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Schedule

Welcome and intro
Textbook for the class

1. Jan13:
2. Jan 20 holiday (chpt 1, 2, 3)
3. Jan27: Transmission lines and signals (chpt 7) p——
Signal and
Power Integrity
Second Edition SIVIEINHIED)
el
Eric Bogatin
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Jan 27, 2014: Lecture 2

Pop Quiz (6 pm sharp!)
Collect lab report homework
Review pop quiz
Announcements

5 min contributions

v Slot1
v Slot2
v Slot3

Review hands on labs

Lecture: Essential principles 1-4

break

Lab demo: stack up design with Polar Si9000
Lecture: reflections, TDR and impedance

Hands on lab homework
v Polar S19000 stack up
v QUCS: T line input impedance , TDR

J/
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Pop Quiz
(2.5 points)

J/
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Jan 13 Lecture 1 Quiz (a free 2.5 points)

What is characteristic impedance?
Name:

What's the advantage of source termination over far end parallel termination?

How much attenuation at the Nyquist would collapse the eye too much to fit a reasonable mask?

Why is there no far end cross talk in stripline?

What happens to the differential impedance of two microstrip lines when they are brought closer
together?

MRS ENIRISERERREREELY ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com

Lecture 2: Signals and Transmission lines Slide -6

&)

©

Rule #9: Never do a measurement or
simulation without first anticipating what

you expect to see.

If you are wrong, there is a reason- either the set up is
wrong or your intuition is wrong. Either way, by
exploring the difference, you will learn something

If you are right, you get a nice warm feeling that you
understand what is going on.

Corollary to rule #9:
There are so many ways of screwing up a measurement or
simulation, you can never do too many consistency checks
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Special Saturday Sessions with Tim

* 1:30pm on Saturdays in ECCR 108 engineering class
rooms off from the café in ECOT lobby

* Lecture review

+ Some more advanced content
+ Some lab reviews

+ Additional Q&A
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Grading
>90% A, 80-89% B, 70-79% C
(undergraduates, get an extra +5 points handicap)

*  Weekly quizzes (25 points)
v 13 lectures
v" Top 10 scores count
* Homework (labs) (25 points)
v Top 10 scores count
* Midterm and final (25 points)
v' Midterm is take home (10 points)
v Finalis in class (15 points)
» Projects (25 points) (teams of up to 3 are ok)
v' Send me an email (5 points) (individuals only!)
v How good are approximations or rules of thumb (10 points)
v Establish a design guideline with a field solver or circuit simulator (10 points)
» Extra credit
v Be the first to find the error in my textbook (+1 point)
v' 5 min presentation: Sl in the news, on the web, “they are wrong” (+1 point)
v Class presentation on last day (+3 points)

P
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Projects (10 points each)
can work in teams of up to 3

1. Send me an email (eric@beTheSignal.com) (5 points) (due before the next class)
What EE classes have you taken? Most favorite and why

What are your education goals?

What are your plans for after school?

Why you are taking this class?

(A free 5 points)

2.  How good are Rules of Thumb or approximations? (due on 3/10/2014)

Pick an example

AN NN

Compare it to a numerical simulation tool
Establish when it applies, when it doesn't, roughly what accuracy
See my Rules of Thumb column for EDN

AN NN

Write a report: 1200 words, 5 figures (like a feature article)

3. Establish a design guideline with a field solver or circuit simulator (due on 4/21/2014)
Pick a structure like a transmission line, a via, a signal over a gap

Identify the sort of SI problems to expect

Parameterize it and model it with a simulation tool

Determine a set of parameters for good signal integrity, and when problems will arise

Generate examples of good designs, bad designs

AN N N N RN

Write a report: 1200 words, 5 figures (like a feature article)
J/
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Homework: Hands On Labs
*  Free tools:
v Qucs
v Teledyne LeCroy Si Studio (free version)
v Teledyne LeCroy Reflection simulator Special note: if you are
v Sonnet Lite enrolled in ECEN 4224/
v Quick Field student version 5224 and you are using
v Simbeor level 1 a software tool licensed
« Polar SI 9000 (license until end of Feb, through this class, you
can be extended) CAN NOT use this tool
* Mentor HyperLynx (CU license) for commercial use.
+ Teledyne LeCroy Si Studio (licensed These can only be used
version, from me) for class assignments.
+ Matlab
* Ansys HFSS
* Agilent ADS
* Agilent PLTS J
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Lab Report

No more than 1 page

» Pick one or two of the exercises

Answer the following questions
v' What did you do?
v' Did you learn anything new? Did anything surprise you?

v So what? Do you see any way what you learned could be applied to
guide a design, influence a decision or even suggest another thing to try
as a consistency test?

My hidden agenda

v’ | often find, the process of writing up what you did in an experiment helps
you think through what you learned, what would have been a good test to
try to check for consistency and fit the puzzle pieces together.
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The most important principles in signal
integrity
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Essential Principle #1:
All interconnects are transmission lines
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Essential Principle #2:
Signals are Dynamic

All interconnects are transmission lines
A signal as a voltage difference
Signals propagate

Vv

S

B 12 inches B 12 inches B 12 inches

nsec nsec nsec __ 6 inches

\/ﬁ \/Z 2 nsec
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Essential Principle #3: Signals see an
instantaneous impedance
ALL Signals ALWAYS propagate

The edge has a spatial extent, where the dV/dt, dl/dt is
The edge sees an instantaneous impedance

Vsi:gnal _

Frozen in time

Tr‘1e dV/d;t
The dl/dt V
2=

UCENEEEEREEEENS ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com
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Electrical Model of a Lossless Transmission Line

derive
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“...be the signal”

—->
Charging up a transmission line

@ PRI

J/
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What is the Impedance of a Transmission Line?

_ Voltage applied
Current through

C=C, Ax

At
every At = A—VX

AQ _ VCLAXV _
At T Ax
\Y \Y 1

instantaneous impedance of the transmissionline 7 = —

| vC .V \C,

The characteristic impedance of a transmission line:
The one value of instantaneous impedance in a uniform transmission line

1=4Q AQ =CV,

=vC\V
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Characteristic Impedance of a Transmission
Line

Uniform Transmission Lines

1
v C,

= only applies to uniform transmission lines

Z,

= the one instantaneous impedance that “characterizes”
a uniform transmission line

= independent of length An ‘de?" I
transmission line
= is the instantaneous impedance a signal will see when model: Z0, TD

propagating down a uniform section

MRS ENIRISERERREREELY ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com
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(9 Calculating Z0 with the Polar
Instruments S19000 2D Field Solver
« Select the Offset Stripline 1B1A S:bzl:t; D:\gecmc £n %é
. Substrate 2 Height Hz2 30000 -
pa ra m ete rlzed Substrate 2 Dielectric Er2 lw:

Lower Trace Width Wi 7.0000 =
Upper Trace "Width w2 70000 =
Trace Thickness T 1.2000 =

cross section

* Input parameter

values e— = [ un
* Calculate the Z0 Offset Stripline 1B1A
www.polarinstruments.com
. 80— + + + + L3 . .
+ Explore design \ For 8 mil thick
. 704 - | —| dielectric on each
Space £ B layer, line width should
S 60 ! ! ! ! -
: ~ be 5.5 mils for 50
N 50 =S ~| Ohms.

““r‘_,\_“ (Dk=4.2 T = 1.2 mils)

[
W1 - Mils
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Polar Instruments SI9000 Examples

* Remember rule #9!
» Exploring design space: Microstrip

v' Changing w, h, t, cross section, solder mask, Dk
» Exploring design space: Stripline

v' Changing w, t, h1, h2, shape, Dk

MRS ENIRISERERREREELY ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com
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break
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An Ideal Transmission Line Model

+ |deal lossless transmission line
v’ Characteristic impedance, Zo
v' Time delay, TD
v Accounts for reflection noise, time delays
» The input impedance of a transmission line

Fort<2xTD
R

ZD

vunloadeRd =
source - -
- Z Viaunched = Vinloaded Z +R
0 'source

*  What's missing?
v Coupled transmission lines (diff pairs, multiple lines)
v Lossy transmission lines (impact on rise time degradation)
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Essential Principle # 4: The Return Current is Just
as Important as the Signal Current

—QI x
4\ D\ _
%ZJ — ﬂ% f iﬁ: = //
_/‘ / dis;Iacement

current L .

S _ 2T T T T T T T .7 T T T

The current loop has two directions associated with it:
1. A direction of propagation
2. Adirection of circulation

They are independent!
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Current Flow in a Transmission Line

Termination at the Far-end | comments

B
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Current Distributions

E 50 Ohm microstrip, FR4
t =3 mils

— 10 MHz

100 MHz
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Essential Principle# 5: Signals Will Reflect
Whenever The Instantaneous Impedance Changes

e

If the instantaneous impedance is constant,
the signal continues undistorted.

Ringing is caused by multiple reflections from
impedance discontinuities at both ends of a line

If the instantaneous impedance changes,
some of the signal reflects.

V V o Vi 2x2Z,
incident transmitted v Z,+7,

—

Vreflecied r=

Multiple sources of impedance discontinuities will
create reflections that can rattle around and can
dramatically distort the signal )
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Exercise The Essential Principles:
Reflections at an Open or Short

Vincidem= 1 V_
Vmeasured =2v
Vtewea= 1VET—

reflected

Z, Z,=open

_ ——
Vincidem_ 1 \

e Vmeasured =0

P ]

Vreflected = -1 \

Z, Z,= short

p:rho:&—oo_ 11
V., ©o+Z,

| o
Ireflected(ccw) {

Net current is 0- it's an open!

incident(cw)

,o=rho=£=0_z1 =1
Vv, 0+2Z,

incident(cw)

| o
Ireflected(cw) {

Net current is twice- they add y

| IRASELESACEEERRE SR ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com




Lecture 2: Signals and Transmission lines

Slide -29

&)

(0

Predicting Reflection Noise

o -1 o0
0.00 10.000 20.000 30.000

Single Bit Response (SBR)

Circuit simulation is critical to evaluate acceptable
designs: SPICE, QUCS, HyperLynx...
Rules of thumb, approximations are not good enough.
ALL the details matter, some more than others

J/
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Dynamic Simulation of Reflected Signals

Download this free animation tool from
www.beTheSignal.com

Hands on labs
TL-010 Download_Reflection_Simulator

vscex(1 | @ Reflected Waveform Vseale |1+ | (@) Transmitted Waveform
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S11 in the Time Domain: The TDR
(Time Domain Reflectometer)

TDR concept and SPICE circuit model for simulation

2v output, Vmeasured = Vincident + Vreflected
50 Q output impedance D

2v
v Precision 50 Q
semi-rigid cable
[ Vincident= v
_reflected voltage _ Vioe ~Vins _ 144 (811 in the time domain)
incident voltage Vie

~ 1+S11(f,t) 1+ T11(t) . : 1
2(1t)=2_porty— iy = 2_porti The instantaneous impedance!

J
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QUCS lab: The TDR

v_TDR
—AAA
V3 R; b 77777777 77777777 77777777 -
ui=o vk \L O Line1 Line2 Line3
Z o= VR =50 Ohm L T723pH R=R_source  7-70 1 770 2 270 3 R=R_farEnd
- o3 _ . R
= T1= RC1= L=Len_1 L=len 2 L=Len_3
= g:? I C:107 4F I C=70 = = en_1_m en_2_m en_3_m < .

Equation Equation

Eqn1 Eqn8
rho=(V_TDR.Vt-1)/1 Z_firstorder=50*(1+rho)/(1-rho)
u R ] ’ Lt % |
{ — ‘ | © |
! [ 2 T
‘ o ! %EZ — ‘,J
— R £ ool | {
‘ R - foll | ]
| Bl
. | N o
b s von vshon sot0 2ekcn s 3500 e k08 S99 15409 2000 76009 5609 509 1o 4509 500 e TR S 75 0 T B T s

P University
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Typical Impedance Variations Down a Circuit

Board Trace

50 Ohms center, 2 Ohms/div

6 inches

4 different lines, on 4 different boards, 1080 glass
Red trace- stripline, 2116 flatter glass

Variation in Z may be a measure of potential sensitivity to glass weave skew

J
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TDR from Uniform Line

5 Ohms/div, 100 psec/div

14511(f,t) 1+T11(t)
Z(f,t)=Z - port—i——-tl = Z - port et
1-811(f,t) 1-T11(t)

u=0. 0283 s

| IR E Rl lld  ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com
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Measured TDR of 3 Different Traces

* Measured as

2-port S- Z0 = 68/0hms
parameters

* Transformed to
time domain

» Read Z0

directly off front
screen

10 ohms/div, 50 Ohms center

(note two markers on the lines) )

MRS ENIRISERERREREELY ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com
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TDR of a backplane

LeCroy

‘Instantaneous” impedance profile

Instantaneous Impedance

i)

s

5.00 Qdi
500 ps/di
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TDR from Four Circuit Topologies

L LS TLE

l400.0

b

1000.0

v
o
[l

t

a
9
€
m
v

Py
ors._Ton s a2 0

l Definition of a uniform transmission line:
- constant instantaneous impedance

S00chms 2 50.0 chms
250,000 s 1.000 ns

i <3 e Can read Z0 directly from the front screen...

as long as a flat bottom or flat top (note stub) )

1l University of Colorado Boulder
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Polar S19000 Lab Exercises 1
Remember rule #9

Surface Microstrip 1B

i

» Select a microstrip
v' With w = 5 mils, what h gives a 50 Ohm line? What is w/h?
v' With w = 10 mils, what h gives a 50 Ohm line? What is w/h?
v' With w = 15 mils, what h gives a 50 Ohm line? What is w/h?
v

What is theks?ensitivity on Z0 from: Line width, Dk, h, the shape of the cross section?,

Solder mask?
Offset Stripline 1B1A

» Select a stripline
v' With w = 5 mils, what h1 = h2 gives a 50 Ohm line? What is w/h1?
v' With w = 10 mils, what h1 = h2 gives a 50 Ohm line? What is w/h1?
v' With w = 15 mils, what h1 = h2 gives a 50 Ohm line? What is w/h1?
v' What is the sensitivity on Z0 from: Line width, Dk, h, the shape of the cross section?,
» Select a coplanar microstrip
v’ Start with the top ground plane far away and design a 50 ohm line
v" Make the ground strip the same as the signal line
v At what spacing to the adjacent ground strip is the impedance affected?

e

[P University of Colorado Boulder
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QUCS labs

+ HOL-132: The TDR

v Review the extraction of instantaneous impedance from reflected
signal

v' Look at the reflections form Open, short, C, L, tline

+ HOL-032: Impedance analyzer

v Simulate the impedance of a transmission line
— How physically long is it?
— How longis the TD?
— Whatis the Z0?
— Whatdo you expect the TDR response to be?

MRS ENIRISERERREREELY ECEN 5224 High Speed Digital Design Prof Eric Bogatin www.beTheSignal.com
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Lab Report

No more than 1 page

* Pick one or two of the exercises

Answer the following questions
v' What did you do?
v' Did you learn anything new? Did anything surprise you?

v' So what? Do you see any way what you learned could be applied to
guide a design, influence a decision or even suggest another thing to try
as a consistency test?

My hidden agenda

v | often find, the process of writing up what you did in an experiment helps
you think through what you learned, what would have been a good test to
try to check for consistency and fit the puzzle pieces together.
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