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o Introduction to
eo

Characteristic Impedance

» Why this topic is important
v Characteristic impedance is the most important topic in signal integrity
v ltis also the most confusing
v There is a simple way of thinking about it that eliminates the confusion

v A good understanding of characteristic impedance will train your
intuition to help you be a much better designer

* Level
v Introduction

+ Recommended prerequisites:
v/ none
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v What is a transmission line

v What is impedance
v The instantaneous impedance a signal sees

v Characteristic impedance and instantaneous
impedance

v" Calculating characteristic impedance
v' The impedance of a transmission line

v' Return current in a transmission line
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SF=_ The Simplest Model of a
. @ Transmission Line

A "-1" order model:
Any two conductors with length

o)

Lead frame of an IC Package "“+~
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D e@/r > Classifying Transmission Lines by
. s @ the Geometry of the Conductors

1. Uniform or non uniform down the length

v Uniform transmission lines have the same cross section down their
length

v" Non uniform transmission lines a changing cross section down their
length

]

Lead frame of an IC Package
(pick any two leads)
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6@‘7‘(5—& Classifying Transmission Lines by
& @ the Geometry of the Conductors

2. Balanced or unbalanced
_— coax microstrip embedded stripline asymmetric
- microstrip stripline
coplanar

(how identical the two conductors are)

What'’s a signal?
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% @ Labeling the Conductors
60

Signal path

Return path b
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S The Signal
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88 How fast does a signal move down
00 @ a line?
l
signal
NIl
return
in air: v = 186,000 miles per sec v = 12 inches/nsec
inch inch
V= 12 /ZCS:CS — 12 ”Izlcseecs — 6 inches
\/Z 2 nsec
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% Spatial Extent of the Leading Edge
Y

RT =rise time

\Y

signal

AX =v X RT

6 inches = 6 inches/nsec x 1 nsec

1.2 inch = 6 inches/nsec x 0.2 nsec
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B First Order Model of a Transmission Line
o A @ (Loss Less Model)
12

e
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Charging up a transmission line
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IS o @ Building a simple model
60

7 Voltage applied
Current through
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A Propagating Signal

Charged line
after 1 nsec

Charged line after 2 nsec
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Line width increases, impedance_decreases

Line width decreases, impedance __increases

Dielectric thickness increases, impedance, __increases
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6@‘7@ Instantaneous Impedance The
002> Signal Sees

7 Voltage applied
Current through

instantaneous impedance of the transmission line
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% @ Oth Order Model of Transmission Line
60

& C.=Capacitance per length [pF/in]

A LTI

A CTTTTTTTTT
C=C Ax

AQ =CV,  every At = A—‘}(

What is the current into the line?
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g%‘/v Current Into Transmission Line

<< C,= Capacitance per length [pF/in]

- Cuuiuu
A T

C=C Ax
AQ =CV,
every At = ﬂ
I, V definition of vC, AxV
Transmission Line: | = AA_CJ[) = Z—X = VCLV

What’s the impedance?
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gy ¥ Instantaneous Impedance of a
@ Transmission Line

l=vC\V
S V__V__ 1
~ 1 vCV " vC,

Features of the impedance:
« looks like a resistor

» dependant on intrinsic properties
« independent of length
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Characteristic Impedance

1
vC,

ZO=

+ an intrinsic property of a transmission line

+ independent of length

is a the instantaneous impedance a signal will see
when propagating down a uniform section

also called the “surge impedance” or “wave
impedance”
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The Ideal, Lossless
Transmission Line Model

A “transmission line” is the name we use to refer
to the an ideal electrical circuit element

o— o
a new, fundamental, ideal circuit element: T
» Characteristic impedance, Z,,,

* Time delay: TD

A “transmission line” is also the name we
use to refer to a real, physical interconnect
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Characteristic Impedance and
Capacitance per Length

capacitance per length
decreases, the characteristic
impedance increases

w =10 mils

50 Ohm PCB cross section

the capacitance per length
increases, characteristic
impedance decreases
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Controlled Impedance

* Z,is constant down the length

« uniform capacitance per length: geometry and materials
« uniform velocity: materials

» any value Z, can be controlled impedance

Controlled impedance structures

twisted pair coax microstrip embedded stripline asymmetric coplanar
microstrip stripline
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" What About the Inductance of

the Line?

o TTTTTTTT]
v’ physical distance T T T —[ T T T T T

v finite propagation speed

* Electrical model:
- capacitance per length

- physical distance

- Inductance per length
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b Calculating Characteristic
. @ Impedance

» Separating Myths from Reality: (OnLineLecture 000)
Rules of Thumb (OnLineLecture 180)

» Approximations and 2D field solvers (OnLineLecture 130)

» Capacitance and inductance (OnLineLecture 120)
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6@‘7@ Calculating Characteristic
S Impedance: Rules of Thumb

Stripline:
50 Ohm line in FR4 has w:h = 1:1

Microstrip:
50 Ohm line in FR4 has w:h = 2:1
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ﬁ Calculating Characteristic
o2

Impedance: Approximations
87 h
Zy=——'In|7.5—
h 0 g, +1.41 n( SWJ
60 b
Z,=—In[2.35—~ |Q
- = el
80 ht h1
Zy=—In[475" [1--"
- °" e, a7s )=o)
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o2 % Accurate, Easy to Use 2D Field Solvers
(absolute accuracy < 1%)

o)

+ Polar Instruments
v Simplest to use
v Dozens of pre-defined cross sections
v No cross talk

» Hyperlynx
P . y Use a 2D field solver if:
v' Simple
¥ Impedance matrix elements 1. Assured accuracy better than

v Integrated IBIS based simulator 20% is important

* Ansoft SI 2D Extractor 2. Efch back, solder mask or
v Parameterizing trace thickness are important
v Mixed dielectrics ) ) )
v Arbitrary cross sections 3. Mixed dielectrics are used
¥ Current distribution 4.  Cross talk is important
v" Frequency dependent effects

g © Eric Bogatin 2005 www.BeTheSignal.com
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Why High Accuracy Can
Save Money

Accuracy error

[

Low High
control control
limit limit

Characteristic impedance
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Simplest to use 2D field solver

Embedded Microstrip 1B1A www.polarinstruments.com

I
I
N

3 Embedded Microstrip 1B1A
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Impedance of Controlled
Impedance Transmission Lines

Famous Characteristic Inpedances:

RG58 52Q
RG174 50 Q
RG59 75Q
RG62 93 Q

TV Antenna 300 Q
Cable TV 75Q
Twisted pairs 100-120 Q
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‘ What’s Special About 502 ?

o)

1. Became international standard for
instrumentation as radar proliferated.

0.6

\ Acceptable
design area

2. Matches with most test and measurement
equipment

3. Can be manufactured easily with circuit board
technology.

|
|
]

|
]
| |
I Limits |
1 1 1

1 1
4. |s a reasonable match to IC drivers. 0 20 40 60 80 100

Board characteristic impedance (ohms)

5. Optimum value for high speed digital systems
trades off between:

Figure 12 Design space for characteristic impedance.

- power dissipation with parallel termination . i i .
> delay adders with capacitive loads Electrical Design ?’f a High Speed
> cross talk for reasonable spacing Computer Package”, Evan
> manufacturability (total board thickness) Davidson, IBM J. of R&D, vol 26(3)
> interfacing with test equipment and peripherals May 1982, p. 349
> “sweet spot”is 40 Q -80 Q
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Characteristic Impedance of
Free Space

>>>>>>>>>> .

=
Z=\/§= “°=\/ 40 HIM 376 8 Ohms
E Ve, \885x10F/m

Characteristic impedance of Free Space ~ 377 Ohms
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6@‘7@ What Is the Measured Impedance
@%} of a 50 Ohm Cable?

50 Ohm c02%

3 foot \ong
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¥ @ What Does it Mean to Have a 50 Ohm Line?
2
60

onggo99 50

yerrtry |
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6@‘7@ The Impedance of a Transmission
92%/“ Line is Time Dependent

open

Impedance (Ohms)

Characteristic
impedance

] . Time
Round trip Many round trip
time of time of flights
flight
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2

%‘Vv @ An important Distinction
60

* THE impedance of the transmission line (the input
impedance) - may be time dependent

» The instantaneous impedance of the transmission line

» The Characteristic impedance of the transmission line

Just referring to “...the impedance” may be a bit ambiguous
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6@‘7@ The Input Impedance of the
0 Transmission Line

If rise time < 2 x TD, what impedance does driver see during transition?

Vunloaded R

R Z source

source

s Z,
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w¥ @ Voltage Launched into the Line
82 fa
33v
Vunloaded Rsource
Rsource Zo Vlaunched
= Z,
50 Ohms
L -
- Zo
Vlaunched = Vunloaded R + Z
source 0
Bsource%vlaunched
20 Ohms 12v
10 Ohms 2.75v
5 Ohms 3.0v
2 Ohms 3.17v
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oF @ Return Path in T Lines

©

Current into signal line

< TD=1sec

When does the return current return?

For DC currents:

For RF currents? When does current come out return path?
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0 &5 Return Current Paths in
0B @ Transmission Lines

_—

IR EEREEREEEUEERE

To control impedance, manage the return
path as carefully as the signal path
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@ Current Distribution in a Microstrip

o)

Current density
SORERIEE at 500 MHz

dielectric

return path
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Let’s Review

* What's a transmission line?
v Any two conductors with length

+ What is the impedance of a transmission line?
v The ratio of the voltage to the current for a signal propagating down the line

»  What is characteristic impedance?

v An intrinsic property of uniform cross section transmission lines that is equal
to the instantaneous impedance the signal would see as it propagates

+ What happens to the characteristic impedance of a microstrip if
the line width is increased?
v The capacitance goes up so the characteristic impedance would go down

* When a signal is launched into a transmission line, when does
the return current come out?

v' At exactly the same time the current goes into the signal line, The current
returns through the capacitance between the signal and return paths
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o The End
M/v
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