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Transmission Lines

Implications
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Transmission Line Agenda

o—tossless Transmisstont-the

a—Endof Fransmisstontiner

a Physical Geometry
0 Discuss Lossy

0 Implications/Effects
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: Reminder: Transmission Line

0 Data travels as waves

0 Line has Impedance

a0 May reflect at end of line

Penn ESE 370 Fall 2021 — Khanna
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Reminder: End of Line

0 What happens at the end of the transmission line?

LC Ladder (short) LC Ladder
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Termination Cases

0 Termination in parallel at Sink

DelzaPy=5 IOOH%
:‘ “‘: \/ J :
+

0 Termination in series at Source

.
| \\‘ B - /// "‘ +
.
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Transmission Lines Specifics

Characteristics arise form their geometry

g
& Penn
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Coaxial Cable

0 Inner core conductor: radius r
0 Insulator: out to radius R

0 Outer core shield (ground)

[T
Lo ufB) () E
\27) \r)
0 RG-58 Zy= 502 — networking
0 RG-59 Z,= 75€2 — video
0 HDMI Z,= 100€2 — video
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Printed Circuit Board

0 Stripline

= Trace between ground planes

Transmission
Substrate

Line I
W

Ground Plane

Ground Plane

Z, = 1
\Ve )7 7+ //
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Printed Circuit Board

0 Microstrip line

= Trace over single supply plane

A

Microstrip line
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Twisted Pair

0 Category 5 ethernet cable
L ZO:1OOQ
L W:O.64CO
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Implications

(you should be able to reason about this)

R
#&Penn
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Example (Preclass 2)

a 25 meter category-5e cable (Z,=100€2, w=0.64c)
= c = 3x10°m/s

0 Supporting 1Gb/s ethernet
= 4 pairs at 250Mb/s

0 a) Time to send data from one end to the other?
0 b) Time between bits at 250Mb/s?

0 ¢) Bits on each pair in the cabler
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Pipeline Bits

0 For properly terminated transmission line

= Do not need to wait for bits to arrive at sink

m Can stick new bits onto wire
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Limits to Bit Pipelining (Preclass 3)

o What limits? (why only 250Mb/s)
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Limits to Bit Pipelining (Preclass 3)

o What limits? (why only 250Mb/s)

= Risetime/signal distortion

= Clocking g
s Skew Clky
= Jitter o,

= For bus o gz

= Wire length differences between lines
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Eye Diagrams

a0 Watch bits over line on scope

m ook at distortion

= “open” eye clean place to sample

= Consistent timing of transitions

s Well defined high/low voltage levels

Power A
(binary '1")

(binary '0") =
Time
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Construct Eye Diagram

0 Generate an input bit sequence pattern that contains all possible
combinations of B bits (e.g., B=3 or 4), so a sequence of 2B bits.
(Otherwise, a random sequence of comparable length is fine.)

0 Transmit the corresponding discrete time sequence x[n] over the channel
(2P"B*N samples, if there are N samples/bit)

z(n| x[n| xhy[n]
10} . AT - : : : f ' y
0.8
0.6}
0.4
0.2}

0.0p - em——" H 0.0p
0 20 40 60 80 0 20 40 60 80 100

000 100010110001 101011 111

0.8
0.6 f '
|
0.4 I . 1] | 1 |
\ [
|
\

0.2

0 Instead of one long plot of y[n], plot the response as an eye diagram:

= a. break the plot up into short segments, each containing K*N samples, starting at
sample 0, K*N, 2K*N, 3K*N, ... (e.g., K=2 or 3 # bits at a time)
= b. plot all the short segments on top of each other

Penn ESE 370 Fall 2021 - Khanna
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Eye Diagrams

a0 Watch bits over line on scope

m ook at distortion

= “open” eye clean place to sample

= Consistent timing of transitions

s Well defined high/low voltage levels

SCOPGS Uﬂiversify

Power 4 5 : - o
(binary '1") i : LU Pr e - + Ponager
https://www.youtube.com/watch?v=mnugUjaMN70
(binary '0") =

Time
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Eye Diagrams

a0 Watch bits over line on scope

m ook at distortion

= “open” eye clean place to sample

= Consistent timing of transitions

s Well defined high/low voltage levels

File Edit Vert Horz/Acq Trig Display Cursor Meas Mask Math App MyScope Utilities Help Button

Power A T Boppad. . Ioeoice 06 Apr 08 231423
MASK: HDMI, Sink e
H 1q1
(binary '1")
. iAo A e
(l)II]ary 0 ) - Ic1| 200mVQ 62.5ps/div
800GS/s ET 1.25ps/pt
B C4|x -20.0mV

Time
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Interpretation of Eye Diagram

Signal excursion

to timing error, smaller is
better, /

= Amount of distortion
== -~ at sampling instant,
relates to signal SNR

Amount of noise that can be
tolerated by the signal, the |larger
the better,

Amount of distortion, i Best time to sample
or variation in where
Zero crossing occurs,

Opening of the eye,
Time over which we
can successfully
sample the waveform
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Receiver Deconvolution

Penn ESE 370 Fall 2021 - Khanna
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Receiver Deconvolution

Eye diagram after deconvolution

Penn ESE 370 Fall 2021 - Khanna
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Termination / Mismatch

0 Wires do look like these transmission lines

0 We are terminating them in some way when we
connect to chip (gate)

= Need to be deliberate about how terminate,
if we care about high performance
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Where 1s Mismatch?

Vias

Wire corners
Branches
Connectors
Board-to-cable
Cable-to-cable

o o 0O O o O

TopLayer —=

Midaper] —- |
IntemaPanel VIC) —a

IntanalPlne2 [GND ) o=
Midaper2 —s |

Bottom Layer
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L.ossless Transmission ILine

0 What prevents us from having a 500km cat-5 cable?

(00

WL L
R

L

—C
:

—C
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L.ossless Transmission ILine

0 How to measure resistance across a cable?
QD D

—C

L

~a If resistance R across 100m cable,
what is resistance across 200m cable?

Penn ESE 370 Fall 2021 — Khanna
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Lossy Transmission Line (Preclass 4)

0 How do addition of R’s changer

m Concretely, discretely think about
R=0.2C2 every meter on Z;=100€2

= what does each R do? Voltage impact?

AN [@TD)] AAAS (D)) A (o AAA [@ID)] A (1D
.2 100n 2 100n .2 100n .2 100n .2 100n
10p —— 10p—— 10p —— 10p—— 10p ——
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: Lossy Transmission Line

0 Fach R is a mismatched termination

[ 2AR+Z,)
"=Vl Rz 2
0 Each R is a voltage divider \( T O) + 0/
(7 )
‘/i+1=Vt .
\R+ZO/

2 100n 2 100n .2 100n 2 100n 2 100n
10p —— 10p—— 10p —— 10p—— 10p ——
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: Lossy Transmission Line

Vl-+1=V,-( 2R+Z) \ 2z,
\(R+Z,)+Z,\R+ 2, |

( 2r+Z) \ 2z,
S’"c\\(R+ZO)+ZO/\R+ZO/
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Lossy Transmission Line (Preclass 4)

0 How long before drop voltage by half?
R=0.2Q) every meter on Z;,=100€2

( 2r+z) Y z, |
’ "C\\(R+ZO)+ZO/\R+ZO/)

2 100n 2 100n .2 100n .2 100n 2 100n
10p —— 10p—— 10p —— 10p—— 10p ——
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L.ossless Transmission ILine

0 What prevents us from having a 500km cat-5 cable?

= Not actually lossless!

(00

Q9 Q1)

WL L
R

L

—C
:

e

—C
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More Examples...

Time Permitting

R
#Penn
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Impedance Change (Preclass 5)

0 What happens if there is an impedance change in
the wire? Z,=75€2, Z.;=50€2

= What reflections and transmission do we get?

75Q 500 50Q

Belay—4nﬁ \Belay—4ns' Belay—4ns Belay—4ns
e
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/.,=75,7,=50 (Preclass 5)

%Be]azyo:%t‘%«—‘ :3Belay()=4ns“—«¥‘}5e lay1=4ns‘[:»%:w-belay =4ng)

0 At junction: () e e

% I B

s Reflects = = L = 1
= V,=(50-75)/(50+75)V;=-0.2V;

m | ransmits
« V,=(100/(50+75))V,=0.8V,

‘R-Z [ 2R
V, =V, =V,
\R+ 2, \R+Z, )
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Impedance Change Z,=75, Z,=50 (Preclass 5)

&

SIc

mid75
jUﬂCtion T
Mid50 wemsmes= -

i ; ;l"ljl

qA0F
U B I

sink

At junction:
Reflects
Vr - -O.ZV;
Transmits
Vt - O.8Vi
1
0.5
>
0
-0.5
-1

0 1e-08e-083e-084e-0&He-08He-087e-08e-08e-08
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What happens at branch?

Core 10.32mm)
Prepeeg (0.32men
Core 0. 32rm)
Frepeeg (0.32me
Core 10.32rm)

TopLayer —=

Midaperl —
Intemafanel (VIC) —a

IntenalPlne2 (GND| —am
Mid aper? —s

Bottom Layet s

Assume all 50Q l 500
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Branch

0 Transmission line sees two Z in parallel
= Looks like Zy/2

— ——N \ O A
,/_[i\_\: \/—/, ‘\/'[— /’1
N4
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: 7,=50, Z.,=25

0 At junction: @)

m Reflects =
s V,=(25-50)/(25+50)V;=-0.33V;

m Transmits
s V=(50/(25+50)V,=0.67V;

(R_7 )
V|t =V
\R+ 2,
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End of Branch

0 What happens at end?

0 If ends in matched, parallel termination

m No further reflections

-

|—\—D| ' A ‘o)
N V. 1 4
(1)
N
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Branch Simulation

At junction:
Reflects ' o
V.= -0.33V, Branch LineTermination
Transmits . l . .
Vi=0.67V, 1 {- rfurg
branch s
mid branch s=s==e==
051 HiLEE end branch
> |
0 [ o oo Y I -
-0.5
-1

0 1e-08e-083e-0&e-0He-08e-087e-08e-08Be-08
S
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Branch with Open Circuit?

0 What happens if branch open circuit?

0 And source termination?
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Branch with Open Circuit

0 Reflects at end of open-circuit stub

0 Reflection returns to branch
= ...and encounters branch again

= Send transmission pulse to both

s Source and other branch

0 Sink sees original pulse as multiple smaller pulses
spread out over time

RE

\\H
\\H
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Open Branch Simulation

/M]
Y

c

\

Branch Open Line
1.4 . . .

SIc

1.2 after src series
Mid s
1 | branch ===
08 mid open branch i
' open_end
> 06 ~ terminated end w=wnus
0.4 |1t T —
: = 7
0.2 | . - ...
i ;= j 3 : : % i ¥ ¥ 3 .
0 punnnmlfnunnn lp nEnn II-;’I;I nnm uE §| nn llll?ll nmn ll\?l sun IIII‘Z\I!I nan n ?l mum
002 | BE g | : i 5

0 1e-08e-08e-03e-0He-0&He-087e-08e-08e-08
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Open Branch Simulation

1.4

v O =]
= r e
N

Branch Open Line

1.2

after src series
terminated end

0.8

0.4

0.2

-0.2

i
i

0 1e-08e-083e-081e-0BHe-08e-087e-088e-08e-08

Penn ESE 370 Fall 2021 — Khanna

S

45



Bus

a Common to have many modules on a bus

= E.g. PCI slots
= DIMM slots for memory

0 High speed - bus lines are trans. lines
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Multi-drop Bus

0 Ideal

= Open circuit, no load

Penn ESE 370 Fall 2021 — Khanna
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Multi-Drop Bus

0 Impact of capacitive load (stub) at drop?
= [f tight/regular enough, change Z of line

[ [
— -1
L L —f —— 1) jrs \.
C

QD W AD o o D o D
Lwire T Lwire Lwire Lwire Lwire
Cstub CwireCstub — Cwire CSLB. Cwire Cs[ub‘ — Cwire Cs[ub — Cwi
I l ® ® ® l l

Penn ESE 370 Fall 2021 — Khanna




Multi-Drop Bus

0 Long wire stub?
s l.ooks like branch

= may produce reflections

S
9

¢

— |

\

I' \ J
/ Vi J \Vi

Penn ESE 370 Fall 2021 — Khanna

49



Transmission Line Noise

0 Frequency limits
0 Imperfect termination
0 Mismatched segments/junctions/vias/connectors

0 lLoss due to resistance in line

= Limits length
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Idea

0 Transmission lines
= high-speed
= high throughput

= long-distance signaling

0 Termination

0 Signal quality losses
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Admin

0 Friday HW 7 due

o Final (F 12/17)
= 12-2pm 1n Moore 212

m Cumulative: L.ec 1 — 35

= Big Idea slides from each lecture
s Finals 2010—2020 online
= Friday lecture review

s TA review session before exam

= TBD, watch Piazza. Maybe a poll.
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