. <©” @ Simulated

HyperlLynx

10MHz 100MHz

Using spec’d values of capacitor C, ESR

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(D c;ﬁ}”\
o™ @ 1 cap and 10 caps

« Multiple caps, if the

values are chosen 100
correctly, can
. o 10+
dramatically S
reduce impedance 3 1
at high frequency S
= 0.1
10-caps
0.01 ‘ : :
1€06 1e07 1e08 1e09 1e10

Frequency

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Instrumenting Any Board for 2-
port Measurement

What will be the impedance profile?

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Measured Impedance Profile

W e 107 1e08 1e09 1e10
T g Frequency

Very poor use of planes
Makes all the caps at high freq worthless

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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slide 27 (4
Populated Circuit Board

‘-
~
S

— -
- -
o
oo
€

-
~
o

Remove a capacitor
Probe capacitor pads

Looking at a specific power rail

© Bogatin Enterprises LLC 2011
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Slide 28 (4
Measured Impedance Profile

0.1

Impedance

0.01

0.003 - I I .
1e06 1e07 1e08 1e09 1el10

Frequency

Any power rail on any board can be measured in this way

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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Slide 29 (4

(0

Fixturing and Measured
Impedance of Bare Board

Impedance, Ohms

Board courtesy of Altera Corp.

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com

EMC 04 Planes with Capacitors

Siide-30 4

(0

Altera Stratix Il GX Signal Integrity
Board: 1.2v Planes (Z,,,,,; = 84 mOhms)

Impedance, Ohms

3E1 —
1E1 —

1E-1 —

Measured Impedance

target

Bare board

1E-2 —

1E-3—

1E-4

Board courtesy of Altera Corp.

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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(0

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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" % Schedule

v' EMC 01: Measuring discrete components

v" EMC 02: Building circuit models for discrete components
v" Lunch

v' EMC 03: Measuring and analyzing plane cavities

v' EMC 04: Measuring and analyzing planes with capacitors

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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-
D For More Information about Signal
and Power Integrity Design
signaland | Www.BeTheSignal.com
Power Integrity B Recent Publications
Second Edition SIFEIFIED w Fyture class schedules
S — m EE Times Blog
E 72‘?2:_ F‘?; B My Blog: What | learned this month
pre

B www.PrintedCircuitUniversity.com
for online training

Eric Bogatin

Published by Prentice Hall, 2009

© Bogatin Enterprises LLC 2011 www.BeTheSignal.com
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_n'@)

rf/microwave instrumentation

Lunch Sponsors

nvsemtlest

the benchmark for emc

LeCroy
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ARC Technologies Inc.

Advanced Test Equipment Rentals

ﬁ& Advanced Test Enummem Rentals
Rentals Made Easy.

Brightking Electronics Inc.

BiERT
Brightking

CKC Laboratories, Inc.

CKE

| LABORATORIES, INC. |

Testing the Future

CST Microwave
CST

.

]

Electro Rent Corporation

Y Electro Rent
Corporation

Elliott Laboratories
— An NTS Company

*} ENGINEERIN G SUCCESS

EMSCAN

> |
ETS-Lindgren

NETS-LINDGREN

An ESCO Technologies Company

Giga-tronics

Q/-j Gigatronics

GigaTest Lab

@ Grgalest Labs

Haefely EMC

HAEFELY W/

HV Technologies, Inc.
A——

HV TECHNOLOGIES, Inc.
IN Compliance Magazine

NCOMPLIANCE

agazme

Interference Technology

ITEM™

Interference
technology
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A5 A Kitagawa Company

JM\ INTERMARK USA, INC.

MC Microwave

MC Microwave, Inc.

MET Labs

gMET

SIEMIC, Inc

i SlEMlC

TechDream, Inc.

Tech

TESEQ, Inc.

TASEO

Vanguard Products Corp.

ANGUARD

products corporation
WEMS Electronics




Company

Services/Products

First

Last

City

State

Zip

Phone

E-mail

Advanced Test
Equipment Rentals

Provides complete testing solution for
EMC, communications, environmental,
and similar testing applications.
Celebrating our 30th anniversary,
ATEC takes pride in servicing our
customers with invaluable expertise
and technical support. ISO 9001 and
HUB Zone certified.

Martin

Jahn

San Diego

CA

92121

888-488-2832

mjahn@atecorp.com

AR RF/Microwave
Instrumentation

Manufactures and distributes
broadband, high-power RF and
microwave amplifiers and test
accessories from DC-45 GHz, 1 -50K
watts for all your EMC testing needs.

Rob

Rowe

Souderton

PA

18964

215-723-8181

rrowe@amplifiers.com

ARC
Technologies,Inc.

Manufactures microwave, RF and EMI
absorption materials for electronics,
telecom, automotive, medical, defense
and communications industries.

Todd

Durant

Amesbury

MA

1913

978-388-2993

tdurant@arc-tech.com

Brightking
Electronics Inc.

Manufacturer specializing in production
of surge protection devices such as
TVS diodes and ESD protectors.
Provides total solution and technical
service for surge protection.

Amy

Zhou

Santa Clara

CA

95054

408-844-8830

usasales@brightking.com.tw

CKC Laboratories,
Inc.

Service. Quality. Acceptance. EMC and
transmitter testing! A2LA accredited.
MIL-STD and DO-160 up to 200 V/m.
Transmitter certifications: TCB for

USA, CB for Canada and NB for
Europe.

Bonnie

Robinson

Fremont

CA

94539

800-500-4362
x2236

bonnie.robinson@ckc.com

CST Microwave

Offers computer simulation of radiated
emissions and susceptibility. CST
MICROWAVE STUDIO (R) TLM solver
(Microstripes) and CST CABLE
STUDIO (TM) provide powerful
features for complex EMC analysis
including coupled simulations which
allow for large system analysis and
installed performance studies.

Martin

Schauer

San Mateo

CA

94404

650-472-4921

martin.schauer@cst.com

Electro Rent
Corporation

Premier test & measurement rental,
leasing and sales company with the
highest level of technical expertise in
the test equipment rental industry.

Scott

Wrinkle

Van Nuys

CA

91411

818-442-4647

swrinkle@electrorent.com




Elliott Labs-An
NTSCompany

Providing a full range of services
including Electromagnetic Compatibility
(EMC), product safety, wireless and
environmental testing and consulting.
With over 25 years of experience and
two state-of-the-art facilities in the SF
bay area, Elliott Laboratories is the
"one stop shop" for all your compliance
needs.

Manijeh

Schmidt

Fremont

CA

94538

916-984-5764

manijeh.schmidt@ntscorp.com

EM Test

Leading supplier of EMC test
instruments for conducted immunity
testing to meet international,
commercial and industry standards for
ESD, Surge, EFT, and more.

Brad

Rulien

Freemont

CA

94539

510-713-9957

brad@stscal.com

EMSCAN

World leading developer of magnetic
near-field measurement tools. EMScan
is dedicated to providing real-time lab-
bench systems which are efficient and
cost-effective. They offer dramatic
project cost containment and
accelerated time-to-market.

Ruska

Patton

Canada

403-291-0313
X292

ruska.patton@emscan.com

ETS-Lindgren

Global leader in the design,
manufacture, and installation of
systems and components for the
detection, measurement and
management of electromagnetic,
magnetic, and acoustic energy

Frans

Stork

Cedar Park

TX

78613

(512) 531-2663

Frans.Stork@ets-lindgren.com

Gigatest Labs

Gigatest Labs specializes in
measurement and behavioral models of
high-speed digital-interconnects to 50
GHz; modeling/simulation for 2D /3D
structures. Gigatest also manufactures
precision probing systems.

Harry

Christie

Sunnyvale

CA

94085

408-524-2700

harry@gigatest.com

Giga-Tronics

ISO 9001 and AS 9100 certified.
Manufacturer of best-in-class RF and
microwave signal generators,
microwave power amplifiers, USB
power sensors, microwave power
meters and broadband switching
matrices.

Leonard

Dickstein

San Ramon

CA

94583

925-328-4650

Idickstein@gigatronics.com




Haefely EMC

Precision EMC transient immunity test
equipment for surge, ESD, EFT and
power quality testing to IEC/EN,
ANSI/IEEE, UL, Bellcore, FCC, ITU
standards and more.

Jerry

Ramie

San Jose

CA

95132

408-263-6486

jramie@arctechnical.com

HV

TECHNOLOGIES,

INC.

Distributor of high voltage electrical test
equipment manufactured by EMC-
PARTNER. Our transient impulse
generators test electric and electrical
products for compliance with various
regulatory standards.

Tom

Revesz

Manassas

VA

20109

703-365-2330

Revesz@hvtechnologies.com

IN Compliance

Magazine

In depth coverage of worldwide
regulatory compliance issues every
month. IN Compliance covers EMC,
Product Safety, Telecommunications,
ESD, and Environmental topics. F

Sharon

Smith

Hopedale

MA

1747

978-760-0093

sharon.smith@incompliancemag.com

Interference
Technology

The only media to focus exclusively on
the EMC industry, publishes in print
and online in North America, China,
Japan and Europe.

Bob

Poust

Plymouth Meeting

PA

19462

484-688-0300
x15

bpoust@interferencetechnology.com

Intermark

Offers EMI and thermal management
solutions, EMI shielding material, SMT
grounding components, and thermal
interface materials.

Rina

Tsujimoto

San Jose

CA

95122

408-971-2055

rina@intermark-usa.com

LeCroy

Offers high-performance oscilloscopes,
serial data analyzers, and protocol test
solutions used by design engineers in
the computer and semiconductor, data
storage device, automotive and
industrial, and military and aerospace
markets.

Hilary

Lustig

Chestnut Ridge

NY

10977

845-578-6120

hilary.lustig@lecroy.com

Met Labs

MET Laboratories is an independent
testing laboratory performing EMC
testing to US, Canadian, international
regulatory standards, and is an A2LA
accredited TCB, and Canadian
accredited CB.

James

Bojorquez

408-207-4945

jbojorquez@metlabs.com

SIEMIC

TCB, FCB, NB, CB, and CAB. Provides
compliance testing and certification
services for global market access

Sunwoo

Kim

San Jose

CA

95131

408-526-1188

sunwoo.kim@siemic.com




TechDream

Manufacturer's representative offering
EMC & PI solutions. FaradFlex - Buried
Capacitance material.

EMIStream - EMI suppression
software. PIStream, PDNDesigner,
PDNExpert - Pl analysis software.

Eriko

Yamato

Cupertino

CA

95014

408-483-5413

eriko@tech-dream.com

MC Microwave

Full service EMC sales representative
in Northern California with suppliers
such as Teseq Inc. and Panashield.

Brian

Guthrie

San Jose

CA

95129

408-446-4100

brian@mcmicrowave.com

Teseq Inc.

Teseq Inc., Formerly Schaffner EMC
Systems, is a leading international
company for EMC test systems. We
develop and manufacture test
instruments, software and accessories
for EMC emissions and immunity
testing.

Randy

Johnson

Rolling Meadows

60008

847-612-8358

randy.johnson@teseq.com

Vanguard

High Performance Elastomeric gaskets,
seals, tubing, moldings, and EMI/RFI
shielding gaskets

Ken

Swick

Sherman

X

75090

214-923-9210

ken@emisystems.net

WEMS Electronics

Full service company specializing in
state-of-the-art EMI filters, engineering,
and manufacturing services. Our
precision electronic products include hi-
rel cylindrical style, bolt style, solder-in
style and multi-circuit filter assemblies
for military, aerospace and commercial
applications

John

O'Brien

Hawthorne

CA

90250

310-962-4410

jobrien@wems.com
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