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Announcement

* No class or office hours on Monday 1/19 — Stanford
Holiday.
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Today’s Assignment

* Reading

— Sections 6.1 through 6.3

— Complete before class on Wednesday 1/21
* Problem set 2

— see Web page

— Due at start of class on Wednesday 1/21
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A Quick Overview

* Multi-Drop Buses
— stubs and discontinuities
— frequency limitations

» Balanced lines

— common and differential
mode excitation

— odd and even mode
impedance

— rise on signal is
accompanied by fall on
return

e Lossy LC Lines e Modeling wires
- Waveform — build a model to capture
— Skin effect and dielectric relevant electrical properties
absorption

— ignore inessential elements
— depends onrise time
Time-Domain Reflectometer

— oscilloscope plus pulse
generator

— how to interpret the results
— ademo
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Lossy Transmission Lines

» LC lines with resistance and RdX [dx
conductance
— propagation mostly by wave
— some by diffusion Cdx=T Gdx

* R and G dissipation
— reduces the amplitude of the |
signal [
— disperses the signal
« fastrise to AC attenuation
* slow tail to DC attenuation _l
* Resistance and conductance
depend on frequency

— we will ignore this for now _//—_
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dx i

Zero-th Order Waveform

exp(-ax) ﬁ Zo/(Zs+RX)

— —

l Dispersive Talil DC Attenuation
Fast initial rise

a =[(G+Cs(R+Ls)}
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Skin effect resistance and
dielectric absorption

10 — . .
\ |~ Di€lectric loss
08 = | Skin Effect
0.6 %\\\ / Sum
04 \
Measured~] 7
0.2 7
IMHz 10MHz 100MHz 1GHz

1m 8mil 50Wstripguide with GETEK dielectric
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Multi-drop Buses

1 0O 01 [

Stubs
JA) JA TA) JA TA) JA TA) JA TA) JA
\/ \V \/ \V \/ \V \/ \V
Impedance Added load reduces
Discontinuity effective Z and v
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Multi-Drop Buses

» Consider a typical bus * Bus speed is limited by
— 50WPC board traces geometry of the bus
e C =100pF/m, L=300nH/m — stub length
— Stubs are 10cm long (0.7ns) — stub spacing
* 20pF load at end ¢ Leaving a module
— Spacing between modules ‘unplugged’ causes a
is 3cm discontinuity
* Constraints: « Point-to-point signaling
— rise time must be long — is electrically much cleaner

compared to stub length
(>3ns) and spacing (>1ns) — allows concurrent transfers

— 30pF each 3cm brings C to “Just say no’ to buses
1100pF/m * If you must use a bus, ‘fold’
e Z=16.5W,v=5.5x 107 m/s the stubs
« driver sees 8.25W
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Balanced Transmission Lines

¢ All transmission lines have L dx
inductance in the return path S

— leads to a shift in return voltage I

across line Cdx=—
. _In a balanced line, r(_eturn .o I
inductance equals signal
inductance L dx
e Suppose we put a 1V step into a
balanced line +

— 0.5V drop across signal inductor
— 0.5V drop across return inductor

« Remember, we can only name
one point GND
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Even and Odd Mode Impedance

-1 Cc
—YY LYY\
[}
° T Ca
—YY Y |
L M L C e.g., pair of strip guides
| ¢ between ground planes

e M and C, represent coupling between lines

* L and C; represent coupling to other conductors
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Common and Differential Mode Excitation

L ML,
YY"\
[ ]
o ==Cd
Y Y Y\
L M L

» Any excitation can be described as the superposition of a
differential signal and a common-mode signal

* eg.1lVstep: V. =0.5V,V,=05V
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Even and Odd Mode Impedance

.12
Zo:\i:a_Mg
1 C+CD¢
.1/2
Z:V_C:a-'-MQ
= 1, &C-C,p
C=C.+C,
L_c
M C,

« Common and differential-mode signals see different impedance
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Definitions

Even-mode impedance, Z¢

— impedance seen on each line by a common-mode signal

Odd-mode impedance, Z,

— impedance seen on each line by differential mode signal

Differential impedance, Zy= 27,

— impedance seen across a pair of lines by differential mode
signal

Common-mode impedance, Z- = 0.5Z;

— impedance seen between a pair of lines and a common
return by a common-mode signal.
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Example of Even and Odd mode impedances

110
100}
- 22 8
£ o d
= 22
= B0 |
': 70 ——i
% o P
I L=
o1
40

5 10 15 20 25 30 3B 40 4H 0
Distanced (mils)
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Terminating Even and Odd Modes

* Suppose Z5=50W and Zz=100W.

What happens to a 1V step on the line above?

How should the line be terminated?

e Mode coupling
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Terminating Even

and Odd Modes

R1
+
R2
R1
Rl=Z,
®eZ.7Z, 0

R P

Z,=Rl||R2 @

EE273,13, Jan 14,2004

Copyright 2004 (C) by WJD & HCB, Al Rights Reserved

17

Modeling

of Wires

» Given a real system
— chips, packages, boards,
connectors, backplanes, cables
* Need to develop a model of the
signaling medium
— for hand calculation of key
properties
— for SPICE simulations
* Model must
— capture all relevantwire properties
¢ transmission line properties
* major discontinuities
« terminations
— ignore those that are not relevant
¢ e.g., short discontinuities

chip

package

PC board connector

¢ A good model captures the
relevant behavior while being
as simple as possible

backplane
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Fred Rosenberger
should be
R1 || R2/2
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Example Model

chip

package

PC board connector

backplane

45W 55W 50W
3nH 1ns 1ns 5nH 1ns

_l_ 1pF _l_ 0.5pF T 1pF T 1pF
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50
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Deriving a Model

* How do we make a model of a signal path?
— hand calculation

— assemble models from component, connector, and package
vendors

— CAD programs
— measurements of the actual system

45W 55W 50W
3nH 1ins 1ns 5nH 1ns

50

—l— 1pF —l— 0.5pF —l— 1pF —l— 1pF
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Meet the Time-Domain Reflectometer

» A time-domain reflectometer is a fast step generator and a
high-speed oscilloscope.
* To characterize a line
— inject a fast (usually 20ps) step into the line
— observe the reflected waveform
— what does it mean?

| fay ra)
V)

10mA Line under test

I 0
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The Sampling Scope/
Time-Domain Reflectometer

* HP 54750A Sampling Scope
— 54754A Differential TDR head
* 45ps step generator
 dual 18GHz sampling heads
— 54751A Sampling head
» dual 20GHz samplers
— inputs +/- 2V Max!
— 3.5mm/SMA connectors
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TDR of Basic Line

Q v Open circuit
JA) JA
\V I
Z, Matched termination
Q —  Short circuit
[R16 —R] Underterminated
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Open Line

500.0 psidiv
1100 musdiv 196 my

Hode

1, Y1 Source

Y1 Positian
: ¥2, Y2 Source
A2 Positian

41.6100 ns 45,9200 ns
W

¥2 Position

3.0 ns from start of line to reflection implies line is ns long
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Open Line

Compare slope of edge
at start of line with slope

after two round trips.

Marker

Copyright 2004 (C) by WJD & HCB, All Rights Reserved

Y1 Positian
K2, Y2 Source
L
inside scope (EEETOEE
%2 Position
500.0 ps/div 41.6100 ns 45,9200 ns
1100 mUAdiv 196 ml Y
¥2 Position
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Short Circuit
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“Ring-Up” of Underterminated Line

Marker
Mode

“l, Y1 Source

channel &

%1 Position

Y1 Position

%2, Y2 Source

channel 2

%2 %2 Position
5.000 ns/div 41,6100 ns
5.0 mUddiv 10.5 ml Y
Y2 Position
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Close-up of TDR Rise-Time

Channel 1

0ffset
121.2 my
Bandwidth

18 GHz
2 Hz

Alternate

42,2089 ns scale...

Calibrate...
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What made these waveforms?

1

800m

200m

200m
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Calculating Impedance from Voltage

_ 7
Z+2,
(z+z,N =2
V 6
z=2722" 0
G-V

\% z

o |
0.50 50.0

v
7 0.47| 44.3

I 0.53 56.4
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Time of Observation is Round Trip

50 . 50W, 1ns
]

\J

v

I

40W
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What About Inductors and Capacitors?

L=27¢,
C:Z_C
ZO

33
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Rise-Time Degradation

» Upstream elements (Ls & Cs) low-pass the signal
resulting in a longer rise-time
» This affects the reflections from down-stream
elements
— slow rising edge
— spread out response (convolution with slow edge)
— L & C responses don'’t go full swing
e This makes it
— hard to extract exact L and C values

— impossible to measure very small discontinuities
» butif the TDR can’t see them, neither can the signal
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Extraction Procedure

* |dentify regions of the TDR plot as
— flat region - transmission line
— bump up - inductor
— bump down - capacitor
» Starting at source
— determine value of Z & t, L, or C for nearest element
— simulate to validate and determine new ¢,
« iterate as needed to get value right
— move on to next element

* Don’'t need model with more resolution than your
fastest rise time
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Example TDR Trace

36
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Same waveform with 200ps edge
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Next Time

* Noise
— what disturbs digital signals
— fixed and proportional noise
» Power Supply Noise
— single supply and differential
— sources
e Cross Talk
— capacitive crosstalk
— transmission lines
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