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Transmission Lines Termination
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Transmission Line Agenda

o See orindal
N ST e
- | ive £ L

- Tossless Transmisston Tine

a—Impedanee

0 End of Transmission Iine?

= Open, short, matched
0 Termination
0 Discuss Lossy

0 Implications
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Reminder: Propagation

0 Signal propagates as wave down transmission line
= Delay linear in wire length, if resistance negligible

s Solution:

V(x,t)=A+ Be™

= Rate of propagation (characteristic frequency), w:

1 C

LC Jeu,

W =
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Infinite Lossless Transmission Line

0 Transmission line looks like
resistive load

L

0 Input waveform travels down line at velocity

1

W =
VLC

s Without distortion
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End of Line

a0 What happens at the end of the transmission line?
s Short Circuit
s Terminate with R=27,,

s Open Circuit

0 What did the reflections look like in each case in
lab?
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. Tu u u u Tu
Short 8 | %P%%%p o

L

LC Ladder (short)
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. N ?a ‘ll ll ll (fa
Terminate R=7, 8 | m %m éé

-

LC Ladder
1
2 V2 smmmuen
V3 R — -
15 ve :
f iy, . g g At
0.5 :
0 1

0 2e-09 4e-09 6e-09 8e-09 1e-08
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Longer L.LC (open)

0 40 Stages 1 C,
W = =
o L=100nH
VLC  AJeu,
o C=1pF
P Stage delay? How long to propogate?
) (. 90 SO A0 40 030 0E 207 A 95 36E TRE AR S0 0. 50 30 A0F S0MMNE S5 307 30F 300 40K 36 32 38E AF SONGE 55 30E SE 3R 40K T0: 38E 2RESRE

-
-

0 Drive with 2ns Pulse

0 No termination (open circuit)

s What reflection do we expect?
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Pulse Travel RC

o VI1,V3 V4 ,V5,V6 about 10 stages apart

TTT

= I
TTT T

i
-
-
-
-
-
-
-

QS!! ll_[ll l_[llll_[
T_LTTTT

-

40 stage LU Ladder (open)

SIc
Vi o
Y7 J—
/3 eeemen -
V4 u

&

iy
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1.5 -

s &

a A :od

> 1-?.% :fi f%; '''''

PO

0.5 iz =

0
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Analyze End of Line

0 Incident Wave, Reflected Wave, Transverse Wave

ZO R Source: https://en.wikipedia.org/wiki/Reflection_coefficient
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Analyze End of Line

0 Incident wave V=1, X 7,
0 (@ T-0 'V, is voltage on line
0V, 1s what goes forward

= Voltage seen by end of line
at'T

a V., is the reflected voltage
that starts moving back
towards source at T+0

Penn ESE 370 Fall 2021 — Khanna
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Analyze End of Line (Preclass 1)

0 Incident wave V=1, X 7,

0 KCL @ end of line V,
0 KVL @ end of line I =—
0 V=IR relationships? . T I _>vt
s Which resistances go
with each V? Z
o Relate all three V’s
using R, 7,

Penn ESE 370 Fall 2021 — Khanna
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Analyze End of Line (Preclass 1a)

0 Incident wave V=1, X 7,

0 KCL @ end of line V,
e KCL: =L+, lr =—
i —
"V t Vi
2o R
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Analyze End of Line (Preclass 1a)

0 Incident wave V=1, X 7,
o0 KCL: I=1+1,
a0 KVL @ end of line

s KVL: Vi+V.=V,

Penn ESE 370 Fall 2021 — Khanna
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Analyze End of Line (Preclass 1b)

a ﬂCldeﬂt wave Vi:Ii X ZO

o KCL: I=1+1, V,
o0 KVL: VAV =V, I =—
0 V=IR relationships? . V; I Vi

s Which resistances go
with each V?

s V=1I.X7Z, 2 1L=V,/7,
« V=I.XR =2 I=V./R
| Vi:Ii X ZO % Ii:Vi/ZO
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Analyze End of Line

0 Incident wave V=1, X 7,

0 KCL: L=1.+1, v,

0 KVL: VA4V.=V, I =—
AVELXZ, D> 1=V, Ty
o V=ILXR > [=V,/R

a0 V=L XZ, > 1=V./7Z, 2o R

Vi _V,
ZO ZO

Penn ESE 370 Fall 2021 — Khanna

Vt
0
R

17



Analyze End of Line (Preclass lc)

avHv=y, YV, Y
z, 7, R

0 Eliminate V.,
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Analyze End of Line (Preclass lc)

avHv=y, YV, Y
Z, 7, R

0 Eliminate V.,

Y, VY,
z 7R

RV =RV.+Z (V. +V)
Vi(R_Zo)=Vr(R+Zo)

V V, Reflection coefficient
l
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Analyze End of Line

o V,+V.=V,

Penn ESE 370 Fall 2021 — Khanna
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Reflection

a Sanity check with
previous
s Short
s Matched
= Open

(R _7 )
V|2,
\R+ 2,

Penn ESE 370 Fall 2021 — Khanna
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Pulse Travel RC

o VI1,V3 V4 ,V5,V6 about 10 stages apart

TTT

= I
TTT T

i
-
-
-
-
-
-
-

QS!! ll_[ll l_[llll_[
T_LTTTT

-

40 stage LU Ladder (open)

SIc
Vi o
Y7 J—
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0.5 iz =

0
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Visualization

o https://tinyurl.com/y2jortrq

1omHz 1 )

1omHzl 1 )

75

1omHz| 'y ) |
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Back to Source

U R 40N
#Penn
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Back at Source? (Preclass 2)

0 What happens at source?
= Depends on how it’s terminated

s Looks like a sink end now

Penn ESE 370 Fall 2021 — Khanna
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R#7Z,

0 What happens?

m 75 Q) termination on 50 Q line
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Transmission Line Symbol

0 Specity delay of full Tline and characteristic
impedance

0 Need reference

O z0-50 4 (i 20-50 4 |
Illr.- + .\"'.I \ |l| DE I dy= 5n 5 ! & It. | De I dy= 5|“| S ) N
) V= . | | 75
=) +
t . .
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Simulation (Preclass 3)

a For these, with direct drive from voltage source

= Source looks like short circuit (not typical of CMOS)

= Source cannot be changed

= Pk z0=50 FH 20=50 |
7N —| Delay=5ns » ) Delay=>5ns
L =] +
T L &
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50Q2 line, 75€2 termination

Mismatch Termination

LN ! ©sIC —
i middle
sink s
0.5 H--
g 0 "l-.‘::_ p— gi Ssssmimshsssmumnyy LI N—— by ot S8 BRI RS RUmIEE 00 |
iz
1
-0.5
-1

0 1e-08e-083e-0&3e-0&e-08e-08/e-088e-08e-08

R-Z,)\° (75—50)

V.=V =V
R+Z, 75+ 50

=0.2V.

l

Penn ESE 370 Fall 2021 — Khanna

30



: Source Series Termination

0 What happens here?

R U omsg s

[
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Simulation D)

Series Terminated Transmission Line

1 .2 ! ! ! I
Src
1.1 e after R

’ e | I N end rmmnm |

09 S S N S :
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0.7 AN S T S |
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Series Termination

—_ Series Terminated Transmission Line
- senes ZO 1.2 -
o . . e 1.1 after R
0 Initial voltage divider ! ond semeee
= Half voltage pulse 0
propogates down Tline = o[ ]
. . . 0.4
0 End of line open circuit oz
0.2
= Sees single transition to full e :
VOltag€ (fuﬂ reﬂecti()n) 0 5e-09 1e-08 . 1.5e-08 2e-08 2.5e-0¢
0 Reflection returns to
@ U@ L s @
source and sees N  Defay=10ns
termination R.... = Z | J W

0 No further reflections
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Termination Cases

0 Termination in parallel at Sink

Delzeg.)y—5 10 On%
5¢
_~_

0 Termination in series at Source
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CMOS Driver / Receiver

0 Driver: What does a CMOS driver look like at the

source?
s I, =1200pA/um @ 45nm, V=1V

0 Recetver: What does a CMOS Vdd
inverter look like at the

sink? q

in out
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CMOS Driver

o Driver: What does a CMOS driver look like at the
source?
s I, =1200pA/um @ 45nm, V=1V
= Min size: Vdd

s I =1200pA/Um*450m=54pA
s Ryu=Vaa/ L =18k

out

in out

Penn ESE 370 Fall 2018 — Khanna
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CMOS Driver

0 Driver: What does a CMOS driver look like at the

sourcer

14 =1200uA/um @ 45nm, Vgq=1V

= Min size: -
o T =1200pA / um*45nm=54pA
= Rou=Vaa/ Lasive=18kQ

= W=370 _CI
8 Tive=1200pA /pm*45nm*370=20mA " out
s Ry Viad/ Lisive =50€2 ]
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Idea

0 Signal propagates as wave down transmission line
= Delay linear in wire length
= Speed
= Impedance

W —
0 Behavior at end of line A LC

depends on termination

0 Both src and sink
are “‘ends’ with reflections

/R_ZO\
\R+ 2,

Penn ESE 370 Fall 2021 — Khanna 38

v, =V,




Tline Examples (Preclass 4)

o Wil start with these next lecture

Penn ESE 370 Fall 2021 - Khanna

R=50Q

B e e L e
LR ] R R I U S [
- MID

LR = R . R ! [ (L
LR R R R R

L0 3R-3 E  E R -

0,0

_0.2 A g ..'..E ........... S S g
0,0 10,0 20,0 30,0 40,0 50,0 60,0 70,0 80,0
tim
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Admin

a Proj 2
= EXTENDED: due Sunday 12/5 (@ midnight
= No late days allowed

o HW 7
s Due Friday 12/10

s Out now
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