OnLineLecture 105 Impedance in the Time and Frequency Domains Slide -1a L'

o)

e b Online Lecture 105:
6?“ Bogatin Enterprises, L.L.C. Impedance in the Time and Frequency Domains

*  Why this online lecture is important

v Impedance is the most fundamental electrical quality to describe many signal integrity
effects

v' The most important quality a signal cares about when it interacts with an interconnect
is the impedance of the interconnect

v Yet, some aspects of impedance are very confusing because they are commonly miss
understood and miss reported in presentations

v A good, solid, fundamental understanding of impedance will make you much more
efficient at solving many signal integrity problems.

* Recommended prerequisites:

v" None

v" OLL-115 Intro to Characteristic Impedance
* Level

v'introductory
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Be%‘\eﬁnmrpriseﬂ, LL.C. Ou tline

+  Why do we care about impedance

* What is impedance

» Equivalent circuit models

+  Common circuit elements

* Impedance in the time domain

+ Impedance in the frequency domain
+ Simulating Impedance

* RLC circuits

* Real elements vs. ideal elements
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i Copyright © 2005 by
e Bogatin Enterprises, L.L.C. Bogatin Entel‘pl‘ises, LLC

All rights reserved. No material contained in
this presentation may be distributed or
reproduced in whole or in part without the
written permission of Bogatin Enterprises

Please respect the great deal of effort that
has gone into the preparation of these online
lectures and use these materials for your
personal use only.

Bogatin Enterprises, LLC
26235 W. 110th Terr.
Olathe, KS 66061

v: 913-393-1305

f: 913-393-0929

e: info@BeTheSignal.com
www.BeTheSignal.com
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©f Bogatin Enterprises, L.L.C.

Impedance is THE most important electrical
term influencing how a signal interacts with
an interconnect

E

Impedance relates how a signal’s voltage and current are affected by the interconnect
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f Why Do We Care About
e? Bogatin Enterprises, L.L.C.

Impedance?

All signal integrity problems can be
understood in terms of the interaction of
impedance and signals

v Reflections are caused by impedance changes
v' Cross talk is caused by the impedance between traces

v" Rail collapse noise is caused by high impedance in the
power distribution system

v' EMl is contributed by the impedance of the power
distribution system
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« Design Rules Can Be Created Based on
8¢ sogamenerrses, L. the IMpedance of the Interconnects

Impedance of
Performance = the
interconnects

Design
rules

© Eric Bogatin 2005 www.BeTheSignal.com
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% Confusion About Impedance

It's just the resistance

 It’s about how a resistor impedes the flow of current
It only makes sense in the frequency domain
» It’s joL for an inductor

» The terms “resistor” or “capacitor” or “transmission
line” are used to refer to either a real component or
an ideal element, without distinction

« A transmission line is just a collection of LC sections

© Eric Bogatin 2005 www.BeTheSignal.com
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% @ __An Unfortunate Coincidence

A “transmission line” is the name we use to
refer to a real, physical interconnect

A “transmission line” is the name we use to refer
to the an ideal electrical circuit element

o— o
a new, fundamental, ideal circuit element: T
+ Characteristic impedance, Z,,,

» Time delay: TD

© Eric Bogatin 2005 www.BeTheSignal.com
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% n What is Impedance?

« Fundamental Definition- applies for ALL situations:

o)

Discrete components |

Traces on a board
Pins in a connector

© Eric Bogatin 2005 www.BeTheSignal.com
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J @ Measured vs. Simulated

o)

gatin Enterprises, L.L.C.

Impedance can only be calculated for IDEAL components
‘s—/\/\/\r—-ﬁ-—ofVVL—H I———Q
It is possible to find a combination of ideal circuit elements

that closely matches the measured impedance of real
components to very high bandwidth
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% n Measuring Impedance

— Fr=1—- F—'
@a El=
«® o |
TEED @
L] -
[N R \ :
EEE et 4B
00 ————= =
—
» Agilent E8363B VNA 1 + S
» Convert S11 to impedance with: Z=50Q0 x —1
+ See OLL-140 S parameters and the VNA — 944
© Eric Bogatin 2005 www.BeTheSignal.com
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(D .
“\e Measured and Simulated Impedance
B sgunenenrses, L. OF @ Short Transmission Line
3E3
" 1E3—
1S3
o]
Red: measured g 'F7
impedance, 2 inch 3 11
long trace on board E
1
1E7 1E8 1E9 1E10
100 b Frequency, HZ
o]
Green: simulated 50
impedance of open 100
terminated ideal lossless 1E7 1E8 1t 1E10
transmission line Frequency, Hz
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f Two Critical Processes for
°e Bogatin Enterprises, L.L.C.

Designing it Right the First Time

o)

Modeling: Translating the physical world into an
equivalent electrical circuit model (Schematic)

Simulation: Predicting voltage/current waveforms based on
the circuit behavior

[4
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J @ Ideal Circuit Elements

o)

gatin Enterprises, L.L.C.

Real Components Ideal Components

+ Common

v Resistors (R)

v Capacitors (C)

v" Inductors (L)

v' Ideal lossless transmission lines (T)

Discrete
g4 components

+ Coupled elements:
v Mutual inductor (k)

Leads in v CouPIed transmission lines: ideal,
a package lossless differential pair

» Lossy lines

v' ldeal lossy transmission line
- R~Af
- G~f

v Ideal lossy differential pair

© Eric Bogatin 2005 www.BeTheSignal.com
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<« Generalized Coupled
6? Bogatin Enterprises, L.L.C. Elements: Ma trix Elemen ts

o Ly L, L
. atrices:
. . L21 L22 L23
Resistance (per length) matrix
Capacitance (per length) matrix L31 L32 L33

Inductance (per length) matrix
Characteristic impedance matrix

ANENENEN

» Physical model - field solver

Subst1

]

based matrix elements and Eif1]=45 T141=0 mil
. . H[1]=10 mil Cond[4]=1.0E+50
integrated simulator Tand[1)-0 CayerTypel ti=blank
— T[1]=0 mil LayerType[2]=signal
v Agilent ADS g“;“u Cond[1]=1.0E+50  LayerType[3]=ground
V'S is- HSPICE obnesusr El2EEs CayerTypel4]-power
Yynopsis- Length=100.0 mil ?;,,15[2]:'?,"
v Ansoft Designer W[11=10.0 mil T(21=0 mil
S[11=5.0 mil Cond[2]=1.0E+50
v Mentor HyperLynx 2100 mi Er3=4.5
v' Mentor ICX wE=100 m !
=5.0 mi >
v" Mentor XTK WAoo mi ol 0E 450
: ayer[1]=
v Cadence Sig XP Layer(2]-1
L 3]=1
v Cadence SpectraQuest iy
RLGC_File=

ReuseRLGC=no
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<% @ A Caution!

°e Bogatin Enterprises, L.L.C.

+  We use the terms resistor, capacitor, inductor and transmission
line for the real components

+  We use these same terms to refer to the ideal circuit elements
+ They are not the same

* One is areal component and can be measured

* Oneis an ideal element and can only be simulated

» The ideal element is a very good approximation to the real
structure, but they are not the same.

» Always try to identify which one is being used

© Eric Bogatin 2005 www.BeTheSignal.com
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f Definition of Impedance
ee Bogatin Enterprises, L.L.C.

(for two terminals)

o)

FUNDAMENTAL DEFINITION
« Fundamental definition:

v' Ratio of voltage across the
terminals to the current into and
out of the terminals

Z _ + Always
\Y I - v In the time domain

l v" In the frequency domain
v" For real components
v For ideal circuit elements

© Eric Bogatin 2005 www.BeTheSignal.com
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R @ Definitions for Ideal Circuit
3“‘\
e_ Bogatin Enterprises, L.L.C. Elements
I B
Resistor  *—V\VVV\—- V=IxR
dVv
Capacitor 4“7 - I=C—-
P at
V= Lg
Inductor A1 T Tt
T .. i See OLL-115: Intro to
ransmission line Characteristic Impedance
What is the impedance of an R, C, L, T element?

© Eric Bogatin 2005 www.BeTheSignal.com
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< Impedance of a Resistor

©f Bogatin Enterprises, L.L.C.

Symbol: + AN NV— -
Definition: V=IxR

Impedance: 7 _ ! — E =R
/

Units: Ohms

© Eric Bogatin 2005 www.BeTheSignal.com
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« Using SPICE to Simulate ANY
B‘_a Bogatin Enterprises, L.L.C. Combination of Circuit Elements

o)

SPICE: Simulation Program with

Integrated Circuit Emphasis
v' PSPICE from OrCAD/Cadence
v IsSPICE from Intusoft
v" Advanced Design System (ADS) from Agilent
==+ Micro-CAP from Spectrum-Soft

© Eric Bogatin 2005 www.BeTheSignal.com
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f Circuit Simulation with Agilent
@e Bogatin Enterprises, L.L.C. A D S
5% | TRANSIENT I

Tran
Tran1
StopTime=2 nsec @
MaxTimeStep=2 psec ™1
r—l] VR
+ ViPulse |_Probe ” RVW_—l—
Har VAR SRC1 'R —
VAR1 Vlow=1 mV - R1
P=1 Vhigh=1V R=50 Ohm
RT=.1 - Delay=0 nsec
PW=0.5*P-2.2*RT} — Edge=erf
Rise=(2.2*RT) nsed
Fall=(2.2*RT) nsec
Width=PW nsec
Period=P nsec
MeasEqn
Meas1

Z=abs(V_R/I_R.i)

© Eric Bogatin 2005 www.BeTheSignal.com
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(0
“\e @ Impedance of an Ideal Resistor in
33 Bogatin Enterprises, L.L.C. the Time Domain
-
e
> o3
g 0]
£ o055
VtPulse * g;}
u .|
1 sret :*;mbe o
- - R1 L RS RIS e s S e S
Viow=1 mV 0.0 u‘z u‘a u‘s u‘a 1‘0 1‘2 1‘A 1‘5 1‘5 2.0
Vhigh=1V R=50 Ohm time, nsec
Delay=0 nsec -
—— Edge=erf 20—
~  Rise=(2.2*RT) nsec T e
Fall=(2.2*RT) nsec £
Width=PW nsec g 10
Period=P nsec © 5|
-1 GHZ ClOCk 0.0 0‘2 0“) 0‘6 O‘B 1‘0 1‘2 1“) 1‘6 1‘8 2.0
5 time, nsec
Gaussian edge, 0.1 nsec rise time i 52
&
“g" 1E1-
4
Impedance of an ideal resistor is N I O O A
constant in the time domain 0.0 0.‘2 D.‘A 0.‘6 0.‘8 1.‘0 1.‘2 1.‘4 1.‘6 1‘.8 2.0
time, nsec
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@ Basic Pro

ee | Bogatin Enterprises, L.L.C. p

erty of a Capacitor

Capacitance is independent
of the voltage

Q
v —rer— C-= 9 Capacitance is strictly a
- Vv geometry and material
property

How does current flow through a capacitor?

© Eric Bogatin 2005 www.BeTheSignal.com

OnLineLecture 105 Impedance in the Time and Frequency Domains Slide -24a L'

o)

%ﬁnmrpmes L.LC. EqUiValen t Vi e WS

N N
L I

Do actual + charges move through
the insulating dielectric?

<IIIII

© Eric Bogatin 2005 www.BeTheSignal.com
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x° Very Important Principle

©f Bogatin Enterprises, L.L.C.

Current flows through a
+++ .
\ capacitor whenever the
voltage across it changes

.
v Q=CV
+++/ j=dQ_ ,dV
at at

© Eric Bogatin 2005 www.BeTheSignal.com
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% @ Impedance of an Ideal

Capacitor in the Time Domain

Q=CV
aQ dv
7:/207
dt dt

vV_V
Z:f:
I~ cY

Impedance of a capacitor depends on applied voltage behavior:
- faster the change, lower the impedance
- higher the voltage, higher the impedance

Very complicated behavior in the time domain!!!!

© Eric Bogatin 2005 www.BeTheSignal.com
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Impedance of a 1 pF Ideal
Bogatin Em,.,,.,e, we. Capacitor in the Time Domain

1.0

09

0.8

> 073

1 067
05

0.4
I Probe

Voltage, V

" VtPulse

E

SRC1 023
Viow=1 mV 1.0 pF R1 0.1

1
Vhigh=1V I R=1e9 Ohm L L L I W

R

c = 0.3
Cc1 -

Cc=

T T T T
00 02 04 06 08 10 12 14 16 18 20
Delay=0 nsec

Ed £ time, nsec
— ge=er
~  Rise=(2.2*RT) nsec ol
Fall=(2.2*RT) nsec <
Width=PW nsec E
Period=P nsec E 0
3
10—
N T N S i
time, nsec
1E10
2 1E8
?5 1E6
E 1E4—
g
Impedance of an ideal capacitor is £ e
complicated in the time domain 00702 0l o5 ols 10 12 1ls 16 15 20

time, nsec
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@ Even With A Linear Ramp Voltage, Impedance Of
©27/ Bogatin Enterprises, LLc. A Capacitor Is Complicated In The Time Domain

Voltage, V
°
T

L L e e e e e e
00 02 04 06 08 10 12 14 16 18 20

time, nsec

dQ_,_,dv

S

Q

~
Current, mA
o o
L

L B e o S B e e
00 02 04 06 08 10 12 14 16 18 20

time, nsec
1E1
> V_V iz
5
— — @ 1E6
PR g
= = H
5 1E4
av @
E

1E2+

dat

T T T T T T
0.0 0.2 04 06 08 10 12 14 16 18 2.0

time, nsec
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f What is Inductance?
Bogatin Enterprises, L.L.C. (see OLL-110 Introduction to Inductance)

Inductance is the number of loops of magnetic field lines around a conductor, per
amp of current through it.

Units are : Webers of field lines/amp of current = Henrys
Double the current, double the number of field lines, ratio is constant

Number of field lines scales with current

Inductance is independent of curre

Inductance depends only or/geome @@ >§

Right hand rule

© Eric Bogatin 2005 www.BeTheSignal.com
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f @ Basic Property of an Inductor

gatin Enterprises, L.L.C.

- dl

V=L—
N o

4—V—>

If current doesn’t change, there is no voltage.
If current changes, a voltage appears.

Sign of voltage is similar as for a resistor.

© Eric Bogatin 2005 www.BeTheSignal.com
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o)

f Impedance of an Ideal Inductor
e? Bogatin Enterprises, L.L.C.

(in the time domain)

- dl

v=LZ
N o

—\Vy—

sV L4
/ /

Impedance of an inductor depends on current behavior:
- faster the change, higher the impedance
- higher the current, lower the impedance

Conclusion: impedance is complicated and not very
intuitive in the time domain

© Eric Bogatin 2005 www.BeTheSignal.com
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(O
“\e @ Impedance of a 1 nH Ideal Inductor
33 Bogatin Enterprises, L.L.C. in the Time Domain
10+
> s
g o
tPulse s 5
SRC3 :*:mbe b R - _1:,
o |_Low=0 mA - [21.0 nH R1
I_High=1A - R=1mOhm L L L D B B
R= 00 02 04 06 08 10 12 14 1.6 18 20
Delay=0 nsec {ime. nsec
—— Edge=erf .
= Rise=(RT*2.2) nsec e
Fall=(RT*2.2) nsec o
Width=PW nsec T o
Period=P nsec g€ 067
S 05
5 04
(6] 0.3
02
01—7
o LU L L L L SRR
00 02 04 05 08 10 12 14 16 18 20
time, nsec
6E4
V g2 1E3
Z = 7 % 1E1+
E;i 1E-1—
Impedance of an ideal inductor is = 00 02 04 06 08 10 12 14 16 18 20
H H H H time, nsec
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)

Bogatin Enterprises, L.L.C.

You have reached the end of session a.

Please go back to the BeTheSignal.com web
site and select session b

© Eric Bogatin 2005 www.BeTheSignal.com
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% n .. An Ideal Transmission Line

» Four terminals
v" Front end, 2 terminals Er:%nt S:gk
v' Back end, 2 terminals
*— —e

* Impedance looking into a transmission line
v The input impedance
v' THE impedance

* Depends on:
v' The length
v" The termination at the other end

» Three different “impedances”
v' The instantaneous impedance
v The characteristic impedance
v' The input impedance or THE impedance

See OLL-115 Introduction to Characteristic Impedance

© Eric Bogatin 2005 www.BeTheSignal.com
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(0
f @ Impedance of an Ideal Transmission
88 "% Bogatin Enterprises, L.LC. Line in the Time Domain
T
@ 1.0
]
v S 0l
S ViPulse | Probe I (open) £ 053
SRC1 R TLIN 2 04
Viow=0 V - TLA1 024
Vhigh=1V Z=50.0 Ohm !
-| Delay=0 nsec E=360 oo 02 04 06 08 10 12 14 1 18 20
—- Edge=erf F=(1/TD) GHz time, nsec
~  Rise=(2.2*RT) nsec
Fall=(2.2*RT) nsec Var
Width=PW nsec 3222 <
Period=P nsec TD=10 E 1
g 10—
o
TD =10 nsec
00‘ 0‘2‘0‘4‘0‘6 ‘0‘8‘1‘0‘1‘2‘1“3 ' 1‘6‘ 1‘8‘20
. . . time, nsec
Simulation time = 2 nsec 00
2 e
5 704
Input can’t see the end of the line during the g 503
. . 8 40+
simulation g a0
E 204
104
. URPUSBUSSUSSUSIUSURSL
Characteristic impedance of the T line = 50 Ohms 00 02 04 06 08 10 12 14 16 18 20
time, nsec
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= If Simulation Time > 2 x TD

Bogatin Enterprises, L.L.C.

o)

>
g0
Simulation time = 2 nsec :
O’“OO 0‘2 ' 0‘4 ' O‘S ' 0‘8‘ 1‘0 ' 1‘2 ' 1‘4 ' 1‘6‘ 1‘8 ' 20
TD = 0.2 nsec fime. nsec
50E
Multiple reflections complicate the input FE
impedance of the line £
Can vary from 50 Ohmsto 0to > 1 k T e
Ohms . time, nsec

400—
300

200

Impedance, Ohms

100—

L L e e o o
00 02 04 06 08 10 12 14 16 18 2.0

°

© Eric Bogatin 2005 www.BeTheSignal.com
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wﬁf @ .. Impedance in the Time Domain

« ALWAYS correct

o)

» Not always the easiest way of looking at the
impedance of an ideal or real element

» Depends very strongly on the precise waveform: the
applied voltage, the current through the device

» Hard to generalize and feed our intuition

© Eric Bogatin 2005 www.BeTheSignal.com
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o)

o102
et Bogatin Enterprises, L.L.C.

Sometimes we can get to an answer faster
by going through the frequency domain

Current and voltage are sine waves:

current

voltage

© Eric Bogatin 2005 www.BeTheSignal.com
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(D .

%‘&W Impedance in the
< . . -

et Bogatin Enterprises, L.L.C. Frequency Domaln

For all linear elements, the current and voltage
will ALWAYS be at the same frequency Z(CO) _ V(a))
current /(a))

need to account for:

voltage e ratio of the amplitudes
* phase shift
Vo

The ratio of two sine waves is a
magnitude and a phase shift

© Eric Bogatin 2005 www.BeTheSignal.com
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a f Describing Impedance in

B¢ Bogatin Enterprises, L.L.C. F requency DO m ain
- Magnitude and phase |Z(®w), 6(w)
« Real and imaginary Z(w) = \I/(—(?)))) =Z'(0) +iZ"(w)
« Complex notation Z(w) = |Z(w) expliot)
© Eric Bogatin 2005 www.BeTheSignal.com
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X %‘@W @ Complex Impedance in the

ge Bogatin Enterprises, L.L.C. Frequency Domain

» Magnitude and Phase |Z|, 6

* Real and imaginary Z’, Z”

Z = |Z| x sin(6) g % ]
7" = 12| x cos(6) red

www.BeTheSignal.com

© Eric Bogatin 2005




OnLineLecture 105 Impedance in the Time and Frequency Domains Slide -9b L'

o)

f Impedance of a Resistor in the
6?‘ | Bogatin Enterprises, L.L.C.

Frequency Domain

V=1xR
Suppose l(m,t) = |, exp(iot)
Then V(mot) = |, exp(iot) x R

T Hopt) |, exp(iot)

Impedance of a resistor has only a real component,
no imaginary component

Z(0) = V(w,t) _ l, exp(iot)x R

Impedance of a resistor in the frequency domain is very boring
- constant with frequency
- no imaginary component

© Eric Bogatin 2005 www.BeTheSignal.com
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(D - _
%‘&W’ @ Impedance of a Capacitor in the
Be / Bogatin Enterprises, L.L.C. frequency domain

dQ dVv
Q=CV —/—=I=C—
dt dt

dVv : :
Suppose V(w,t) =V, exp(i ot) P V, imexp(iot)

| =CV, ionexp(iot) = ioCV

Impedance of a capacitor:
* has no real component, only negative imaginary component
* decreases with increasing frequency

© Eric Bogatin 2005 www.BeTheSignal.com
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o)

f Impedance of a C in Complex
e,

Bogatin Enterprises, L.L.C. Impedance Plane
Vo1 - 1
Z_I_io)C_o)C ‘Z‘_G)C
real

Phase of impedance always -90 deg

© Eric Bogatin 2005 www.BeTheSignal.com
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o)

%‘@W ) Impedance of a Capacitor:
B‘_"' Bogatin Enterprises, L.L.C. e xa m p I e s

1. The capacitance of a 1 inch trace in FR4 is about 4 1
pF. What is the impedance at 100 MHz? Is this big ‘Z‘ = 70
or small? Does it look like a short or an open? @

®=2x3.1415x108 =6 x 108

1
7| =
6x108x4x107"2

=400Q

2. The capacitance of a decoupling cap is 10 nF
(0.01uF). What is its impedance at 1 GHz?

1 1
- =—=0.016Q
2 6x10°x10x10° 60

© Eric Bogatin 2005 www.BeTheSignal.com
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OnLineLecture 105 Impedance in the Time and Frequency Domains
p
(0
:
0™\ Impedance of an Inductor
< Bogatin Enterprises, L.L.C.
dl .
V= LE Suppose l(o,t) = 1, exp(iot)
dl . . . . ,
0 lyimexp(iot) V = Ll jioexp(iwt) = ioLl
V  ioLl
Z=—=—"=i0L
I I

Impedance of an inductor:

* has no real component, only positive imaginary component

* increases with increasing frequency

© Eric Bogatin 2005 www.BeTheSignal.com
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(0 ,
f @ Impedance of an Inductor in
e“\
e_ Bogatin Enterprises, L.L.C. Comp,ex Impedance Plane
V oLl
Z=y=Tp sl 4=ot
_é Phase of impedance always +90 deg
gl o
E

real

www.BeTheSignal.com
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Slide -15b (4

f @ Impedance of an Inductor:
6?_ / Bogatin Enterprises, L.L.C. examples

1. The loop inductance of a 1 inch trace in FR4, shorted at the
far end is about 9 nH. What is the impedance at 100 MHz? Is

this big or small? Does it look like a short or an open? How m =l
about at 1 GHz?

®w=2x3.1415x108 =6 x 108

Z=6x10°x9x107° =5.4Q

2. The inductance associated with a decoupling cap is 2 nH.
What is its impedance at 1 GHz? How does this compare

with the impedance of the capacitance? Which one is more
important at high frequency?

Z=6x10°x2x10"° =12Q

© Eric Bogatin 2005
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f @ Impedance of a Transmission Line
o2 | Bogatin Enterprises, L.L.C. in the Frequency Domain

Z= Zo{tanh{iZﬂf X TD+tanh™ [meﬂ} ,
ZO term

o—

Shorted end: 7 — ZO X /tan(27zf X TD)
&
Openend: 7=_7 x iCOt(2ﬂf X TD) :

Impedance of transmission line in the frequency looks complicated
- is only imaginary, no real component
- depends on the time delay

- has complicated frequency dependence

© Eric Bogatin 2005
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o)

f Frequency Domain Impedance
8¢ Bogatin Enterprises, L.L.C.

Analyzer in SPICE

AC Analysis

AC

AC1 V =Z,,; x 1A Simulated voltage numerically = DUT impedance
Start=1.0 MHz
Stop=10.0 GHz
Step=
R TAC R
R1 SRC2 R2
R=1e9 Ohm| lac=polar(1,0) A R=R1 Ohm
Freq=freq
jp— e — 1E3

DUT

R =1 Ohms to 1000 Ohms

1E6 1E7 1E8 1E9 1E1
freq, Hz
© Eric Bogatin 2005 www.BeTheSignal.com
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o)

% @ .. Impedance of R, L , C elements

12 5
g E
=
O  1E4H
g
2  1E3]
©
el
g 1E2-]
E
o 1E1-]
el
E]
2 1
oD
@©
s 1E- ‘ ‘ ‘
1E6 1E7 1E8 1E9 1E10
freq, Hz
180
135 L =1nH
g8 o0
°°% 45
rIo =
g48 , | R=10hm
25g
s28
5688 -0
135—| C:1pF
180 ‘ ‘ ‘
1E6 1E7 1E8 1E9 1E10
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% Impedance of a Transmission Line

Open Termination

Short Termination

1E5

1E4— 1E4—

1E3] 1E3-]

1E2— 1E2—

1E1— 1E1—

Magnitude Impedance, Ohms
Magnitude Impedance, Ohms

I I [ [ [ T
1E6 1E7 1E8 1E9 1E10 1E6 1E7 1E8 1E9 1E10

freq, Hz
180 180

Phase, degrees
o
|

Phase, degrees
o
|

freq, Hz
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5 @ Changing TD

Bogatin Enterprises, L.L.C.

%2}

g 1E5—FTD=1 nsec 3

5 \£4_| TD=0.1 nsec ;

S | TD =0.01 nsec

o

S 1E3—

?

o 1E2—

E

© 1E1—|

kel

2

= 1]

(@]

©

D | | | |
1E6 1E7 1E8 1E9 1E10

freq, Hz
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ﬁ Combining Impedances

Bogatin Enterprises, L.L.C.

In series
I o B S
Z1 Z2
Zequiv - Z1 + Z2
In parallel

© Eric Bogatin 2005 www.BeTheSignal.com
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o)

e%“'i&b @ . Impedance of Simple Circuits

~MA——— z-R- iwiC

Z=R+inL

— AN Z:R+i(wL—ojCj

* Real part relates to resistance

* Imaginary part relates to L or C (reactance)

© Eric Bogatin 2005 www.BeTheSignal.com
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Bogatin Enterprises, L.L.C.

Simulating Impedance of RLC

Circuit with SPICE

—M—LB88—{|—

AC Analysis

100

Z 10
<
8 1
:
E 100m
10m T T T T 1
10k 100k 1M 10M 100M 1G
Frequency (Hz)
100
50
F
2
S 0
£
A
-50
-100 T T T T 1
10k 100k Jals 10M 100 1G
Frequency (EHz)
© Eric Bogatin 2005 www.BeTheSignal.com
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o)

)
G““
e_ Bogatin Enterprises, L.L.C.

Simulated Impedance of a

RLC Circuit, varying C

C =10n, 30, 50, 70, 100nF
R =0.1 Ohm
L=2nH

Vpulse

1K

19 |
R1 R2

100

Note: high freq

impedance of

capacitor 1000m

dominated by

inductance of 100m

fixed body size

10m

100K
mag(v(1

1 10M 100M 1G
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o)

f Simulated Impedance of a RLC
ee Bogatin Enterprises, L.L.C.

Circuit, Varying L

1g 1 Similar to real capacitors with
R1 R2 different body sizes

é 1K yPuIse 09/28/1999

- | 1 v 1

R=010hm | B =

L=2nH © NG s //// o
= i il

C=100nF - \\\‘ il /5::

""" e e

100m

L=1n,3,5,7,10nH

© Eric Bogatin 2005 www.BeTheSignal.com
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%‘@W ) Optimizing Decoupling
e_ Bogatin Enterprises, L.L.C. Capac, tors

Step 1: use smallest body size
Step 2: highest capacitance capacitor in this body size

Step 3: add N identical capacitors to reach the total
capacitallllgge target spec

— 100 -
Ew 1,100 nF, 1 nH capacitor
1TOhm 1A 60Hz =—100nF O 10 i
e
otonm @
g ]
=
L7
10 =9
. 'E' 100m =
= 5,100 nF, 1 nH capacitors
10m T T T T 1
10k 100k 1M 10M 1008 1G

Frequency (Hz)
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o)

R M) Multiple Capacitors with
f P P

= eaneenes o Djstribution of Capacitances

1k 5
1,100 nF, T nHc i
1004 0 apacitor
£
S 104
[P
g
- 13
[
=9
fl 100m 49,100 nF, 1/ nH capacitors
E=1nH-R=0.1 Ohm,
C=100nF,30nF, 10 nF, 3 nF, 1 nF
10m T T T T 1
10k 100k 1L 1014 10034 1G

Frequency (Hz)
Step 1: use smallest body size

Step 2: highest capacitance capacitor in this body size

Step 3: add enough high value capacitors for the low frequency impedance,
enough total capacitors for the high frequency impedance, with values
distributed over a few decades to flatten the impedance curve

© Eric Bogatin 2005 www.BeTheSignal.com
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o)

31\@' @
e_ | Bogatin Enterprises, L.L.C.

The impedance of real components closely
matches the impedance of ideal circuit
elements,

But, every model has a bandwidth!
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o)

Measured Impedance of Real
Resistor Components

e“\e
et Bogatin Enterprises, L.L.C.

100
90—

80—
70—
60—

50 @

axial lead
resistor

Measured Impedance, Ohms

40—

30—

20

10—

O T | T T T | T | T | T | T | T | T |

00 02 04 06 08 10 12 14 16 18 20
freq, GHz
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Measured Impedance of Real
Capacitor Components

3-‘\\0 @
e_ Bogatin Enterprises, L.L.C.

v
£ 1E4
<
(@)
o 1E3-
[&]
G
[
Q.
E g 55
= 0.2 nF SMT capacitor o_&
7] 14 @
4]
()
= 1E1 I
1E7 1E8 1E9
freq, Hz
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o)

<« Measured Impedance of Real

©€~7J Bogatin Enterprises, L.L.C. Inductor Components
(2]
£ 5E3
S
S 1E3—
% 13 nH, smallloop
B 1E2—
Q
£
o 1E1—
g
>
2}
8 1—
=
1E7 1E8 1E9  2E9

freq, Hz
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o)

Measured and Simulated Impedance
B sogamenenises, e OF @ Short Transmission Line

3E3
® 1E3—
£
E
° 1E2—|
Red: measured g
impedance, 2 inch 3 .
g _
long trace on board E
1
1E7 1E8 1E9 1E10
100 b Frequency, HZ
50
> .
3 ]
g 0]
®© 4
£ ]
Green: simulated 0
|mpe_dance _of open 1007 ‘ ‘
terminated ideal lossless 1E7 1E8 1E9 1E10
transmission line Frequency, Hz
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(0 .
o @ SPICE models of typical
6, Bogatin Enterprises, L.L.C. componen ts
Real Real Real Real interconnect Real interconnect
R L C Open at end Short at end
Low ] \T/ I E
Frequency I
or or
High | n ﬁ ﬁ
Frequency See also:
I OLL-120 Modeling Transmission Lines
OLL-181 Bandwidth of models

© Eric Bogatin 2005 www.BeTheSignal.com
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% @ VERY Important Distinctions

o)

1. When we model real R, L, C, T components, the parameter
values of the ideal of R, L, C, T elements in the model are
independent of frequency, voltage and current.

2. The impedance of an ideal inductor, capacitor, transmission line
or circuit containing them generally changes with frequency.

3. Ideal circuit elements are the only elements that can be
simulated by a circuit simulator

4. The impedance of a real interconnect can be closely
approximated by combinations of ideal elements

© Eric Bogatin 2005 www.BeTheSignal.com
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o)

<<% Summary of General Principles

8¢ Bogatin Enterprises, L.L.C.

» Impedance is a powerful concept to describe the electrical performance of all
interconnects and passive components.

» Atlow frequency EVERY real component will ALWAYS look like an ideal R, L, Cor
T element

* A Transmission line is ALWAYS a good model for a uniform interconnect

« There will always be a frequency beyond which a simple RLCT model breaks
down

+ Beyond this frequency
v May need more elements (new topology)
v' May need new elements (losses?)

v May not be able to get there from here (plane resonances, frequency dependent L) need new circuit
components- n coupled elements, LaPlacian for arbitrary impedance profile

» Critically important step in signal integrity analysis is converting the real physical
interconnects into an equivalent circuit composed of combinations of ideal circuit
elements so the impedance can be calculated.

© Eric Bogatin 2005 www.BeTheSignal.com
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(D
<02 @
33 Bogatin Enterprises, L.L.C.

Thanks for
Cigtening!
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