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Measuring
Controlled-Impedance

Boards with TDR

by Mark D. Tilden

Advances in IC technology call for PCBs with controlled-impedance traces.

ecent advances in high-speed
integrated circuit (IC) tech-
nology have dramatically im-
proved the performance and
decreased the cost of many electronic
products, from personal computers to
cellular telephones. The proliferation
of this technology brings with it an
increased demand for PCBs with con-
trolled-impedance traces.
Higher-speed ICs produce signals
with faster rise times. As the rise time
of the signals becomes short with re-
spect to the length of the interconnect
between ICs, it is increasingly impor-
tant to control the impedance of the
circuit board runs (see “Transmission
Line Basics”). Many PCB manufac-
turers are finding that controlled-
impedance testing is a competitive
advantage, if not a requirement, with
an increasing number of customers.
Time Domain Reflectometry (TDR)
is a powerful, accurate tool for mea-
suring impedance and length in PCB
traces. Unfortunately, TDR is often
regarded as a sort of mystical art
useful only to microwave engineers.
Early TDR instruments were difficult
to operate and required a skilled
operator to interpret the results. Mod-

Waveform
e
' digitizer

step
High-speed
sampler

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

generator

Figure 1. 4 typical TDR instrument.

ern instruments, however, make TDR
a practical, efficient tool for process
monitoring and production testing.
With proper attention to calibration
and test methodology, TDR can
provide consistent, accurate results
without highly skilled operators or
“eyeball” judgements.

TDR FUNDAMENTALS

TDR is based on a very simple
concept: Whenever energy transmit-
ted through any medium encounters a
change in impedance, some of the
energy is reflected back toward the

source. The amount of energy reflect-
ed is a function of the transmitted
energy and the magnitude of the
impedance change. The time lapse
between energy transmission and the
reflection returning is a function of
the distance from the source to the
impedance discontinuity and the en-
ergy’s propagation velocity.

The effects of this phenomenon are
evidenced through echoes that occur
when sound encounters a change in
impedance, such as a wall. In electri-
cal systems, a similar phenomenon
occurs when electrical energy travel-
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Figure 2. A4 Time Domain Reflectometry mea-
surement display from a digital sampling
oscilloscope/TDR.

ing ina transmission line encounters a
change in impedance. Any change in
the impedance of the transmission
line, such as a variation in the width of
a circuit board trace, causes a reflec-
tion with an amplitude proportional
to the magnitude of the impedance
change.

A TDR instrument measures the
impedance of a circuit board trace or
other transmission line by transmit-
ting a very high-speed voltage step
through a transmission line with a
known impedance into the device
under test—in this case, the circuit
board trace. When the step energy
encounters the transition from the
known impedance to the circuit board
trace, any difference between the
known impedance and the trace im-
pedance will cause a reflection. By
measuring the amplitude of the re-
flection and applying a simple form-
ula. the impedance of the circuit
board trace can be calculated. Fortu-
nately, modern TDR instruments with
on-bourd microprocessors do these cal-
culations for you,

Figure 1 shows a simplified block
diagram of a typical TDR instrument
connected to an unknown impedance.

The TDR instrument includes both a
high-bandwidth oscilloscope and a
high-speed pulse generator. The oscil-
loscope monitors the voltage at the
front-panel connector of the TDR.
When the pulse generator sends out a
pulse, the oscilloscope display shows
the rising edge as it leaves the TDR
unit. Some time later, this rising pulse
edge reaches the device under test.
Any resulting reflections travel back
toward the pulse generator. When
they arrive at the input to the TDR,
the oscilloscope displays the reflec-
tion. Thus, the oscilloscope display
shows the round-trip time between
the incident edge and the reflections.

TDR MEASUREMENT UNITS

All TDR impedance measurements
are based on the ratio of transmitted
voltage toreflected voltage. As aresult,
measurements are not generally made
in absolute units, such as volts. Instead,
TDR measurements are made on a
relative scale, called reflection coeffi-
cient and abbreviated as p. The defi-
nition of p is the reflected signal
amplitude divided by the incident sig-
nal amplitude. For example, if a 100-
millivolt reflection is observed froma 1-
volt incident pulse, the reflection is
called a 100 milli-p reflection:

Ereflected 100mp — 100mV

) — = R
F Eincident Y

Given a known impedance and a
measured reflection coefficient, the
unknown impedance that caused the
reflection can be calculated from the
following equation:

(I + p)
(I —p)
where Z, is the known impedance, p is
the measured reflection coefficient,
and R, is the unknown impedance.
Figure 2 shows a typical waveform
from a Tektronix 11801A Digital
Sampling Oscilloscope equipped with
an SD-24 Sampling/TDR head. In

R|_ = Zn
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this case. the instrument is connected
through a 50Q coaxial cable to a 75Q
device under test. The incident step is
about 5 divisions in amplitude, and
the reflection from the device under
test is about | division high. These
numbers equate to a reflection coeffi-
cient of 0.2p (1 division divided by §
divisions). Plugging the known 500
level and the reflection coefficient
into the above equation yields the 75Q
value:

(1 +0.2)

R, =500 ——-—————(] ~70.2)

=750

Notice that the instrument auto-
matically performs this calculation
and displays the impedance and re-
flection coefficient for each cursor
and the difference between the two
cursors at the bottom of the display.
Two impedance columns are shown:
a normal single-ended impedance
(©Q) and a differential impedance
(Q X 2). The © X 2 column is used
in differential TDR.

The bottom of the cursor readout
also shows the physical distance
(scaled in millimeters) to each cursor
from a user-set reference point and the
distance between the cursors. The
ml/2, m2/2, and Am/2 readouts
show the distance divided by 2 to
compensate for the fact that the
signal displayed had to travel the
distance twice—{from the sampling
head out to the device under test and
back again.

MAKING ACCURATE
TDR MEASUREMENTS

While the fundamental concepts
behind TDR are relatively simple and
modern instruments take care of most
of the math, a number of issues mist
be considered to make accurate mea-
surements. In general modern instru-
ments make it relatively easy to make
impedance measurements near the
reference impedance (usually 50€)
with about 4% accuracy ( + 282).
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Transmission Line Basics

ontrolling the impedance of
circuit board traces is im-
portant for high-speed cir-
cuits. At high speeds these traces
cease to be simple interconnects that
the circuit designer can ignore. As
circuit speeds increase, the traces
increasingly behave as transmission
lines, and their effects must be
considered in the circuit design.
The figure shows an electrical

Keep in mind that this impedance
is not the same as DC resistance.
Clearly, a trace on a bare circuit
board has an essentially infinite DC
resistance to ground. The same trace
may have a relatively low imped-
ance according to the above equa-
tion. So what’s the difference?

The difference is time. For the
instant that the voltage step is prop-
agating down a trace and charging

~ Rsource

=

A model of an ideal transmission line driven by a voltage step. RSO
the source resistance of the step generator.

model of an ideal transmission line.
When the rising edge of a pulse
enters the transmission line, current
begins to flow through the induc-
tance tocharge the capacitance. The
pulse edge propagates down the line,
charging the capacitance as it trav-
els. Even if the transmission line is
open at the far end, current will flow
for some short period of time while it
charges the capacitance of the line.
The amount of current that flows
for a given voltage is determined by
the impedance of the transmission
line. This impedance is a function
of the inductance and capacitance
shown in the figure as follows:

represents
urce

the capacitance formed by the trace
and its ground return, current flows
according to the impedance (Z,) of
the trace. When the step reaches the
end of the trace, there is no place for
the flowing current to go, since there
is no more capacitance to charge. As
aresult, the voltage at the end of the
trace doubles and is now higher than
the voltage nearer the source. The
new higher voltage step begins to
propagate back toward the source,
canceling the current flowing out to
the end of the trace. This phenom-
enon is a reflection—Ilike the echo
that returns when sound hits a wall.

When the reflected step from the
open end of the trace reaches the
source end, the voltage at the source
end is equivalent to the open-circuit

voltage of the source, and no current
flows. This condition is exactly what
we would expect with an open cir-
cuit. The only difference between
this process and a standard DC
ohmmeter is that the high-speed
pulse generator and high-bandwidth
oscilloscope in the time domain re-
flectometry instrument allow us to
see the short time period (typically
only a few nanoseconds) required to
charge the transmission line to the
open-circuit voltage.

If the end of the trace is terminat-
ed in a DC resistance equivalent to
the impedance of the trace, current
continues to flow indefinitely at the
same level and no reflection occurs.
A DC ohmmeter, measuring the DC
termination would read the same
resistance as the TDR indicates for
the impedance of the trace. If, on the
other hand, the trace has a short
circuit at the end, a negative-going
reflection occurs, and the voltage
eventually settles to zero. This con-
dition is consistent with what we
would expect for a short circuit.

Typically, circuit designers will
add a DC resistance to ground that
is equivalent to the trace imped-
ance at the end of longer traces.
This resistance “terminates” the
transmission line and reduces or
eliminates reflections. Thus, it’s im-
portant that the impedance of the
circuit board trace be held constant
so that the same value of termina-
tion resistor works on all boards.
Mismatches between the DC ter-
mination resistance and the trace
impedance will produce reflections
that can cause a variety of circuit
problems. n
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Trsystem = \ﬂTr step gen)” T (Tr oscilloscope)” + (Tr test fixture)’

Equation . TVie combined rise time of the pulse generator. the oscilloscope, and the in-

terconnect between the TDR and the circuit board equals the systent rise time.

Achieving higher accuracy or making
measurements farther from the refer-
ence impedance requires more care.
The following list covers a few key
considerations in making accurate and
repeatable impedance measurements,
System Rise Time

[t’s important to remember that the
system rise time determines the small-
est impedance discontinuity that the
TDR instrument can measure. If a
discontinuity, such as a variation in the
width of a trace, is small with respect to
the system rise time, the reflection will
not accurately represent the impedance
of the discontinuity. In extreme cases,
the discontinuity may effectively disap-
pear. System rise time is the combined
rise time of the pulse generator, the
oscilloscope, and the interconnect be-
tween the TDR and the circuit board
{Equation 1).

In general, the most significant
limitation in circuit board impedance
testing is the probe. However, for
average trace impedance measure-
ments, where small discontinuities
are less important, a system rise time
of around 100 picoseconds is usually
sufficient. This rise time can general-
ly be achieved using simple probing
techniques.

Reference Impedance

All TDR measurements are rela-
tive—they compare an unknown im-
pedance to a known impedance. While
modern instruments perform virtually
all the math of making these measure-
ments, the accuracy of the results
depends directly on the accuracy of
the reference impedance. Any error
in the reference impedance translates
to error in the measured impedance.
Thus, a high-quality reference im-
pedance is required for high-quality
measurements.

It's also a good idea to use a
reference impedance close to the ex-
pected measured impedance because
a smaller difference between the ref-
erence and unknown impedance re-
duces uncertainty in the measure-
ment. The reference impedance should
also have the same DC resistance as the
device under test to minimize other
errors due to limitations in the TDR
unit. Since circuit board testing is
usually done on bare boards where the
circuit board runs are open at both
ends, a high-quality reference “air line”
makes an ideal impedance reference.
An air line is simply a piece of rigid
coax with air separating the inner and
outer conductors.

Noise

System noise can reduce the accu-
racy and repeatability of the mea-
surements. Fortunately, modern in-
struments usually provide convenient
on-board signal averaging that can
significantly reduce noise and im-
prove the repeatability of the mea-
surements. Some instruments even
provide measurement statistics to
help evaluate the stability of the
measurements. Also, remember that
signal averaging takes time. The rate
at which the instrument can acquire
waveforms and perform averaging
can have a significant measurement

" throughput. A slow acquisition rate is

particularly detrimental to averag-
ing since many waveforms must be
acquired.
Cable Losses

The cable that connects the TDR
unit to the circuit board not only
degrades the system rise time, but can
cause other aberrations in the system
response that add to measurement
error. Always use the shortest high-
quality cable possible to connect to
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the test fixture. If possible, run the
TDR /sampling head {which contains
the TDR’s high-frequency circuitry)
on an extender cable to move the head
closer to the test fixture. The extender
cable does not degrade the system
performance, and it allows the use of
shorter cables between the head and
the test fixture. n

Mark D. Tilden is the engineering man-
ager for the 11800 Series Digital Sam-
pling Oscilloscope family ar Tektronix
{Beaverton, OR).

For further information, contact:

Tektronix, Inc.

P.0. Box 500

Beaverton, Oregon 97077-0001

For additional literature, or the address and phone
number of the Tektronix Sales Office nearest you,
contact:

(800) 426-2200

(503) 627-7111

Copyright © 1992, Tektronix, Inc. Al rights reserved. Printed
in U.S.A. Tektronix products are covered by U.S. and foreign
patents, issued and pending. Information in this publication
supersedes that in alt previously published material. Specif
ication and price change priviteges reserved. TEKTRONIX
and TEK are registered trademarks. For further information,
contact: Tektronix, [nc., Corporate Offices, P.0. Box 500,
Beaverton, OR97077-0001. Phone (503) 627-7111. Subsidiar-
ies and distributors worldwide.

Tektronix

Test and Measurement

85W-8531-0

Reprinted with permission from PRINTED CIRCUIT FABRICATION, February 1992

© 1992 MILLER FREEMAN INC.

Artisan Technology Group - Quality Instrumentation ... Guaranteed | (888) 88-SOURCE | www.artisantg.com



Artisan Technology Group is an independent supplier of quality pre-owned equipment

Gold-standard solutions We buy equipment Learn more!

Extend the life of your critical industrial, Planning to,upgrade your/current Visit us at artisantg.com for more info
commercial, and military systems with our equipment? Have/surplus equipment taking on price quotes, drivers, technical

superior service and support. up’shelf'space? Well give'it a new home. specifications, manuals, and documentation.

Artisan Scientific Corporation dba Artisan Technology Group is not an affiliate, represéntative, or authorized distributor for any manufacturer listed herein.

(217) 352-9330 | sales@artisantg.com | artisantg.com TECHNOLOGY GROUP

We’re here to make your life easier. How can we help you today? Vl ARTISAN




