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Circuit Diagram of a Transmission Line
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L' Characteristic inductance per unit length nH/cm
C' Characteristic capacitance per unit length pF/cm
R' Characteristic resistance per unit length Q/cm

G' Characteristic conductance per unit length S/cm

R ol + R’
Line Impedance 7, =~ [2=
j(l)CI + G’
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m Note: we are talking about a distributed model of a line;
the upper one is the model of one segment only (there
IS an infinite number of them in series)
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Loss-free Transmission Lines

At high frequencies the transmission line losses (R', G') can be neglected

compared with the impedance of the inductance ad the conductance of the

capacitance.
L'/2 L'/2
o v Yy ¢ Yy —0
—r C'
O & O

With R' << joL' and G' << joC":

s o L'
Line impedance Zo= < (real number!)

Propagation time th = YL xC'
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Transmission Line

Transmitter Receiver
'}.\ Signal line e

? Signal retum line q

A transmission line consists of

- a signal line which carries the signal current

- a signal return line (mostly ground) which
carries a return current of the same magnitude.

Any DC interconnect between the GND terminals

of the two circuits (e.g. safety earth) will not

provide a signal return path according to the laws

of the transmission line theory.

The A area between the signal line and the return

line determines the capability of the circuit to 1

radiate RF and also its susceptibility to EMI. E=kxIxAx —xsind
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Transmission Line Theory

Rule of Thumb:

The transmission line theory has to be applied when the rise time of the signal

is shorter than twice the propagation time.

1l
>

N

tp =5ns/m

O Line length Im)
¥

(twisted pair)

£ t, = 20 ns/m

:f:j K)ackplane)
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---------- Signal rise time t, [ns]
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(one way), i.e. shorter than the signal “round trip” time

Critical line length
| i
max = 551
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in these formulas t, is the propagation time per unit length
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Waveforms
with Transmission Line and Capacitance Loads
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Analysis of Line Reflections
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v

Vie,, = Ri
i voﬁqo* Ry
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RO S A ZO. tpo L B
0 @ —r
Vo Ry
VA .
Vala Incident wave at the generator output:
B MR T Rz,
vt v T Wave reflected at the line end:
n| < Ri-Zo
Vi1 = VaxpPg Pg = R.+7
h<t<2t, t o}
> Wave reflected at the generator output:
4 Ry-Z,
V 2 Vo = V X = 9
Vv r r2 r pA pA Ro + ZO
2ty <t<3t, Quiescent state:

Waveforms Caused by Line Reflections

In this example, Z, < R, and Z, < R,
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Lattice Diagram

Rs=300 S. A Z,=75Q B
o—0 O—
Vo=3.7V Va Vs Ry =100Q
A B .
e i pa=2-75 - .9.429
Vio=0V §—= Va=264 &1 30+75
100-75
8 Vi p=3.02V - =
» o Pe=soo575 = 14
Vi =2.857V 8 .
V,=3.70V

» [ Vinap=2.835V V, =V, x75Q/(75Q+30Q)=2.64V

Vieap=2845V § Vi3 =264V x 0.14 = 0.37 V

d Vse2say Vip=0.37Vx(-0.42)= -0.16V
V,3=-0.16Vx0.14= -0.02V

V. =2846V (
-6t Yin=0,00064 V4= -0.02Vx(-0.42)=0.009 V

{{;_

W V,,np =2.846YV
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Line Reflections - Special Cases

R°=0 Zo,tp, L

Generator with 0 €2 output impedance
and unterminated line

Ro Zo. lp, L

Correctly terminated line,
no reflections

otk

Shorted line,
generator for short pulses
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Line Reflections
Terminated Line

L L
.
J J' R=z°
2V i 100ns }
B
¥ - Line reflections are eliminated by correct
TR line termination.
I
BN P
2V <

-
' F—
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Line Termination circuits
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Line reflections
Matching of Generator Impedance

R=Z,

Zo [:

2V

(100ns

..............

vvvvvvvvvvvvvvvvvvvvvv
4

..........

2V

l

Under- and overshoots are avoided by
matching the output impedance of the

line driver to the line impedance by means
of a series resistor

Power dissipation is not increased.

Note: Undefined logic levels along the transmission
line occurs for up to twice the propagation time.

EH9SS 1100 77000
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Series termination

m Not recommended in multipoint applications (settling
time ~ 2%t;,,)

m [f the driver has different values of Z
level -> poor matching

- but acceptable if (Z,,,+R)~ 60-100% of Z,

ot at high and low
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Line Reflections
Clamping Diodes

Vi

.100ns

-------------------

2V,

o

o

Clampind diodes at the end of the transmission
line absorbe the energy of under- and overshoots
and ensure a clean signal waveform.

Input circuits of logic IC's contain these clamping
diodes.
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Measurement of the Line Impedance

Oscillosco

Pulse Generator
RO = 50‘)., lr( 1 ns

5082
Termination

Printed Circuit

Z i

©7 Vo/Ng-1 (1)
tpx Zo=L (2)
4/ Zs=C!

*»Note: R, =50Q//50Q=25Q

EHQOS 1140 190008

(1) see slide /009/; Ry, ,sc@and Ry gen@re in//
(2) see slide /003/
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Crosstalk

On long transmission lines (2 x t, > t;) the crosstalk can be calculated as follows:

> >
l/ Zy «—|—2Z, Vzl/

A q 5 Z, = line impedance
Z

[\ Z. = coupling impedance

<
-

Crosstalk:

Zo C=-"2 . 100%
vi  Z[] ] v "t
0.5x2Z 1
See DX qnnte 100%
TR R T T

u’
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Crosstalk on Printed circuit Boards
(Typical Values)

Line Impedance Coupling Crosstalk
Z, [©] Impedance Z, [Q2] (%]
Ground plane /7
100 400 11

Note: line width = line distance

» {;} -
EHOSS 114702 10Kt

(case 3): shielding wire connected to ground at both ends
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Crosstalk on Transmission Lines

= A 'c + 'L 'C - lL _\_J_ B

.'D:',f ‘_4‘ —_— 3 DJ

- to M
e = e ——{p>

/ Pulse on Line CD
beginning from C

ot g ] Forward Crosstalk at B
——lp ¥ lerer=iy Far-end crosstalk (FEXT)
L ;o I\ Backward Crosstalk at A
™ ! A Near-end crosstalk (NEXT)
'\ . Reflected Backward _
. 3L N Crosstalk at B (if A not terminated)

/ Signal at D
% —
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Crosstalk on Transmission Lines
2 signal line, 1 common ground return, not twisted, Z, ~ 100 Q,

Ic - Iy

R, =250 lc + 'L
T Ao
Dvi T \AAAAS
b e [
R, = 250 =Cmn 1Lm
S .
_/— '2"{)‘-""""? C : Y'Y Y
3
L :
2
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Ch1: 2V Ch2: 500mV Ch3: 200mV

1

12.5ns

|

¥ =

Pulse on Line CD
beginning from C

Backward Crosstalk at A

Forward Crosstalk at B
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Losses on Transmission Lines
R, R' i

-R'
2xZ,

Vo=Vqxe

Due to the skin effect at frequencies above some hundred kHz only the outer

layer of the wire conducts. Thus the losses increase by a factor v f .
len

f(MHZ) | 9 (um)
1 68 3
100 6.8
10,000 0.68

{:‘; 22
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Frequency Response of a Transmission Line
Ro

Vo V1I\ Transmission Line /[\Vz Ri=Z,

1Hz 10Hz 100Hz 1kHz 10kHz 100kHz 1MHz 10MH2z
odB R —
Twisted Pair Cable
Diameter d = 2 x 0.6 mm
Length | = 20m
-104B
2048

-
’ LAt el
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As a conseguence of the skin effect, a transmission line behaves as
a low-pass filter
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Eye Pattern

Measurement conditions:

Data rate: 250 kBit/s
Coding: NRZ

Cable: Twisted pair
Cable length = 1000 m
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