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GEWERBEAVFSICHTSAMT STUTTGART

- Zentrale Stelle fiir Sicherhentslechnik und Vorschnfterrwesen i Baden-Wilritemberg -

Swwitgart den 16.01.1986
Femsprecher

{07 1) 20501 (Behardenzenirum)
Durchwahlgaso. 4798

Wagerstr ¢¢ Pomtach 783 To00 Stngari

fu)

Frme Aksenzewhen 2 5108,/ BP/Ws/Hh

Hewlett Packard GmbH {Bitte bei Aniwor angeben
Herrenberger Str, 110/130

TN30 BSblingen

Zulassungsschein Nr. BW/21R/RK/R§

Gem#f § 9 der Réntgenverordnung vom 01.03.1973 (BGBl. I 8. 173

wird dle Zulassung der Bauart durch den Bauartgulassungsbescheld
vem 16.01.1986 mi€ Aktenzeichen T S108/4F/Ws/Hh fir den nachfol-

gend sufgefilhrten Stirstrahler beachelnigt:

Jegenstand + Mgital-Oszllloskop
Firmenbezelehnung : HF Typ 541l0D
Bildrshpre :  Sony Typ M23 JHU 185Y
Hersteller ' Hewlett-Packard

1900 Garden of the Gods Road
Colorado Springs
Colorade RO90T, USA

Betrisbsbedingungen t Hochspannung: max, 22,3 k¥
Strahlstrom: max., 0,4 mi

[ulassungskennzeichen : BW/218/86/Rt

Die Bauartzulassung ist befristet bils 1A.01.1996.

Fir den Strahlenschutz wesentliche Merkmale

1. Die Art und Qualitft der Bildrfhre,

2. die der Hochspannungserzeugung und =stabllisierung
dienenden Bauelemente,
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&. « Zenirale Stelle fr Sicherh hmik und Vorschrifi wn Bad 5 -
T Graehenuiim gt 17 Tomtinm T rwn Somgan 1 1 Sweigant den 07 D5 1986
Farmiprecher

{Bahdedenpensrum|
Hewlett-Packard GmbH wruiee !

Hetrenberger Strale 110 Durchwahl o5 4798
Akienzewhen 7 510B/Hewlett-
(Ritte e Artwont i

7030 Boblingen Packard/us ' Vg

N -

Betr : Durchfuhrung der Rontgenverordnung {Roli
hier Bauartzulassung gem f 7 Abs T RoV

Bezug: [hr Antreg vom 27.05.1%8&; PSD US-ab

Nechireo 1
zum 2ulessimpsschein Nr. BiW/21B/B&/Ro

Aufgrund des § 7 Abs. I der Rontgenwerordnung wom 1.3.19%3 (BGS1. 15 1731
wiTC die det Farma Hewlstt-Pacward Gmbl, Herranberger Strafe 110, 7030 Bob-
ixngen. ertealte Zulassung Nr. BW/!18/Be/Ro vom 16.01.1986 wie folgt erweitert:

Gegenstand: Dagitsl-Osz1lloskop

Firmanbezeiehnung: HP Jyp 54 111 D
HP Typ %4 112 0
HP Typ %4 120 A
Beuartunterlagen: Service Manuels
Nr. 54 11 - 90 907 wom 21.96.Bk
WNr. S5& L12 - 9D 902 vom 24.04.B&
Nr. 54 120 - 90 9C2 vom 26.04.B8

Di= fur den Skranlenschutz weaentlichen Merksale entsprecheh der bereits zuge-
lessenen Ausfuhrung.

Typenbezeichnung der Bildrbhre, Auflagen, Hinweise und Befristung ergeben sich
aus dem Fulsssungsschein Nr. BW/218/8e/Rp vom 16.01.19B6.

Dieser Nachttag gilt murT im Zusesmenhang mt dem vollstandigen Teat ces o.q.
Zulessungsschelns.

:é&_,#t!

Reutter

Dreses Gerat wurde nach den Auflagen der Zulassungsbehdrde einer Stiickpritfung
unterzogen und entspricht in den fur den Strahlenschut:z wesertlichen Merkmalen
der Bauartzulassung, Dve Beschleunigungsspannung betrigt masimal 22,3 kV.

Hewlett-Parkard

1900 Garden of the Gods Road
Colorado Springs

Colorado 80907, USA
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. Biatt £  zum Pesched vem16.01,1988{ Julassungsachein) wn  BW/21B/B6 /RS

Auflagen:

1. Dle CGerste sind bezlglich der filr den Strahlenschut? wesent-
lichen Merlmale entsprechend den vorgestelliten und gepriften
Mustern und Antragsunterlagen herzustellen.

2. DMe Gerdte sind einer Stickprifung deraufhln 2u unterziehen,
ob sle bezligllch der fUr den Strahlenschutz wesentllchen Mer-
male der Rapartzulassung entsprechen.

Dies Priifung muf umfassen:
a) Kontrolle der Hochspannung an Jedem einzelnen Gerit,

b} Messung und Dosisleistung nach Pestlegung im Bauart-
Zulassungsbescheld,

3. Die Herstellung und die Stilckordfung sind dureh den von der
Tulassungsbehtirde bestimmten Zachverstindigen Uberwachen zu
lassen.

4, Dle Gerlite sind deutlieh sichtbar und daueprhaft mit dem
Fennzeiehen

. BwW/21B/B6/RY
tu verashen sowle mit elnem Hinwels folgenden Mipdestinhalts
"Die in diesem Gerht entstshende Rintgen=-

strahlung let ausrelehend abgeschirmt.
Besechleunigungsspannung maximal 22,3 kV."

Hinwels fiir den Benutzer des Ger#ts:

Unsachgenife Eingriffe, insbesondere Verindern der Hochspannung

oder Auswechseln der BildrBhre kSnnen dazu fithren, daf Réntgenstrah-
lung in erheblicher Stlrke auftritt. Ein so verkndertes Gerit ent-
aprlcht nicht mehr dieser Zulassung und darf infolgedessen nicht
mehr betrleben werden.

;:EJZA--ﬁihs
Reutter

. Dieses Gerdt wurde nach den Auflagen der Zulassungsbehbrde eyner Stuckpriifung
unterzogen und entspricht in den Fur den Strahlenschutz wesentlichen Merkmalen

der Bauartzulassung. Die Beschleunigungsspannung betragt mawimad 22,3 kv,

Hewlett-Packard

1900 Garden of the Gods Road
Colorade Springs

Colorado BO907, USA
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Exclusive THE REMEDIES PROVIDED HEREIN ARE THE BUYER'S SOLE AND

Remedies EXCLUSIVE REMEDIES. HEWLETT-PACKARD SHALL NOT BE
LIABLE FOR ANY DIRECT, INDIRECT, SPECIAL INCIDENTAL, OR
CONSEQUENTIAL DAMAGES, WHETHER BASED ON CONTRACT.
TORT, OR ANY QTHER LEGAL THEORY.

Assistance Product maintenance agreements and other customer assistance
agreements are available for Hewlett-Packard products.

For any assistance, contact your nearest Hewlatt-Packard Sales and
Service Office. Addresses are provided at the back of this manual.

Certification Hewletl-Packard Company certifies that this product met its published
specifications at the time of shipment from the factory. Hewlett-Packard
further certifies that its calibration measurements are traceable to the
United States National Bureau of Standards, to the extent allowsd by
the Bureau's calibration facility, and to the calibration facilities of other
International Standards Organization members.

Satety This product has been designed and tested according to International
Safety Requirements. To ensure safe operation and o keep the product
safe, the information, caulions, and warnings in this manual must be

heeded. .
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Introduction

The HP 54120T's
Key Features

Introducing the HP 54120T
Digitizing Oscilloscope

The Hewlett-Packard 54 120T Dhgitizing Oscilloscope provides up to
20 GHz bandwidth, full HP-IB programmability, and powerful
features for a wide range of applications.

Not only does the HP 54120T allow you to accept signals from four
different sources, but it has extensive features that make it nseful
for network analvsis, waveform statistics, and as a high-speed,
extremely accurate oscilloscope

The HP 54120T"s key features include:

up to 20 GHz bandwidth in the averaged mode
12.4 GHz bandwidth in the persistence mode
TDR capability

waveform histogram and statistical data

10 ps time interval accuracy

four waveform memories and two pixel memories
0.25 ps time interval resolution

10 ps/div horizontal scale factor

0 4% vertical accuracy m the averaged mode
32 uV resolution in the averaged mode

1 mV/div vertical sensitivity

autoscale

automatic waveform measurements

waveform math

10 front-panel setup save and recall registers
waveform normalization capabilities
functional colar display

mnstant hardeopy output

full programmability over the HP-IB

IEEE 488.2 programming ecompatibility

Introducing the HP 54120T Digitizing Oscilloscope
11



How to Use
This Manual

This mannal 1s the most complete source of information for the
front-panel operation of the HP 54120T It contains much
information that 15 not included in the Getting Started Guide, and 1t
repeats 1mportant information presented in that manual, so that you
have one source of front-panel information once you are familiar
with the instrument

If vou have not yet read the Getting Started Guide, you may want to
do so at this time The Getting Started Guide contains examples on
how to make basic oscilloscope measurements, statistical
measurements, and reflection (TDR) and transmission (TDT}
megsurements.

The HP 54120T has two major components: the HP 541204
Digitizing Oscilloscope Mainframe and the HP 54121A Four Channel
Test Set. Throughout this manual when the model number

HP 54120T is used, 1t wall mnclude the HP 54120A and the

HP 54121A. The mainframe will be referred to as the HP 54120A
and the test set as the HP 54121A.

Introducing the HP 54120T Digitizing Oscllioscope

1-2



. 2 Basic Setup

Chapter Contents  — the power requirements. operating environment, and initial color
display setup of the HP 54120T
— & list of accessories provided with the instrument
— a list of available accessories
— how to avoid damaging the instrument with electrestatic

discharge

It is xmportant that you provide the correct power source
and operating environment for this instrument. Failure to
do so can seriouslv damage the mstrument and may cause

. a lethal electrical shock.

Operating
Environment

CAUTION

Ensure that the instrument bas adeguate clearance on
all surfaces so that it has sufficient air flow for cooling
Do not block any of the vent holes or the air inlet for
the fans.

Basic Setup
21



The operating environment must be maintained within the following
parameters:

Temperature 15 degrees C to 35 degrees C (59 degrees F 10 95 .
degrees F)

Humidity 90% up to 35 degrees C (95 degrees F)

Altitude 4572 metres (15 000 feet)

Protect the mstrument from temperature extremes that could cause
condensation mn the instrument.

Avoiding Damage  Appropriate precautions must be taken to limit the possibility of
El i damaging the 1nputs of the HP 54121A and the device under test
g¥scheacrtgr25tat ¢ {DUT) with electrostatic discharge {ESD).

The inputs of the HP 54121 A use gallium arsenide technology. In

order to give you the best possible performance, protective circuitry

has been omitted from these inputs, To compensate for this, certain
procedures should be used when operating this oscilloscope. .

ESD protection procedures include:

* Insuring that the oscilloscope chassis 18 properly grounded with
a grounded power cord

* installing the antistatic mat under the HP 54121A Test Set if it
1s separated from the HP 541204
— antistatic mat is provided with the oscilloscope

* wearing the wrist strap when operating the oscilloseope
— wrnist strap is provided with the oscilloscope

¢ discharging all cables before you connect them to the
oscilloscope
— use a short or 50 © termination to short the center conductor

to the shield
e leaving SMA shorts on all unused oscilloscope inputs

Note
Complete installation and user instructions for the .

antistatic pad and wrist strap are included with the
antistatic kit

Baslc Setup
2-2



Power
Requirements

Applying Power

The HP 54120T requires a power source of 115 or 230 Vac
+15/—25%:; 48-66 He single phase. Power consumption 18
approximately 200 watts maximum or 380 VA maximum.

CAUTION

Before connecting this instrument te the ac power source,
make sure the line select switch on the rear panel of the
instrument is set to the correct position. You can use a
screwdriver to change the position of this switch. If this
switch is set mncorrectly, serious damage to the instrument
is likely

You can turn on the HP 54120T after you have selected the correct
setting on the line select switch, installed the appropriate power
cord, and connected it to the power outlet. The trip current of the
circuit breaker is 7.5 amps.

The HP 54120T has two switches that can interrupt the power to the
instrument. The first is the line switch and the second is the (main)
power breaker

¢ the line switch is in the lower left-hand corner of the front
panel

* the mains breaker 1s in the upper right-hand corner of the rear
panel

If the front-panel power switch is in the STBY position or if the
main breaker is in the OFF or 0 position, the HP 54120T will
not function.

Baslc Setup
2-3



Basic Setup
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If the main breaker 1s in the ON or 1 position, electrical
current is present inside the HP 54120T. This current
could cause electric shock and personal injury.

HP54121A TEST SET

— INTERFACE CABLE PORT

e

=]

NOTE: DO NOT USE THIS CONNECTOR.
IT IS RESERVED FOR FUTURE ACCEBSORIES

MAIN CIRCUIT BREAKER:
LINE SWITCH

DEGAUSS

SWITCH
~— HP=1B PORT

=1\
e @ = - @
Vi
=
Fi
_/ ‘
INTERFACE = ?
CABLE
PORT & ® @
@ ©
541201002 i s
POWER SOCKET — +—115/238 SELECTOR

Figure 2-1. Power Medule on Rear Penel
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Figure 2-2 HP 54120T Front Panels
Basic Setup
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Initial The HP 54120T"s clectromagnetic color display may require
Color Display deg_aussmg ldemagnetizlng) at installation, or _later if necessary. To
Setup facilitate degaussing, the display section contains a degaussing coil,

whose switch is on the rear panel. To degauss the CRT. press this
switch several times.

If, in certain severe situations, internal degaussing does not correct
a distorted display, you may have to use an external television-type
degaussing coil.

Two screwdriver adjustments for brightness and background are on
the front panel, to the left of the CRT. The background control sets
the iummosty of the backpround of the CRT. The brightness contro}
sets the gain of the video amplifier. It controls the intensity of the
information displayed on the CRT.

|
List of In addition to the optional accessories you may have ordered, the .
Accessories HP 54120T 1s shipped with the following:

* one power cable
¢ five adapters, APC-3.5 mm (f-f) (HP P/N 5061-5311)
» five coaxial shorts, SMA (m) (HP P/N 0960-0055)
* one antistatic mat with wrist strap and user instructions (HP
P/N 9300-13486)
» 54121-68701, RF accessory kit, which includes
— five 20 dB attenuaters, APC.3.5 mm (f-m) (HP P/N
33340C/20}
— three 50 Q cables, SMA (m-m) (HP P/N 8120-4948)
— two SMA (m) to BNC (f) adapters (HP P/N 1250-1200)
— one 50 Q termination, SMA {m) (HP P/N 1250-2153)
— ane 50 Q termination, SMA (f (HP P/N 1250-2151)
— one coaxial short, SMA (f) (HP P/N 1250-2152)
* pne user documentation package, consisting of the following

manuals:
— Getting Started Guide .
— Front-Panel Operation Reference
— Programming Reference Manual

— Service Manual (HP P/N 54120-90902)

Basic Setup
2-6



The following 1s a list of available accessories:

e HP 54006A 6 GHz Resistive Divider Probe Kit
e HP 54007A Accessory Kit

Refer to HP 541207 Data Sheet for other applicable accessories

Note

Many parts from these kits are used in exercises in this
manual.

Basic Setup

27
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Chapter Contents

Overview

Acquiring
a Waveform

Making Measurements

— how to acquire & waveform

— how to make voltage and time measurements

— how to take advantage of some of the automatic features of the
HP 54120T

This chapter will help you become famuliar with the steps for

making some common measurements and using many of the builtin
features of the P 541207,

The basic steps are listed in the left column, cautions and details
about how to accomplish each step are in the right column,

If you need additional information about a step, check the index for
the appropriate page and chapter.

To acquire & waveform:

1. Insure the signal does not Voltages higher than +2 V max.
exceed +2 V max. can be destructive to the inputs of
the HP 541214,

You can use the fixed attenuators
supphed with the HP 54120T to
reduce the voltage at the channel
imputs.

Making Measurements
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2. Connect the signal to
HFP 54121A (channels 1
through 4).

3, Connect the external trigger
to the HP 541214
(TRIG input),

Remember that the maximum
continuous power dissipation
specification for these attenuators
15 2 Watts — ie, 10 volts rms or
de maximum

To avoid electrostatic discharge
{ESD), make sure you use the

antistatic mat and wrist strap
that are provided with the

HP 54120T

Not only do the antistatic mat
and wrist strap protect the
oscilloscope, but they also protect
the device or system under test.

Make sure you use the connector
savers {F-F adapters) that were
shipped with the unit from the
factory. They will extend the life
of the input connectors on the
HP 54121A.

The 1nput impedance of the HP
54121A 1s 50 Q. In order to have
the best signal fidelity, the source
impedance should approximate
50 Q.

If source loading is & concern, use
the HP 54006A Resistive Divider
Probe Kit. It provides either 500 @
with 10:1 division ratio or 1 kQ
with 20:1 division ratio.

To correct for external signal
attenuation, the ATTEN function
of the Channels menu can be set
to the appropriate value.

The HP 54120T does not have an
internal trigger; therefore, you
must provide an external trigger



4. Press AUTOSCALE.

HP541204

[f you want to trigger on the same
signal that i1s being used for a
channel input, use an HP 116678
power splitter that is provided 1n
the HP 54007A Accessory Kit

The input impedance of the
trigger input is alsoc 50 .

This automatically scales the
vertical axis, sets the TIME/DIV
to an appropriate value, turns oh
the correct channels, and sets the
trigger level for the applied
sigmals.

If AUTOSCALE fails to provide a
displayed signal, one of two
prompts will be displayed *‘No
Trigger Found” indicates that a
trigger is not present and that an
input signal to one of the
channels may or may not be
present. “No Signal Found”
indicates that the oscilloscope
could not find a signal at any of
the channels nputs; however, a
signal was found at the trigger
input.

HPE4121A
1

5580

r

RI

¢ SCURCE

HP116678
POWER SPLITTER

Figure 3-1. Acquiring a Waveform
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Making a Voltage  To make a voltage measurement .
Measurement ) .
1 Acquire a waveform. Follow steps 1-4 1n “Acquiring a
Waveform "

2 Select the Measure menu Automatic peak-to-peak and rms
voltage measurements can be
made by pressing the appropriate
key on the Measure menu.

3 Select the Delta V menu. Provides access to the V markers.

4 Turn on the V Markers. If you want to measure discrete
voltage levels on a waveform or to
make differential voltage
measurements, the V Markers can
be adjusted to the desired levels
and the results will be hsted at
the bottom of the display.

You can make source-to-source .
voltage measurements by

assigning the V Markers to

different channels and/or

waveform memories,

Making a Time To make a time measurement:

Measurement
1. Acqmire a signal. Follow steps 1-4 in “Acquiring a

Waveform."

2. Select the Measure menu, Automatic time measurements
(e.g., rise and fall times and
width} can be made by pressing

the appropnate key. .
3. Select the Delta t menu. Provides access to the time
markers.

Making Measurements
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4, Turn on the t Markers.

Time interval measurements can
be made with the time markers.

Spurce-to-source time interval
measurements can be made by
displaying the appropriate sources
and moving the time markers on
the display.

For a more accurate time interval
measurement, do a channel-to-
channel skew cal. See Chapter 18
for more detaitls on skew cal

Saving a Waveform T save a waveform:

1. Acquire a waveform,

2, Select the Wfm Save menu.

Follow steps 14 in “Acquiring a
Wavelorm'

You can store any of the waveform
math functions or channels 1n
waveform memories 1 through 4

Automatic measurements may be
used to characterize waveform
memories,

An entire sereen can be stored in
pixel memories 5 or 6.

The automatic measurements
from the Measure menu and the
markers may be used with
waveforms stored in waveform
memories 1 through 4.

Automatic measurements may not
be used with pixel memories 5
and 6, as these memories do not
keep the time and voltage factors
with the stored screen.

Making Measurements
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Printing or Plotting To print or plot a waveform: .
a Waveform . .
1 Acquire a waveform. Follow steps 144 in “Acquiring a
Waveform ™
2 Seiect the Utility menu. This menu accesses the HP-IB

menu The printer or plotier must
be connected directly to the

HP 54120T w1z the HP-IB in order
to rmake a hardcopy with the
Print or Plot menn

If you are using the oscilloscope to
drive a printer or plotter directly,
you may not connect other HP-IB
instruments.

3. Select the HP-IB menu. This menu allows access to the
keys controlling the HP-1B

interface. .

4 Set the HP.IB function This sets the oscilloscope so it
to “Talk Only"” outputs data over the HP-IB to a

printer or plotter that has been
set to the “Listen Always” mode.
If the printer or plotter doesn't
have a DIP switch on the rear-
panel labeled ‘'Listen Always,” set
all the switches to 1" This will
usually set the printer or plotter
to the “Lasten Always” mode.

5, Select the Print or Plot menu. These menus allow you to define
the options for the hardcopy
output and to initiate the print or

plot cycle.

Waveform displays with a large
number of data points — 1,
persistence display mode — take
an exressive amount of time to

plot. For these cases we suggest
you use a graphics printer.

Making Measurements
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Adding and To add and subtract a waveform:
Subtracting a
Waveform 9 1. Acquire two waveforms Follow steps 1-4 in “Acquiring a
Waveform "' You may use channels
or waveform memories 14 as
sources for waveform math
2. Select the Wfm Math menu.  The Wfm (waveform) Math menu
allows you to add, subtract, and
use other mathematical operators
on channels or waveform
memories (not pixel memories),
3. Select the math operator, When the waveform math
{+,—, etc.} and the sources funections are displayed, they
(channels or waveform replace channels 1 and 2. This
memories) that will be means that if vou want to view
acted upon. the math functions and the
channel sources at the same time,
you must use channels 3 and 4.
4. Turn function on. Dasplays the function on.
|
Inverting To invert a waveform:
a Waveform

1. Acquire a waveform.

2. Seleet the Wim Math menu.

3. Select the Invert operator.

4. Turn function display on.

Follow steps 14 in “Acquiring a
Waveform.” Waveform memories
1-4 may be used alsc.

The Waveforrn Math menu has
math operators that help you
evaluate waveforms. This menu
also allows vou to select the
sourcels) that are acted upon by
the math operator.

The Invert operator automatically
inverts the selected source.

Displays the function on.

Making Measurements
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Making a Pulse
Measurement

Making Measurements
3-8

To make a pulse measurement:

1 Acquire a pulse.

2 Select the Measure menu.

Follow steps 1.4 tn “Acquiring a
Waveform ™ Waveform memories
1-4 may be measured also. The
source for the automatic pulse
measurements must be displayed
and must not be clipped

The Measure menu has 11
automated measurements listed
on three submenus. All of these
measurements can be made by
pressing the All kev, or an
individual measurement can be
made by pressing the key for a
specific measurement.

The Measure menu allows you to
select either fine or coarse
precision measurements. The
coarse measurements use data
that is currently on screen and
require less time than precision
measurements. Precision
measurements rescale the
timebase for optimum resolution
and acquire new data,

All measurements on waveform
memories are coarse
measurements.



Making a TDR
Measurement

To make a TDR measurement:

1

(=]

Select the Network menu

Select the Cal submenu and
press the Preset Reflect
Channel key.

. Configure the channel 1 input

to connect to the device
under test

Perform a Reflect Cal.

Connect the device under test
to channel 1.

. Seleet the Refleet submenu.

. Turn on the cursor.

. Press Min & Max Reflect key.

The Network menu gives you
access to automatic network
measurements like percent
reflection (Rhol and impedance (21

This turns on the TDR puise ichl)
and puts the oscilloscope in a
known state.

Use a high quality 50 Q cable.

For the Reflect cal to function
properly, the end of the cahle
must be represented on the
display.

Cal esteblishes a reference for all
reflection measurements.

Channel 1 provides a hagh quality
pulse that can be used for time
domain reflection and
transission measurements.

The Reflect submenu provides
access to the TDR functions.

The cursor provides mstantaneous
values for the Delta t, distance,
Rho, and impedance.

The cursor can be assigned to
either the live or normalized
waveform.

The Min & Max Reflect key
causes markers to be placed at
the min and max reflection levels,

Making Measurements
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8 Evaluate the DUT with
normalization.

The results are also listed at the
bottorm of the display.

Normalization allows you to
evaluate the response of the DUT
to a simulated perfect pulse with
a defined risetime

This allows you to simulate the
response of the DUT to varous
rise-time edges.

Normalization must be performed
with the oscilloscope at the same
TIME/DIV, DELAY, and
bandwidth settings that were used
for reflect cal. If you change one
of these parameters, and attempt
a normalization, a prompt will list
the required setup.

Measuring the To measure the distribution of a waveform:

Distribution of

a Waveform 1. Acquire a waveform.

2 Select the Histogram menu.

Making Measurements
3-10

Follow steps 1-4 in “Acquiring &
Waveform.”

The Histogram menu gives you
control of data acquisition for the

histogram and enables you to
statistically evaluate this data.

The histogram function is an
extension of the infimte
persistence mode. When the
Histogram menu is selected, the
oscilloscope is automatically set to
the infinite persistence display
mode. If you leave the Histogram
menu, the oscilloscope will return
to its original display mode,



3. Select the Windows submenu,

4. Select the type of histogram
to be generated.

5. Bet the WINDOW MARKERS
to define the portion of the
waveform that 15 used to
generate the histogram.

6. Select the Acquire submenu
and acquire the histogram
data.

7. Select the Results Submenu.

The Windows submenu allows you
to select the tvpe of histogram
and set the window markers

The HP 541207 can generate
either time or voltage histograms.

A ntter measurement would use a
time histogram and a noise
measurement would use a voltage
histogram.

When a time histogram is
generated, a voltage window is
used, and when a voltage
histogram is generated, a time
window 15 used

The number of samples selected
influences the time required for
completing the acgquisition.
Voltage histograms typically take
less tume to acquire than time
histograms, especially if you are
using a narrow window. For
example, a typiwcal voltage
histogram with 10,000 samples
will take less tiine to acquire than
a time histogram with a narrow
window using 300 samples,

The Results submenu allows you
to evaluate the histogram.
Statistical data like mean, sigma
t{standard deviation), and
accumulated percentage are
available,

Making Measurements
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. 4 Front-Panel Overview

Chapter Contents  — the functiona! areas of the front panel
— how to use all the single function keys
— how color is used to show association on the display

|
Front-Panel The HP 54120A has been designed to be very easy to use To this
Organization end, its front panel is separated 1nto three functional areas. These
are.
* gystem control
* entry
* menu and function selection
. You have complete local control of the instrument with these three
areas.
|
System Control The SYSTEM CONTROL keys are along the top right half of the
Keys front panel. These keys control aequisition, active display, SAVE and

RECALL registers, and automatic display scaling

Front-Panel Overview
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Throughout this chapter references are made to several of the
HP 54120T's 14 menus. Each menu has its own section, which
discusses the menu in detail.

CLEAR SAVE RECALL AUT O
DISPLAY RUN STOP SETUP SETUR LOCAL {SCALE
//
AN 1
Y < P= = |-
—Hoooocooo
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Figure 4-1. System Contral Keys

Clear Digplay Key Pressing the CLEAR DISPLAY key:

Front-Panel Overview
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* causes the HP 54120T to momentarily stop acquiring data,
erase the screen, and then resume acquiring data

¢ grases the dynamic (active) display

¢ but does not erase a stored waveform that is being displayed

If the CLEAR DISPLAY key is pressed after the STOP key is
pressed:

# the screen remains clear and waveform acquisition does not
resume until the RUN key is pressed

1 SYSTEM COWTRO, .



Run Key

Stop Key

Save Setup znd Recall
Setup Keys

If you have selected a high number of averages (averaged display
modet and vou change the input signal:

s you can quickly reset the average registers to the new signal
levels by pressing the CLEAR DISPLAY key

This saves the time normally required by the display to settle to the
new signal levels. For details about the averaged and persistence
display modes see “Display Menu,’ Chapter 8.

Pressing the RUN key:

¢ causes the HP 54120A to resume acquiring data after
acquisition has been stopped by the STOP key

If the STOFP key 15 pressed:

* the mstrument stops acquiring data and displays the last
acquired data
— to return to the previcus operating mode, press the RUN key

* the instrument erases the active display if you change
TIME/DIV, VOLTS/DIV, or press any other front-panel control
that would normally cause the displayed waveform to change
- this key works as if the CLEAR DISPLAY key had been

pressed

* the status label in the upper-left corner of the display changes

to “Stopped”

The HP 54120A allows you to SAVE and RECALL up to ten different
front-panel setups in non-velatile memory,

To SAVE the current front-panel setup in one of the SAVE/RECALL
registers:

o press SAVE SETUP, then press the number (0-9) of the register
desired
— a prompt tells you that the setup has been saved
This saves all front-panel functions, modes, and cal factors. This does
not save menu selection and entry device assignroents.

Note

The display does not change when you press SAVE.

Front-Panel Overview
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Pressing SAVE SETUP/RECALL SETUP does not cause execution of
measurements, preset levels, start print, or other action keys.

To RECALL a previously saved front-panel setup: .

» press RECALL SETUP, then press the number (0-8) of the

desired register
— a prompt tells you that the setup has been recalled

Tip

Tb return to the condition that existed before the
last AU'TOSCALE, press RECALL SETUP, then
press AUTOSCALE This returns you to the previous
front-panel setup if you need to recover from an
accidental pressing of the AUTOSCALE key

Local Key When the LOCAL key 18 pressed:

» an rtl (return-to-local) message 15 sent to the HP-IB interface,
and the instrument returns to local (front-panel) control if the .

HP-IB controller has not invoked a local lockout

The LOCAL key is the only front-panel key that is active when the
HP 541204 is under remote operation.

Front-Panel Qverview
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Autoscale Key When the AUTOSCALE key 15 pressed:

¢ the HP 54120A selects the vertical semsitivity, vertrcal offset,
trigger level, and sweep speed for displaying the 1nput signal

If only one of the vertical inputs has a signal present

* the display 15 in the single-screen mode

if input signals are present on more than one input;

* the sweep speed is determined by the lowast numbered input
with a signal present

¢ the display 15 in the split-screen mode when two signals are
present, unless the two channels are 1 and 3 or 2 and 4, in
which ecase quad screen 1s selected
— AUTOSCALE will not overlay waveforms

* the display is in the quad mode when three or four signals are
present

* the vertical sensitivity for each input is scaled appropriately

When the AUTOSCALE cycle 15 complete:
¢ the Timebase menu and TIME/DIV function are selected
If AUTOSCALE is pressed accidently, you can return the oscil loscope

to its previous condition by pressing RECALL and AUTOSCALE
sequentially

Front-Panel Overview
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Entry Devices Under the SYSTEM CONTROL keys is an area labeled ENTRY [n
this portion of the front panel are the entry devices, which include: .

* a number pad with a vertical column of five ENTER keys
— after you enter a number, you must press one of the ENTER
keys
* a knob
* two increment/decrement keys (step keys)
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Figure 4-2, Entry Devices
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The entrv devices are used to change the value of any items
displaved in capital letters (VOLTS/DIV and TIME/DIV) in the
funetion menus.

Menu and Function The HP 54120A provides two sets of softkeys that enable you to
Selection Soﬂkeys control the instrument’s front panel.

The first set Imenu selection} is across the bottom of the CRT.

* Menu selection keys are used to choose a desired function

menu
e Pressing a menu selection key changes the second set of
softkeys.
I
)
FUNCTION —
KEYS [:]
MENU
e _ L
1
B 1PRSTNBS
MORE
MENU KEY

Figure 4-3. Menu Selection Keys

Front-Panel Overview



Color

Front-Panel Qverview
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+ Pressing the more key (the key furthest to the nght) lists an
additional set of menu selections

¢ Pressing the more key a second time returns vou to the original
menu

The second set {function selectiont 15 along the right side of the CRT
Some function keys are displaved in inverse video.

s When these keys are pressed, the text in inverse video changes.
— Example: pressing the top key when you are in the Channels
menu allows you to choose one of the four inputs.

Some function kevs are displayed in all capital letters

* When these keys are pressed, their value can be changed with
any entry device, and the value is displayed in the top center of
the CRT.

— Example: pressing the TIME/DIV key when you are in the
Timebase menu allows you to enter the sweep speed for the
input signal you want to display.

Some function keys are displayed with the [irst letter of each word
capitalized and all other letters lowercase.

* When these keys are pressed, the function executes
immediately.
— Example: pressing the All key in the Measure menu causes
the oscilloscope to perform 11 parametric measurements on
the designated waveform.

Function key labels and waveform factors associated with a spemfic
channel, function, memory, or marker are highlighted in the same
color. For example, the channel 1 trace and the associated key labels
and waveform factors are displayed in yellow.

Note

Whenever you use a function key to select a waveform
source, the text of the selected source is the same color as
the source’s waveform. For example, if the default colors
are used, all text relatmng to channel 1 or function 1 1s
yellow and all text relating to channel 2 or function 2 is

green.
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Chapter Contents

Overview

. Channel

>}

VOLTS
DIv

OFFSET

ATTEN

Channels Menu

— how this menu is used to control the vertical display, including

vertical scaling, offset, and attenuation factors

The Channels menu allows you to control the vertical operation of
the display as well as some easy-to-use features of the HP 54120A
For example, you can set the attenuation factors independently for

the four vertical inputs.

When you select the Channels menu, either OFFSET, VOLTS/DIV, or
ATTEN is highlighted 10 the same color as the selected channel,

indicating that function is active.

Chonnatle

Channe!
1427374

Disploy
on/0f 1

DFFSET

ATTEN

Figure 5-1 Channels Menu
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Channel Select Pressing the Channel key;
Key

» toggles it through chanrels 1 - 4 sequentially and
¢ assigns the function kevs to the selected channel

Display On/Off Pressing the Display On/Off key
Key

* turns the display for the selection on or off
¢ changes the label from on to off or vice versa

Volts/Div Key The VOLTS/DIV key allows you to set the vertical sensitivity of the
selected channel with one of the three entry devices,

* With the number pad and appropriate units key under ENTER,
you can set sensitivity to three-digit resolution. The oscilloscope
will round the input to the nearest mV.

¢ By turning the knob clockwise, you can increase sensitivity in &
1-2-5 sequence, and by turning the knob counterclockwise you
can decrease sensitivity in a 5-2-1 sequence.

» With the increment/decrement (step) keys you can change
sensitivity in a 1-2-5 and 5-2-1 sequence.

The range of VOLTS/DIV is from 1 mV to 80 mV with a resolution of
1 mV. VOLTS/DIV changes automatically if the display screen mode
isingle, dual, or quad) or the attenuation factor is changed.

Offset Key OFFSET allows you to move the trace of the selected channel up or
down with the number pad, knob, or the step keys.

This function works much the same way as a vertical pesition
controel ou a conventional oscilloscope. The OFFSET voltage, equal to
the voltage at center screen, is shown at the top of the display.

The range of OFFSET 1s from 500 mV to +500 mV with 125 4V
resolution.

Channels Menu
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. Atten Key

The attenuation function is provided so you can make measurements

with attenuator probes and have the measurement results reflect the
actual voltage levels at the probe tipis!.

Pressing the ATTEN key

allows you to set the channel attenuation factor for the selected
channel from 1 to 1000

The channel attenuation factor is used to establish a data base for;

generating the VOLTS/DIV and OFFSET prompts on the
display

calculating the automated waveforrn measurements

V marker levels

calculating functions

Note

Changing the channel attenuation factor DOES NOT
attenuate the input signel, it only changes the data base
for generating prompts on the display and calculating the
results of the automated waveform measurements If the
input signal must be attenuated, use EXTERNAL
ATTENUATORS.

Table 4-1. dB Versus Voltage Ratio.

dB Voltage Ratio
34dB 141
6 dB 2.00
10 dB 3.16
20 dB 10
40 dB 100

Channels Menu
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Chapter Contents

Timebase Menu

— how the Timebase menu 15 wsed to control the horizontal

display

|
Overview
Thggered Fresrun
Sweep Swaep
Manu Menu
TIME TIME
D Div
DELAY DELAY
Dalay Delay
Ref at Ref at
Fraerun
Trg'd Trg'd
Sweep Sweep
FREERUN
RATE

The Timebase menu, the menu selected after an AUTOSCALE 15
performed, allows you to control the horizontal display through the

TIME/DIV, DELAY, and Delay Reference functions.

Timebase

- TIME/DIV

— DELAY

Dalay Ref at
Left/Cantar

Freeruns
frg-d
Sweap

FREERUN
RATE
15. 3H2-508KHZ

Ba1peBLET

Figure 6-1. Timebase Menu
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Time/Div Key The HP 54120T's TIME/DIV function is very similar to the .
time/division knob on an analeg oscilloscope {Division in this
instance equals 1/10 of the horizontal axis.)

The TIME/DIV function allows you to vary the time scale on the
X-axis from 1 sidiv to 10 ps/div with one of the three entry devices.

» The number pad and the appropriate units key list three
digits of resolution. The oscilloscope rounds the input to the
nearest ps/div,

¢ The knob or the step keys changes the TIME/DIV in a 1-2:5
and a 5-2-1 sequence.

Delay Key The HP 54120T's DELAY function is similar to the horizontal
position control on an analog oscilloscope and defines the time offset
relative to the trigger.

The DELAY function controls the delay from trigger and can be
changed with the entry devices. The maximum post-irigger delay
varies with the sweep speed, and the minimum delay is limited by
the propagation delay of the trigger path.

If the DELAY function is selected:

» delay time is displayed at the top of the waveform display area

¢ maximum delay time = 1000 screen diameters or 10 seconds,
whichever is smaller

* mimmum delay time = 1€ ns

Delay The Delay Reference key allows you to select either the center or left
Reference Key of the display as the reference for the delay tame. The selected delay
is referenced to the sweep trigger. : .

If the TIME/DIV is decreased, the signal will expand about the delay
reference point.

Timebase Menu
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Freerun Trg'd
Sweep Key

Pressing the Delay Ref at Left/Center kev:

* toggles the delay reference between center and left of the
display

* causes an arrow at the bottom of the display area to point to
the delay reference

* provides a prompt at the bottom of the waveform display
showing the amount of delay

If Delay Ref is set to Center:

s the delay will be referenced to the horizontal center of the
digplay
* mimmum delay is 16.05 ns and varies with TIME/DIV setting

If Delay Ref 15 set to Left

¢ the delay will be referenced to the left of the display
* minimum delay is 16 ns

The Delay Ref at Left/Center key allows you to choose the left or
center of the display as the reference when the TIME/DIV setting is
adjusted. If you increase this setting, the waveform will expand
about the reference point.

The Freerun Trg'd Sweep key allows you to use the external trigger
input or the internal generator to trigger the sweep. The freerun
sweep function synchronizes the sweep with the internal generator
that also generates the TDR pulse for the Network menu. The
triggered (trg'd) sweep function synchronizes the sweep with the
external trigger input.

H you choose Triggered Sweep and no trigger is present:

* the HP 54120T does not sweep
* the data acquired on the previous trigger remains on screen

If you choose Triggered Sweep, no trgger is present and no previous
data 1s available:

* the screen will remsain blank

Timebase Menu
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If you choose Triggered Sweep and a trigger 1s present:

* a synchronous sweep 15 provided .

If you choose Freerun Sweep:

e the FREERUN RATE key is turned on

¢ a freerun rate generator 15 used to create a sweep

» the HP 54120A displays a baseline when no signal or trigger
signal is present

e the display is unsynchronized when a signal is present but not
triggered

* you can vary the freerun rate with the entry devices

The freerun trigger allows you to determine if signals are present
while you're rapidly probing from point-to-point as would be the case
if you were troubleshooting a circuit.

If you use the freerun trigger as a troubleshooting tool, use the

persistence display mode. 300 ms persistence time works well for this
application. If the averaged display mode 15 vsed in this appheation,

the osilloscope averages the asynchronous acquired samples to 2

base line .

Note

For the most accurate measurement when you &re using
the freerun mode, make sure the external trigger is
disconnected.

Timebase Menu
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Freerun Pressing the FREERUN RATE key:
Rate Ke
¥ ¢ allows you to vary the rate of the freerun rate generator from
15.3 Hz to 500 kHz
— varying the freerun rate controls the repetition rate of the
TDR pulse when you are in the Network menu

Note

Reducing the frequency of the rate generator allows you
to make TDR and trensmission measurements with
Ionger transmission lines and devices with a longer
settling time.

Timebase Menu
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¢ 7 Trigger Menu

Chapter Contents  — the triggering capabilities of the HP 51120A
— the function keys of the Trigger menu

]
Overview The Trigger menu allows you to synchronize the input signal(si with
the signal that is apphed to the TRIG input of the HP 54121 A Test
Set.
TRIGGERA
LEVEL
Trigger
Slape TRIGGER
. - v
-1V —p- 1V
ATTEN Stope
HOT FUNCTIONAL Pos | Neg
HF
Sens. ATTEN
Off B 1=1K
o MOT FUNCTIONAL NOT FUNCTIONAL
Reject 4'-'__-—._-_- HF /
u $ens
on | orr
NOT FUNCTIONAL
HF /
— Rejact
oo | orr
BTDMELN
. Figure 7.1, Trigger Menu
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The Trigger menu allows you to:

* get the trigger level

* select the positive or negative slope of the trigger signal as the .
trigger event

* set the external attenuation factor for the trigger input

Trigger Level Key Pressing the TRIGGER LEVEL key allows you to:

* set the trigger level from +1V to —1 V with the attenuation
factor = 1 and any entry device
* the trigger level is displayed at the top of the display area

I
Slope Key Pressing the Slope key allows you to: .
# select either the positive or negative edge of the trigger signal
as the trigger event
.

Attenuation Key Pressing the ATTEN key allows you to

¢ set the trigger attenuation factor for defining the trigger level
prompt on the display

* the trigger attenuation factor can be set from 1 to 1000 with
any entry device

Note

Changing the trigger attenuation factor does not

attenuate the trigger signal, it only changes the .
sealing factor for generating the trigger level prompt

on the display. If you have to attenuate the trigger

signal, use an external attenuator.

Trigger Menu
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. HF Sensitivity This kev 15 not functional and has no effect on the trigger.

Key
L

HF Reiect Key Thas kev is not functional and has no effect on the trigger.

Trigger Menu
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e 8

Chapter Contents

. Overview

Display Menu

— the persistence and averaged display modes

— the advantages of using either the persistence or averaged display
modes

— the tradeoff between throughput and accuracy

— how to use display persistence as a measurement aid

— tips about which display mode to use for different types of
measurements

— an exercise using infinite persistence to evaluate signal jitter

— an exercise demonstrating the effect of the averaged display mode
on a signal with time jitter

The Display menu allows you to:

configure the HP 54120A for either persistence or averaged
display mode

vary the display time from 300 ms to infinite (persistence mode)
vary the number of averages from 1 to 2048 in powers of 2
{averaged mode)

define the waveform display area for single or multiple
waveform displays

define the type of graticule that is used

extend bandwidth (averaged mode)

Display Menu
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Display .

|
Displey Mods

Persi1st | Averaged

DISPLAY TIME || | Pyl
328ms —= infin)te 1-2048
Screen Screen
Single Duat Quad Singie | Dual Qued
Graticuie Graticule
Off | Grid | Axis | Frome Off | Grid | Axis | Frame .
— Bandwidth
Bondwidth
12.4GHz
12 . 4GMz TBGHZ
)
Figure 8-1. Display Menu
]
Display Pressing the Display Mode key allows you to select:
Mode Key

* persistence display mode
¢ averaged display mode

[n the persistence display mode each date point is displayed as it is
acquired and is kept on the display for a definable period of time .

Display Menu
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Display
Mode

DISPLAY
TIME

Scraen

Graticule

Bandwidth
124 GHz

Display
Mode

NUMBER
- OF
AVERAGES

Screen

Graticule

Banawigdth

If the persistence display mode 1s selected:

¢ DISPLAY TIME key 1s activated and coupled to the entry
devices

* data is maintained on the digplay with the entry devices for a
defined period of time or indefinitely
— mnimum display time {persistence) is 300 ms

— any display time egual to or greater than 11 s defaults to
“Infimte”

* persistence time 1s listed at the top of display
* the oscilioscope's bandwidth is reduced to 12 4 GHz

In the infinite persistence mode;

* data points remain on the display until
— CLEAR DISPLAY key is pressed or
— an mstrument control that would normally change the
display is used

If variable persistence (persistence less than 11 seconds) is selected.

* a flexible display changes with variations in the input signal
* the instrument stores the signal indefinitely on the display if
the trigger 18 lost and the umt is in Trg'd Sweep

A minimum persistence setting is useful when the input signal 15
changing and you need immediate feedback, such as for rapidly
probing from point to point and setting the amplitude or frequency
of & signal source. More persistence is useful when you are observing
long-term changes in the signal or low-signal repetition rates.
Infinite persistence is useful for worst-cage characterizations of
signal noise, jitter, drift, timing, ete.

Selecting the averaged display mode:

* activates and couples the NUMBER OF AVERAGES key to the
entry devices

* specifies the number of averages from 1 to 2048 in powers of 2

* averages data from multiple acqu:sitions to create the displayed
waveform(s)

* activates the Bandwidth key

In the averaging mode, the last acquired data points are averaged
with previously acquired data before they are displayed.

Display Menu
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Displayed noise can be significantly reduced with the averaged mode

As the number of averages is increased, the display becomes less

responsive to changes in the input signalis}, however, more averages

reduces noise, ymproves resolution, and increases repeatability. .

Bandwidth Key Pressing the Bandwidth key allows you to select:

* 20 GHz bandwidth mode
— maximum bandwidth for channel 1 is 18 GHz
+ 12.4 GHz bandwidth mode

If you do not need 20 GHz bandwidth (18 GHz on channel 1), use the
12 4 GHz bandwidth to keep the signal-to-noise ratio at the best
possible level.

Screen Key The Sereen key allows you to define the waveform display area as: .

* Single (one area)
— all input signals, displayed memaries, and displayed
functions** are superimposed in the waveform display area
+ Dual (two separate areas)
— channels 1 and 3 and function 1 are displayed in the top half
of the display
— channels 2 and 4 and function 2 are displayed i the bottom
half
— any waveform memories may be independently displayed in
either half of the display

*+ “Functions” refers to the functions you can set up in the Wim
Math (Waveform Math) menu. See Chapter 12.

Dispiay Menu
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* Quad (four separate areas}
— channel 1 or, function 1 15 displayed in the top area
— channel 2 or funetion 2 15 displaved 1n the second area
— channel 3 and 4 are displayed 1in the third and fourth areas
respectively
— any waveform memories may be independently displayed n
any of the four display areas
» vertical scaling 15 changed automatically to provide an
appropriate display as the screen function is changed

Graticule Key Pressing the Graticule key allows you to:
* change or remove the display graticule
The graticule selections are:

Gnd
Axes

Frame
Off

Tip

You'll find that the frame graticule malkes it easier to see
the Delta t and Delta V markers.

]

Infinite The objective of this exercise is to evaluate time jitter on a signal
Persistence with the infinite persistence display mode,

Exercise

Equipment required:

* HP 8116A function generator {or equivalent)
» HFP 54120T oscilloscope

¢ miscellaneous coax cables, SMA and 3.5 mm precision
connectors and adapters

+ HP 116678 power splitter

Display Menu
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Before connecting the HP 54121A test set to a signal
source, insure that the source does not exceed +, —2 V. If
the input signal exceeds these limits, PERMANENT
DAMAGE to the instrument will result.

Equipment configuration:

» Connect the output of the function generator to the channel 1
and trigger mputs of the HP 54121 A test set with the power
splitter. See figure 82.

HP54120A
HPS41214
1 2 3§ 4 IRIG FUNC.GEN. o6 riout .
Q 00 O P
B4 120/9W02
POWER SPLITTER
Figure 8-2. Equipment Configuration
Initial instrument + HP 8116A function generator
Setup — get for 500 mV p-p, 10 MHz square wave
* HP 541207
— press AUTOSCALE
— set TIME/DIV = 20 ns/div
— set DELAY to 200 gs
— select the Display menu and set Display Mode to Persis
— set Persistence to infinite with the entry devices .
Display Menu
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Note that after several acquisitions, the leading and lagging edges of
the square wave are undefined. iSee figure 8-3.) This is caused by

the phase neise on the input signal. Unless a signal source 1s
extremely stable, jitter of this magmtude 18 common when long
delays are used.

. i o 5
AT LT rnnad ek

(Y - Y I |

70,008 us Caeesree ur T T deRL e us
ch, f = 5@.00 mvolts/div Of fset = 0.800 volts
Timebase = 20.8 na/div Delay = 200,000 us
Delta 7 = 23,6032 ne
Start = 200.053 us Stop = Z0Q.076 us

Figure 8-3. Jitter in Persistence Mode

The function generator used in this exercise demonstrated
approximately 23 ns time jitter with 200 us delay.

Tip

Use the Delta t markers to measure horizontal
(time) Jitter.

Display Menu
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Averaged Display  The objective of this exercise is to demonstrate an error source that
Mode Exercise exists when the averaged display mode is used with a signal that
has jitter.

Equipment required.

« HP 8116A function generator (or equivalent)

e HP 54120T oscilloscope

» miscellaneous coax cables, SMA and 3.5 mm precision
connectors and adapters

+ HP 116678 power splitter

WARNING

Before connecting the HP 54121A test set to a signal
source, insure that the source does not exceed +, -2 V
If the inpat signal exceeds these limits, PERMANENT
DAMAGE to the instrument will result.

Equipment configuration:

» Connect the output of the funetion generator to the channel 1
and trigger inputs of the HP 54121A test set with the power
splitter. (See figure 8-2.}

Initial Instrument HP 8116A function generator.
Setup
* et for 500 mV p-p, 10 MHz square wave

HP 54120T:

press AUTOSCALE

set TIME/DIV = 20 nsfdiv

set DELAY to 200 ps

select the Display menu and set Display Mode to Averaged
set NUMBER OF AVERAGES = 64.

. @ = 2 »

Display Menu
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Note that after several acquisitions, the leading and lagging edges of
the square wave are sloped. (See figure 8-1.) This is caused by
averaging when jitter 13 present.

T IS E
L Lo E
k- bo— pu—
L..‘;.---------.--.‘_l---.q. ......... R a-mc-mmimo—mamm— oo oo w 1
£ o 4
E [ A
b 1 . 4
E 1 =
r 17 E
‘F | PR a
| o !
e e e e e e e e 3
b — | 1 h— 1
E P ;
T { 1 1
ILLJ_J_L_L.L.M!—I.&JM%IIJ‘llAV| L L\nw-w_._n-->1I
202,000 us 200,100 us 200,300 ue
Ch. 1 = 50.80 mvolts/div Dffeat = B.0B0 wvolins
Timaebass = 20.8 na/div Delnmy = 200.000 u:
Ch. | Parameters Rise Time = 14.7847 ns

Figure 8-4. Rise-time Measurement with Jitter (Averaged Modei

Th demonstrate the loss of accuracy, select the Measure menu and
measure the rise time using 200 ps DELAY.

s Note that the rise time is approximately 15 ns. (see figure 84).
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To eliminate the induced jitter:

* Select the Timebase menu and set the DELAY to 16 ns.

* Select the Measure menu and repeat the rise-time
measurement.

+ Notice that the rise time on the same square wave without
jitter 15 approximately 4.4 ns (see figure B-51,

T AT T T T T et S T B
- i :
— LT it
T 1 ) ;
[ a
t B
- L .
: i !
1 i
= b -
"__ ——————————— B -
b | S I e e ——— e -
v | E i
L - -
i L PR 'LI'".4.7'4_'.,|._- T A T '
V- ded0 ‘na o 16,008 na 1% 000 rs
Ch. 1 = GCR.0Q mvoltasdiv Offset - 3.088 wvolts
Timebass = 20.8 na/div Dalay = 16,0009 ne
Ch. ! Parameters Risa Time = 4,35420 n=

Figure 85. Rise-time Measurement without Jitter
{Averaged Mode!

Note

If you use the averaged display mode with jitter
present, the oscilloscope may not faithfully reproduce
the signal.

Display Menu
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Figure 8-6 compares the results of the persistence and averaged
display modes when time jitter 1s present

_ i ———— o—
| : T - }
et S T S PP —1*7 I e T e B ""__J-‘___ ::'OES:GED
j . - b -~ - |
i Rl —— _J'_ et —r— I
‘ i ;
1 i
; ; |
!
i e PERSISTENGE
MODE

v
. —— f

700.000 us Z00.198 us TTTZ00.208 us

Ch, 2 « 122.0 mUolis/div Offaat = 500.2 mUplte
Timebasa = 20.2 ns/div Delay = 200.002 us

Memory 1 = 1900.0 mVolte/div Of Fsat = 5080.0 mUolte
Timebase = 20.0 na/div ‘ Dalay = 2080.000 us

Figure 8-6, The Persistence and Averaged Display Modes with
Time Jitter

PERSISTENCE MCDE AVERAGED MODE
I
t
t
]
I
I
t
t
!
[
I
I
|
. |

--: 4 APPARENT RISE TIME
t INACCURATE )
PERBISTENCE WAVEFORM WITH JITTER AVERAGED WAVEFORM WITH JITTER

Figure 8-7. Time Jitter with Persistence display mode
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. 9 Waveform Save Menu

Chapter Contents  — how to store and view waveforms in the waveform and
pixel memories

.
Overview The Wim Save menu allows you to:
¢ access the six memories available from the HP 54120A's front
WAVEFORM pazel L
MEMORY — four are waveform memories designated as waveform
g memories 1 through 4 (automatic measurements may be

used on waveform memories 1-4)
— two are pixel memories designated as pixel memories 5

. and 6

Source
for Store

Stors

Waveform Save Menu
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Waveform memories {memores 1-41 are nonvolatile — the daia in
these waveform records is maintained when the instrument is turned
off. Pixel memonies 5 and 6, however, are volatile and the data n

these memories is lost when the instrument 15 turned off .
Wim Sove
WAVEFORM PIXEL
MEMCRY - - MEMORY
1234 5 | &
Display Display
m ! off on | orf
Seurcs Clear
For Store ™ Mamory
Chen ts2z7asa [ 1
Fune 1/2
[ L] Add to
Store [~ IR

Figure 9-1. Waveform Menu

Memory Selection  After you have selected the Wfm (Waveform) Save menu, the
WAVEFORM/PIXEL MEMORY key (the top function key) 18
highlighted, allowing you to choose one of the following selections

with one of the entry devices:

o waveform memory 1 through 4
s pixel memory § or B

Waveform Save Menu
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Pixel Memories Pixel memories are primarily for comparing maltiple signal
. acgwsitions and multi-valued waveforms.

Pixel memories 5 and 6 are
PiXEL
MERY * 256 x 501 bit memories

= ponstrueted go that multi-valued waveforms can be stored in

D ﬁ v each

If more than one waveform 15 stored in a pixel memory:

Cloar ® the waveforms are superimposed
Memoary
When you select pixel memories 5 and 6:
h:dd 1o ¢ the third key in the menu changes to the Clear Memory kev
emary — allowing you to erase whatever is stored in the selected pixel
memory
* the fourth key becomes the Add to Memory key
— when pressed it stores all displayed channels and functiens
. to the selected pixel memory, where they join whatever data

is already stored there

Note

You cannot make measurements on waveforms stored

in a pixel memory because waveformn factors are not
maintained.

Waveform Save Menu
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Waveform
Memories

Waveform Save Menu
9-4

When waveforms are stored to one of the four waveform memories,
the following waveform factors are stored as part of the record

VOLTS/DIV
OFFSET
TIMEDIV
DELAY

This allows you to make measurements on these waveforms or

to use them as operands for Wim (Waveform) Math functions*#*
(Function?2 = Mem3 + Chan2) — eg., functions can be scaled with
VOLTS/DIV and OFFSET on the Waveform Math menu.

Note

Waveform memories can store only one waveform at a
time. If you store a waveform te a memory that already
contains & waveform record, the first record s written

over and lost.

*+ “Functions’' refers to the functions you can set up in the Wfm
Math (Waveformn Math) menu. {See Chapter 12.}



Display Key

Source for
Store Key

The Display kev allows you to:

¢ display or not display the waveform in the selected memory
* select in what portion of the sereen the memory is to be
displayed
— valid only in the dual or quad screen mode isee Chapter 8,
*“Dizplay Menu")

In the Single Screen mode the Display key:
* turns the display of the selected memory on and off

In the Dual Screen mode the screen 1s divided into two display
areas, and the Display key allows you to select from the following
options.

* off - blanks the memeory display

* screen 1 - displays the selected memory at the top of the screen

* screen 2 - displays the selected memory at the bottom of the
screen

In the Quad Screen mode the screen is divided into four display
areas, and the Display key allows you to select from the following

¢ off - blanks the display of the waveform stored in the selected
memory

* screen 1 - displays the selected memory at the top of the display

* screen 2 - displays the selected memory in the second display
area

* screen 3 - displays the selected memory in the third display
area

* screen 4 - displays the selected memory in the fourth display
area

The Source for Store key aliows you to select the source to be stored
in the specified WAVEFORM MEMORY.

For a source to be available as the Source for Store.
» the source must be turned on

— 1f more than one source is on, this key allows you to toggle
through them

Waveform Save Menu
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The available sources are:

¢ channels 1 through 4
— availabie on the Channels menu .

s functions 1 and 2
— available on the Wfm Math menu
— mutually exclusive with channels 1 and 2

Store Key Pressing the Store key:

* stores the source in the selected waveform memory

Note

If vou store a waveform to a waveform memory with
the oscilloscope in the persistence display mode, the
last acquired data will be stored. If you use a long
display persistence, the stored waveform may be
different than the display.

If you store a waveform to a waveform memory with the oscilloscope
in the averaged display mode, the waveform will be stored exactly as
it is displayed.

Waveform Save Menu
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. 10 Delta V Menu

Chapter Contents  — the voltage markers and automatic preset levels
— an exercise demonstrating the automatic preset voltage marker
levels
— an exercise illustrating how to make a source-to-source voltage
measurement
|
Overview The Delta V menu allows you to:

* control two calibrated horizontal markers for
— making absolute voltage measurements
— reference markers when you are adjusting a signal to a

given amplhitude
. — defining thresholds for time measurements

V Markers V Markers
B

MARKER 1
POSITION

MARKER 2
POSITION

Preset
Levels

Auto
Level

Delta V Menu
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Delto V

VMarkers

off

on

MARKER 1
= POSITION

Chah 1—4/Fune 1,2
suaveform memary 1-4

WMARKER 2
— POSITION
Chon 1=4/Func 1,2

Prenat
- Levels

B—1BB|I0-98|29—83|SO-SOJVuriable

VARIABLE
- LEVELS

—25%- +125% | —25%~ +125%

|_ Aute
Level

Set

JAI2MY

Figure 10-1. Delta V Menu

Voltage
Markers

#* Rafar to Chapter 8, “Waveform Save Menu,” for more details on
the HP 54120T memories.

Delta V Menu
10-2

After you have selected the Delta V menu and turned on the voltage
markers:

* you can select the source for either of the V markers
* you can position the V markers
* you can reference the voltage markers to any source if the

display for that source is an (excluding pizel memories**}



The voitage shown at the top of the waveform display area indicates
the voltage level of the selected V Marker.

The voltage marker sources are:

* channels 1 through 4
* functions | and 2 iset up in Wfm Math menu)
* waveform memories 1 through 4

Note

Voltage markers can be separately assigned to any of
the sources. This feature allows you to make source-to-
source voltage measurements.

To be available the source must be turned on.

After assigning the markers to the desired source, the MARKER 1
POSITION and MARKER 2 POSITION function keys:

¢ allow you to position the markers vertically with the entry
devices.

[f you are using the default colors, the voltage marker you have
selected and its label are orange. AV, displaved at the bottom of the
display, is the difference between the two markers. If one of the
marker position keys 18 the selected function, the values for AV and
the voltage level of the selected marker are aiso orange The
MARKER POSITION key that is not selected and its associated
mearker are gray.

.|
Preset Levels Pressing the Preset Levels key with both voltage markers assigned
Key to the same source:

¢ gutomatically positions the voltage markers with respect to the
last 0-1009t levels to the following levels:
- 0-100%
— 10-90%
— 20-80%
— 50-50%
— Variable

Delta V Menu
10-3



Delta V Menu
10-4

Pressing the Preset Levels key with the voltage markers assigned to

different sources provides two preset levels:

» 50-50%
* Variabie

The automatic preset levels for the voltage markers are very useful
tools when combined with the time markers. When combined they
can be nsed to make custom measurements and to identify specifie

Note

In contrast to when both voltage markers are assigned
to one source, the voltage markers do not reposition
themselves as the variable levels are changed. When
the voltage markers are assigned to different sources,
the Aute Level Set key must be pressed to position the
voltage markers to the new variable levels

Note

The voltage markers will not automatically position
themselves on a new signal but will use their previous
levels as references unti] vou manually repesition them
with the MARKER 1 and 2 controls, or press the Auto
Level Set key, which sets the levels according to the
current signal. Both of these determine new 0-100%
levels.

signal edges.

Pressing the Preset Levels key repeatedly until Variable is selected:

* adds the VARIABLE LEVELS key to the menu

+ provides two variables for defining the levels of the voltage

markers the same way the fixed preset levels did

The variable preset levels can be changed with any of the entry

devices.

Repeated pressing of the VARIABLE LEVELS key toggles it between

the two

levels.



Auto Level The Auto Level Set key:
Set Key » automatically sets the voltage markers to the selected preset
levels on the displayed signalist
— with the voltage markers assigned to the same source both
preset levels are associated with that source
— marker 1 is associated with the first source and marker
2 with the second

Note

If the voltage markers are assigned to a single
source and then reassigned, the oscilloscope
remembers the voltage levels of the first source. This
allows vou to reselect the first source without losing
the 0-100% reference

I
Voltage Marker The objective of this exercise is to demonstrate the automatic preset
Exercise voltage marker levels.

Before connecting the HP 54121 A test set to a signal
source, insure that the source does not exceed +, —2 V If
the input signal exceeds these limits, PERMANENT
DAMAGE to the mnstrument will result.

Delta V Menu
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Tip

Set the output of the function generator to the
appropriate level before connecting it to the HP 54120T

HP 541207 oscilloscope

HPF 116678 power splitter
HP 8116A function generator
miscellaneous SMA and 3.5 mm precision connectors, adapters,

and cables

Equipment configuration:

The equipment required for this exercise includes:

s Connect the output of the function generator to channpel 1 and
trigger inputs of the HP 54121A test set with the power splitter

(see figure 10.2).
HP541204
SewHz
590V
HP54121A SQUAREWAVE
2z 3 4 TRl FUNC.GEN. rpr6 Lout
CP 0 OO0 Q P
120/
POWER SPLITTER
Figure 10-2. Equipment Configuration
Delta V Menu
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Initial Instrument

V Markers

Marker 1
Position

MARKER 2
POSITION

Preset
Levels
0-1000%

Auto
Level
Sets

e HP B116A function generator

Setup — set for 500 mV, 50 MHz square wave
* HP 54120T oscitloscope
— press AUTOSCALE
— set TIME/DIV = 10 ns/div
Select the Delta V menu:
* turr voltage markers On
— for dissemination marker 2 has twice as many dashes as
marker 1
» set Preset Levels to 0-100%
® press Auto Level Set key
- o , VMARKERD
i s B
. . 1
; = | YMARKER1
—_——— e = o e — e — et
bl |
. !
T .
T15.0082 ns 6. 0000 ns 11E.002 n=
Ch, = Z0.98 mVoltsasdav Offamt = 251.7 miclis
Timebase = 10.0 nssdiv Dalay = |E.200R ns
Delta ¥ = 91,87 mVolts
Umarkerl = Z2@5.5 mWolts Unarher? = 297.5 mUslts

Figure 10-3. VMarkers

Pressing the Auto Level Set key automatically moves the voltage
markers to the 0-100% levels (preset levels) of the signal. To see how
the Preset Levels key works, press the Auto Level Set key to
reference the markers to the channel 1 signal, then press the Preset
Levels key several times and notice how the markers move to the
defined levels.

Delta V Menu
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Source-to-Source  The objective of this exercise is to show you how the voltage markers

Voltage can be used to make differential voltage measurements with two
Measurement dafferent sources, as would be the case if you needed to evaluate the

. amount of voltage shift when a signal is acted npon by a cireuit or
Exercise device under test.

Before connecting the HP 54121A test set to a signal
source, insure that the source does not exceed +, -2V If
the 1nput signal exceeds these limits, PERMANENT
DAMAGE to the instrument will result

Tip

Set the output of the function generator to the
appropriate level before connecting to the HP 54120T .

The equipment required for this exereise includes:

HP 54120T oscilloscope

HP 116678 power splitter

HP 8116A function generator

miscellaneous SMA and 3.5 mm precision connectors, adapters,
and cables

Equipment configuration:

» Connect the output of the function generator to channel 1 and
trigger inputs of the HP 541214 test set with the power splitter
{see figure 10-2)

Initial s HP 8116A function generator
Instrument Setup — set for 500 mV, 50 MHz square wave
e HP 54120T oscilloscope

— press AUTOSCALE
— set TIME/DIV = 10 ns/div

Delta V Menu
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Select Wim Save menu:

* store channel 1 to waveform memory 1
¢ turn on display of memory 1

Selact Delta V menu

* turn voltage markers On

* assign marker 1 to channel 1

* assign marker 2 to memory 1

¢ gelect 0-100% preset levels using Variable preset levels
* press the Auto Level Set key

This places V Marker 1 to the bottom of channel 1 and V Marker 2
to the top of memory L. The voltage levels of the two markers are
shown at the bottom of the display. Also listed there is AV, the
difference between the two markers,

Select the Channel menu:

¢ With OFFSET and the knob, move the channel 1 waveform up
and down.

Notice that as the channel 1 waveform is moved on the display that
MARKER] maintains its relationship to channel 1.

Delta V Menu
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TRt T TRTETTTTTTeTTETTTT MEMORY 1
— L, —— —— ———
- - - — =l e > = - '
: t
i il L o CHANNEL 1
' S o b S e
E——._.-h-..‘-———-—-;—“"-‘f———;‘-—ﬁ—‘-————“ﬂ-l——-.—-—_‘_‘\_rln
T16. 0888 ns T Ee.0ded ns 116.00¢ ns
Ch. | = 20,00 mUolts/div Offset = 276.@ mUolta
Timebase = 108.2 ns/div Delay = 15.08860 na YMARKER!
Memary 1 = 28.0@0 mVolts/div Dffget = 25!.7 mVolts
Timebase = 0.8 ns/div Delay = 16,8000 ns
= 9].87 mVoits
Umarkert = 2@5.E muUolts Umarkerz = 297.5 mWolts

Figure 10-5. Source-to-Source Voltage Measurement

When you assign the two voltage markers to different sources, the
HP 54120T oscilloscope recogmnizes any differences in the VOLTS/DIV
and OFFSET values for the two sources. This allows you to make
differential voltage measurements between these sources.

- ://VMAHKEH;! .



. 11 Delta t Menu

Chapter Contents  — the stop and start markers
— how to use the waveform edge finders
— an exercise illustrating how to make a time interval
measurement on a single source
— an exercise illustrating how to make a time interval
measurement between two sources

Overview The Delta t function meow

¢ controls two calibrated time markers that can be used as
references or for making measurements 1n the time domain
— these markers can be positioned with signal edges or time
. references

The values of the two markers with respect to the trigger point and
to each other (At) are displayed at the hottom of the CRT.

T Markers T Markers T Markers
START START
MARKER MARKER
STOP ST0P
MARKER MARKER
STAAT ON
. Eﬁ EDGE
STOP ON
W EDGE
Pretise
Edge
Find
Delta t Menu
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Dalta t
!

TMarkars
off on
START
m MARKER
5TOP
m MARKER
START ON
| POS/NEG EDGE
1-18¢
STOP ON
| POS/NEG £DGE
=100
Precise
=] Edge
Find

B4R E

Figure 11-1. Delta t Menu

Start and Stop After you have selected the Delta t menn and turned on the time
Markers markers:

s you can move each time marker manually by selecting START
MARKER or STOP MARKER and using the entry devices
— stop marker has twice as many dashes as the start marker
— if default colors are used, the selected t marker is displayed
1in orange

Delta t Menu
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Start and Stop
on Edge Keys

STAAT STOP
T Markers MARKER MARKER
\
START | H
MARKER : ?
| i
sTOP ' : ) T -
MARKER . | \
bl o s I
START ON ll '
ﬁgﬁ EDGE | 5
T - ’ | e \"""-_.__-
STOP ON : v
ﬂﬁ EDGE | P
e S R
Precise Figure 11-2 T Markers (Waveform!
Edge
Find The Delta t menu includes three additional keys that are only
available when the Delta V markers menu is turned on. They
include:
* START ON EDGE key
* STOP ON EDGE key
* Precise Edge Find key
.|

The START and STOP ON EDGE keys allow you to:
¢ move the time markers to any on-screen signal edge
— defined by V Marker level

* select the number of the edge of interest with any of the entry

devices

* the edge keys are highlighted 1n the color of the waveform they

are measuring
If an edge key has been selected and is pressed a second time:
¢ the polarity of the edge changes

¢ If the marker is associated with a memory it will use the
Time/Div of the memory

Delta t M

eny
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Precise Edge
Find Key
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The voltage marker levels (set 1n the Delta V menul define the
intersections of the on-screen signal edges as follows:

= the start-on-edge marker 1s associated with voltage marker 1,
and the stop-on-edge marker is associated with voltage
marker 2

* the associated voltage marker must intersect the signal for the
start and stop-on-edge markers to find the defined edges)

Note

To use the start and stop-on-edge function, return to the
Delta V menu and adjust the voltage marikers to mntersect
the signal of interest.

The precise edge find function momentarily expands the edges
defined by the time markers and voltage markers to increase the
resolution of this measurement.

The Precise Edge Find key allows you to:

* move the time markers to the signal edges defined by the
START and STOP ON EDGE keys and the voltage markers.

Tip

Use this key if you have moved the time markers (with
the START and STOF MARKER kevs) and you want to
return to the edges defined by the edge keys.

When you are in the averaged display mode, the speed, accaracy, and
repeatability of this measurement are influenced by the number of
averages. The more averages, the greater the repeatability and the
slower the measurement will be. Other items that influence
repeatahility are: input mignal edge speed, repetition rate, signal
jitter, starting TIME/DIV and delay time.



Time-Interval This exercise demonstrates how to make a time-nterval
Measurement measurement with the Delta t markers.
Exercise

WARNING I

Before connecting the HP 54121A test set to a signal
source, insure that the source does not exceed +, -2 V If
the input signal exceeds these limits, PERMANENT
DAMAGE to the instrument wil! result.

Tip

Set the output of the function generator to the
appropriate level before connecting to the HP 54120T

The equipment required for this exereise includes’

HP 54120T oscilloscope
HP 116678 power splitter
HP B116A function generator

miscellaneous SMA and 3.5 mm precision connectors, adapters,
and cables

Equipment configuration:

* Connect the output of the fanction generator to channel 1 and
trigger inpute of the HP 54121A test set with the power
splitter. See Figure 11-3 on next page.

Delta t Menu
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POWER SPLITTER

Figure 11-3. Equipment Configuration

= HP 8116A function generator

set for 500 mV, 50 MHz square wave

» HP 54120T oscilloscope

press AUTOSCALE

set TIME/DIV = 20 ns/div

select the Delta t menu and turn the time markers On
with the entry devices move the START MARKER to the
first negative edge of the signal

move the STOP MARKER to the second negative edge

Tip

Tb improve the accuracy of where the time markers are
placed, pick a horizontal reference like & graticule line
and position the time markers at the intersection of the
graticule line and the edges of interest. This is an
accurate way to manually position the time markers. In
the next exercise you will learn how to position the time
markers automatically with the voltage markers.

The value of At, listed at the bottom of the display, defines the time
between the time markers (in this case the width of the pulse).



START STOP -

MARKER MARKER
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o
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15.0000 ns 116.882 ns 216,008 ns
Ch. 1 = 20.9¢ mVolis/div Offsemt = 281.2 mbalts
Timebase = 0.2 na/sdav Dalay = 16.B088 ns
Delta T = 0.0000 ne
Start = 17,2000 n3 Step = 47.2000 ns
Figure 11-4. Pulse Width
]

Source-to-Source This exercise demonstrates how to make a time interval
Time Interval measurement from one source to another.

Exercise

Before connecting the HP 54121A test set to a

signal source, insure that the source does not exceed

+ —2 V Max. If the input signal exceeds these limits,
PERMANENT DAMAGE to the instrument will result,

Tip

Set the output of the function generator to the
appropriate level before connecting to the HP 541207

Delta t Menu
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The equipment required for this exercise includes:

HP 54120T oscilloscope

HP 11667B power splitter

HP 8116A function generator

20 dB coaxial attenuator

miscellanecns SMA and 3.5 mm precision connectors, adapters,
and eables

* ® & & 8

Equipment configuration:

» Connect the output of the function generator to channels 1 and
2 of the HP 54121A test set with the power splitter.

* Use an additional length of cable between the power splitter
and channel 2 to provide & time differential between channels 1
and 2,

* Connect the trigger output of the function generator through a
20 db attenuator (10.1) to the trigger input of the HP 54121A.

Note

For the purposes of this exercise additional cabling is
used for the channel 2 signal path. This induces a time
differential between channels 1 and 2. The objective of
this exercise is to measure this differential, The
technique in this exercise can be used to determine the
propagation delay of a device under test.

Tip

Connect one output of the power splitter directly to the
channel 1 input and connect channel 2 to the power
aplitter with a coax cable. This will provide the delay
needed for this exercise.

Delta t Menu
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HPS54120A
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P Somhz
HP541214 . SQUAREWAVE

r
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- \_/

PONER SPLITTER

Figure 11-5. Equipment Configuration

Initial instrument s HP 8116A function generator
Setup — set for 500 mV, 50 MHz square wave

* HP 54120T oscilloscope
— preas AUTOSCALE
— set TIME/DIV = 2 ns/idiv
— select the Display menu and set the Sereen funetion to

Single

— select the Delta V menu and turn the voltage markers

On and assign marker 1 to channel 1 and marker 2 to
channel 2

— set Preset Levels = 50-50% and press Auto Level Set

— select the Delta t menu and turn the time markers On

— get START ON EDGE = POS 1 and STOP ON EDGE =
POS1

— press Precise Edge Find

This sets the start and stop markers on the leading edges of the
pulses on channels 1 and 2 respectively. The accuracy of the
placement of the time markers is enhanced by the fact that they are
placed with the voltage markers and the selected edges to identify
the point of intersection.

. The time interval between the time markers is listed at the bottom
of the display labeled At. See figure 11-6 on next page.
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Figure 11-8. Source-to-Source Time Interval Measurement
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. 12 Waveform Math Menu

Chapter Contents  — built-in math Functions, which allow you to

invert
add
subtract
determine minimum or maximum data or both (Min, Max)
define a math function as a channel or memory (Only)
provide X vs Y display using two operands (Versus}

— tips on how to use the Min and Max capabilities

— an exercise demonstrating Waveform Math features and how to

subtract one source from another
— how to scale a function

. Overview The Wfm (Waveform) Math menu allows you to

¢ define functions 1 and 2 with the waveform memories 1 through
4 and channels 1 through 4 as operands

A Waveform Math function is created by:

* adding or subtracting one operand from another {+, —)

* inverting an operand (Invert)

¢ acquiring minimum or maximum data from an operand {Min
and Max)

¢ defining an operand as a function (Only)

* using two operands to generate X vs Y display {Versus)

Note

The minimum and maximum operators are available
only when the HP 54120T is in the persistence display

. mode,

Waveform Math Menu
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A function can be;

Function

¢ displayed
* gvaluated with the HP 54120T"s automatic measurements
— not valid for Versus operator
Displav ¢+ stored 1n one of the waveform mermories for later use
@ — not valid for Versus operator
* rescaled and offset vertically
Chan 1
Wm Math
1 Function 1/2
Chan | Dispiay
on off
DISPLAY
SCALING | | chennal 1/2/3/4
Mem 1/2/3/4
| | I?-nnvloyr/t/ Yersus Chan 1/2/8/4 .
o inrmos - Mem 1/2/3/4
DISPLAY
- SCALING
Volts/Div L Offeet

SR

Figure 12.1. Waveform Math Menu
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12-2



Function Select Key The Function select key allows you to:
¢ access either function 1 or 2
Display On/Off Key The Display On/ONf key allows you to:

s turn the display for the selected function on and off

— if a function is turned on, its vertical deflection factor is
displayed at the hottom of the CRT

— if both functions are displayed, both deflection factors
are displaved

— if you want to display functional and channel 1 or function 2
and channel 2 at the same time, use the Only operator

First Operand Key The first operand key (third key from top} allows you to*

* gelect the first operand with either
— memory 1 through 4 or
— channel 1 through 4

Note

These sources do not have to be on to be used as
operands.

Operation Select Key The operation select key (fourth key from the top) ailows you to:

* select one of the following operations

— '“+" adds the two operands

— "*—" subtracts the second operand from the first

— “Invert” inverts the first operand and eliminates the second
operand key

— "Ounly" defines the first operand as the function and allows
you to add offset to signals beyond what 15 possible with the
hardware

— “Min” defines the selected function as the minimum value in
each of the 501 horizontal time buckets of the first operand
and 1s valid only in the persistence display mode**

Waveform Math Menu
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— “Max" defines the selected function as the
maximum value 1 each of the 501 horizontal time buckets of
the first operand and is valid only in the persistence display
mode**

— “Versus” displays two operands (X va Y) on a Cartesian
coordinate with the first and second operands the Y and X
values respectively

+* Tb acquire a meaningful display when using the min or max
operators, do not use infinite persistence (set in the Display
menu} If infinite persistence is used all date points remain on the
display indefinitelv and the min and max data cannot be
discerned.

Second Operand Key The second operand key (fifth key from the Lop) allows you to:

» gelect the second operand; your choices are
— channel 1 through 4
— memory 1 through 4
— valid with the “+", =", and “Versus” cperators only

Display Scaling Key The Display Scaling Key (botiom key) allows you to:

» change volts/div and offset of the displayed function with any of
the entry devices

» pressing the DISPLAY SCALING key toggles it between
— Volta/div
— Offset

Tip

Waveform math functions are not allowed as an
operand, However, if it would be an advantage to use
a function as an operand, store the function to a
waveform memory and use that memory &s an
operand.

Waveform Math Menu
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Waveform The object of this exercise is to demonstrate some capabilities of the
Math Exercise Waveform Math menu and the ability of DISPLAY SCALING to
magmfy portions of a waveform,

Before connecting the HP 541214 test set to a signal
source, insure that the spurce does not exceed +, -2 V. If
the input signal exceeds these limits, PERMANENT
DAMAGE to the instrument wil] result.

Tip

Set the output of the function generator to the
. appropriate level before connecting to the HP 54120T

The equipment required for this exercise includes:

+ HP 541207 oscilloscope

¢ HP 8116A function generator {or equivalent)

» HP 11667B power splitter

* 20 dB coaxial

* miscellaneous SMA and 3.5 mm precision connectors, adapters,
and cables

Equipment configuration’

* Connect the output of the function generator to channel 1 and
2 with the power spiitter. (See figure 12-2 on next page.)
— To induce a time differential between the two channels,
connect one output of the power splitter directly to channel
1. Connect channel 2 to the other output of the power
splitter with a coax cable.
» Connect the trigger cutput of the function generator to the
trigger input of the HP 54121A through a 20 dB attenuator.

Waveform Math Menu
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Note

For the purposes of this exercise additiona! cabling is used
for the ehannel 2 signal path. This induces a time
differential between channels 1 and 2 so there 15 enough
difference between the signals on channels and 2 to
demonstrate the features of the Waveform Math menu.

HPS54120A
20dB ATTENUATOR Seemv
s SBmhz
HP54127A i — SQUAREWAVE
1 2 3 4 TRIG ‘GEN- rere riowr
A0 0 & 2
ek 2GS

N

POWER SPLITTER

Figure 12.2, Equipment Configuration

Initial Instrument + HP B116A function generator
Setup — set for 500 mV p-p, 10 MHz square wave
— get OFFSET = 500 mV
s HP 541207
— press AUTOSCALE
— select Wfm Math (Waveform Math) menu
— set Function 1 = Chan 1 - iminus) Chan 2

This causes the HP 54120T to algebraically subtract channel 2 from
channel 1.

— set Function 1 Display On

Waveform Math Menu
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The resulting display should resemble figure 12.3, Function 1 is the
top signal. The perturbations on function 1 occur because channel 2
has been delayed with respect to channel 1. In duplicating this
exercise we used 4 B ns delay, a one-metre coax cable.

To keep this data for future reference, you can store function 1 in
one of the waveform memories. If you want to characterize this

function, you can select the Measure menun and use any of its
automnated measurements.

e - I e e A e T
—_— - s . : .
e VI -
[ ' '
— — e
' H ' \
‘ . ‘ .
‘ ‘ ; i l
e, 1 ey
————. R — Ty U ’
' . | |
| !

CTEE00E ns T i16.000 ns TTE. 600 ne
Functionl = Z@09.Q mvolts/dav Offamt = 0.000 vaolts
Ch, 2 = 190.8 mvoltaidiv Oftnat = 2.009 volts
Timebase = 7[0.8 na‘div Oelay = |6.0080 ne

Figure 12-3. Function 1 = Chan 1 - Chan 2

.
Using the Using the “Only" operator may let you view a signal at higher
Only Operator sensitivity levels than would be possible if you tried to evaluate a

signal directly from one of the channel inputs Perform the following
steps to demonstrate this feature.

¢ connect a 500 mV p-p square wave to channel 1 & the external
trigger input with an HP 11667B power splitter

» press AUTOSCALE

* select the Waveform Math menu and turn Funetion 1 on

* set Function 1 = Chan 1 only

Waveform Math Menu
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This defines funetion 1 as channel 1 and displays both waveforms at
ceunter screen.

s Use the DISPLAY SCALING Offset and move function 1 down
until the top of the waveform is at center screen,

oL - S NI S S WSy I — -
16.0008 ns 1.21600 us 2.21600 us
Functionl = 1.00Q mWolts/div Offsat = 123.0 mVolts
Timebase = 280 ns/div Delay a 16,0000 ns

Figure 12-4. Using the Only Operator

* Use the DISPLAY SCALING Volts/div and change the
sensitivity for function 1 to 1 mVidiv

* Set DISPLAY SCALING Offset to 750 mV. You may have te use
the knob and adust the display scaling offset slightly to
vertically center the top of the signal.

The square wave from the function generator was purposefully offset
500 mV for this exercise. Because the OFFSET function on the
Channels menu has a maximum offset of 500 mV, the top of the
signal can not be centered vertically on the display. The additional
offset available from the Ounly operator allowed the maximum

{1 mV/div) vertical sensitivity to be used to evaluate this sample

signal.

Waveform Math Menu
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. 13 Measure Menu

Chapter Contents  — the automatic waveform measurements
.
Overview The Measure menu is your access to the HP 54120T"s 11 automatic

measurements. You can measure all 11 waveform parameters simply
by pressing a key, or if you prefer, you can select each measurement
mdividuaily. These automatic measurements conform to the IEEE
standard 194-1977, “IEEE Standard Pulse Terms and Definitions.”

You can document the results of the measurements with either an
HP-IB printer or plotter.

After you have selected the Measure menu, you can select any of the

. three Measure menus by pressing the More key.
Pepzl;-;n- + Width Measure
Voltage
Prashoot — Width Pon
Over- ) Duty Al
Shoot Cycle

RAMS Rise
Voltage Time Freq
Fall Period

Time
More More More

Measure Menu
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Measure Key
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Msasure

Peak
ta
Paok
Voltage

Preshaat

Ovarshoot

Rms
Voltoge

Megsure Width
Func 172
| Chan 1/2/73/4
Mem 1/2/3/4 —Width
Precision Duty
Cycle
Fine Coarse
| | All Rise Time
s Freg Fall Time
m Pariad Mare
| I
— More
e 1

Figure 13-1. Measure Menu

SHTERR14

The Measure key (top key) allows you to:

* select the waveform source to be measured

— channel 14
— memory 14
— function 1 or 2

Note

To measure a source, it must be turned on idisplayed).



Precision Key The Precision key allows you to optimize your automated
. measurements for either inereased throughput or resclution.

It allows you to select:

coarse precision

— uses data on screen to determine results
— provides highest level of throughput
fine precision

— acquires new data to determine results
— provides highest level of resolution

— signal is momentarily expanded in time

The HP 54120T can make either fine or coarse precision
measurements. Coarse measurements are made with displayed data
and require less time to complete than do fine measurements, Fine
measurements rescale the timebase and acquire new data for
improved meagurement resolution.

Coarse measurements are made when;

data acquisition has been stopped
— Stop key is pressed

you make a

— peak-to-peak voltage

— preshoot

~— overshoot or

— RMS voltage measurement
¥ou measure a waveform memory
you measure a waveform math function that uses a waveform
memory as an operand

eoarse precision is selected

Measure Menu
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All Key

Peak-to-
Peak
Yoltage

Preshoot

Cver-
Shoat

RMS
Voltage

Mors

Measure Menu
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Pressing the All key:

s causes the HP 54120T to automatically make the
measurements listed below and displays the resuits at the
bottem of the CRT. The measurement results are highlighted in
the same color as the measured source,

Freq (Frequency) + Width (50%) Peak-to-Peak Voltage
Period — Width (50%) Preshoot
Duty Cycle Overshoot

Rise Time (10-90%) RMS Voltage
Fall Time {90-10%}

Measure
+ Width
Width Precision
-
Duty
Cycle All
Rise
Time Frea
Fall .
Time Pariod
More More




Any of these measurements can be made independently by pressing
the appropriate key.

When a measurement is made, the voltage and time markers are
auntematically placed en the signal. The points where the markers
intersect the signal indicate the data points for making the
measurement.

If the parameters for making a particular measurement are not
present, the measurement will not be made.

If measurements are made independently, the last measurement
result is highlighted in the same color as the measured source while
any previous measurement results are displayed in gray.

. _ 1
J':_-n 2
L 2
Vims= n Vj
i=1

Where there are n time buckets in 1 period and Vj is the voltage at
bucket j of the period data. Since it is rare for a period to fall
precisely within an integral number of time buckets, the algorithm
rounds to the nearest time bucket at the beginning and end, and
uses these as the limits.

Measure Menu
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Chapter Contents

Network Menu

— how to use the Network menu

— exercises that show vou how to make reflection and transmission
measurements
«— an exercise that shows you how to normalize a waveform

Netwark
I |
Reflact Trans =]

Step Step Rafilect
- ¥ - & L] Chan is

Chen | Chan 4

. off Qn off On Chan 1 Chen 3

| | NORMALIZED | NORMALTZED | | Reflect

RISETIME RESETIME Cal

Normalize Normaiize Trans

— 1o - to ] cel

Mem 1 Mem 2

| | Yelecity/Dielaciric
CURSCR CURSOR CONSTANT
Chen 1/3 Mem 1 Chan 4 Mem 2
Presat

|| Min & Max Prap — g;”“}

Refilect L Delay anne

&
STRABLM Gain ::::’I:Lﬁ
[T R

Figure 14-1. Network Menu Schematic
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Overview

Network Menu

14-2

The Network menu gives you the ability to make time domain
reflection and transmission measurements with an internal or
external pulse. You can also quantify transmission and reflection
parameters automatically by pressing the eppropriate keys.

The transmission and reflection calibration sequences establish the
0 2 and 50 @ levels and the veference plane for determining
automated answers such as propagation delay and gain, and
minimum and maximum reflection.

To make time domain reflection measurements (TDR), use the
Reflect submenu, and to make time domain transmission (TDT)
measurements, use the Trans submenu. Each of these submenus
provide control for the:

Internal pulse

Calibrated cursor
Normalization process
Automated measurements

Normalization gives you a powerful tool for characterizing the
response of transmission paths or networks to a variable rise-time
pulse. This characterization is accomplished mathematically and
gves you the ability to evaluate a device under test (DUT) with a
pulse with a simulated rise time as fast as 10 ps. Normalization also

corrects for imperfect cables and connectors between the oscilloscope
and the DUT.

Making a TDR measurement is a two-step process:

» establish references for automatic measurements with the
Reflect Cal function on the Cal submenu
s analyze the DUT with the Reflect submenu
— the cursor provides instantaneous values
— mimmum and mazimum reflections are available with a key
stroke
— sumulated rise times and error correction are available with
normalization

Note

Normalization uses the Bracewell transform, which
is under license from Stanford University.



Making a transmission measurement 13 a two-step process

¢ establish references for automatic measurements with the Trans
. Cal function on the Cal submenu

analyze the DUT with the Trans submenu
— the cursor provides instantaneous values
— propagation delay and gain are available with a key stroke

.
Cal Submenu The Cal submenu:
cat ¢ allows you to calibrate the HP 54120T to make reflection (TDR)
Raflect or transmission (TDT) measurements
Trans * must be completed before the cursor or normalization can be
used, or automatic network measurement answers are available

* is valid for current TIME/DIV, DELAY, and handwidth settings
Relect when normalization is used
* is valid for the existing external configuration only
— * is valid for all VOLTS/DIV and OFFSET settings

Reflect
® =

Trans The TIME/D]V, DELAY, and bandwidth settings that
Cal were used during the cal procedure must be used for
normalization. These seftings may be changed, but if
you intend to use normalization you must either recal
Diglect at the new settings or return to the original TIME/DIV,
CONSTANT DELAY, and bandw:dth values.
Presst
Reflact
Channel

Network Menu
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Reflect
Chan I8

Chan 1 Chan 3

Reflect
Cal

Trane
Cal

| Velocity/Dielectric
CONSTANT

Preset
— Raflact
Chenna |

SR

Figure 14-2. Cal Submenu Schematic

Tip

For the best calibration results, move the wmeident edge off
sereen by increasing the Timebase DELAY. However,
insure the reflected edge is still on screen after you have
adjusted the DELAY.



. “*REFLECTED EDGE

— = 50 g LEVEL
= |NCIDENT
£DGE
16.0098 ns 26,0000 ns 36.0000 n=
Ch. 1 = 8@ 08 mVoltsrduiv Dffuet = 7900.2 mVoits
Timebsse = .98 nsidiv Delay = & @088 ns

Trigper s Freerunning 8t SO0 kHz with Step on

Figure 14.3. Internal Step
Reflect Channel The Reflect Channel Is key:

is Key
. * defines the mput for making reflection measurements

— channel 1 is used for the internal step

— channel 3 is used with an external step (must be
synchromzed with the internal step)

— channel 3 is used as the input if it 15 necessary to attenuate
the internal step for a specific application

* interacts with Preset Reflect Channel key

— if channel 1 18 selected, the Preset Reflect Channel key 1s
activated

— if channel 3 is selected, the Preset Reflect Channel key 1s
deactivated

Network Menu
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HP54120A

HP54121A
IRIG

1 2 3 4
?O o]
\ DuT

Figure 144. TDR Measurement

Using an If it is necessary to use an external source for making TDR
External Pulse measurements, channel 3 must be selected as the reflection channel
for TDR and the external source must be synchronized with the internal siep
of the HP 54120T.

Figure 14.5 shows the external configuratien for using an external
pulse source when a TDR measurement is being made.

EXTERNAL TRIGGER INPUT

HP54 1204
PULSE QUT
HP541214 AN
1 2 3 4 TRIG EXTERN""\
SOURCE %
O OO0 (P
BAENSEM0E

N ATTACH oUT

HF116878
POWER SPLITTER

INTERNAL EDGE
USED AS TRIGGER

Figure 14-5. TDR with an External Pulge

Network Menu
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Using an  If 1t is necessary to attenuate the internal step for making TDR
External Attenuator measurements, channel 3 must be selected as the reflection channel
for TOR and the equipment configuration should resemble figure 14-6.

HP541204

AP541214
TRIG

1 2 3 4
OQOO

satgosenm
ATTENUATOR

out
Figure 14-6. TDR with Attenuated Internal Step

Refiect Cal The reflect cal is a two-step process that asks you to sequentially
Key install a 0 @ tshort) and a 50 @ termination at the reference plane in
place of the DUT. The reference plane is the point in the circuit
where the DUT will be installed when the reflection measurements
are made, Prompts are provided to help you complete the calibration.

The Reflect Cal key allows you to define:

* 0 Q (short) reference
— establishes the time and step height reference for the cursor,
automatic answers, and normalization
* 50 @ reference
— establishes the impedance reference for the cursor and
automatic answers

Network Menu
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HPB4 1204

HPS4121A
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P
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£33 500 TERMINATION

Figure 14-7. Reflect Cal

Note

When you perform a reflect cal in the averaged display
mode, you don't have to wait for the display to mtegrate
to its new levels. When the reflect cal key is pressed, the
display is eleared and new data is acquired for the
calibration.

The display mode influences the speed, accuracy and repeatability of
reflect and trans cal, as it influences other HP 54120T features. If
aceuracy and repeatability are more important than speed, nse the
averaged display mode, The more averages you use, the more
accurate and repeatable the results. If throughput and speed are the
most important issues, use fewer averages or the persistence display
mode.

Note

If your measurement requires a 10 ps normalized rise
time (fastest available), the oscilloscope’s environment
must be stable. You must allow approximately four bours
for its operating temperature to stabilize.

Network Menu
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Make sure the step generator 1s on during the warm-up

If you perform a reflect or transmission cal with a large number of
averages without an adequate warm-up, measurement accuracy may
suffer The greater the number of averages, the more opportunity for
timing drift. In other words, a larger number of samples may in fact
decrease accuracy if the temperature of the instrument is not fully
stabilized.

Noise is a significant problem when you're trving to normalize to
10 ps nise time. To compensate for the effect of noise, use a minimum
of 64 averages.

For best results with a 10 ps nermalized rise time and 2048
averages, a four-hour warm-up is suggested. If you use 256 averages,
a one-half hour warm-up is adequate

If you are using faster normalization times, use the 20 GHz band
width mode.

17.8930 ns =~

T17.3430 ns - © 17.5330 ms
Ch. 1 = BQ.0@ mVolts/div Of faet = 20@.0 miclts
Timabase = 350.0 ps/div Dalay = 17.0%3Q na
Memory | = B0.0@ mUoltsidiv Offzet = 20@.0 mvolts
Timebase = S@.8 psi/div Delay = 17 @932 ns

Figure 14-8, Instability Caused by Low Number of Averages When
10 ps Normalized Rise Tume Is Used
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The Reflect Cal:

¢ must be completed for a reflection measurement to bhe valid
must be completed before the cursor and normalization can be
used and automatic reflection answers are available

is only valid at current bandwidth setting for normalization
is only valid at current DELAY time setting for normalization
is only valid at current TIME/DIV setting for normalization
is only valid for the current external configuration

is valid for all VOLTS/DIV and OFFSET settings

Trans Cal Key The trans cal is a two-step process that evaluates the pulse height
and the reference path.

Pressing the Trans Cal key:

* allows you to determine the signal through the reference path
and the step height for making transmission path
measurements

* must be completed for transmission path measurements to be
valid

* must be completed before the cursor and normalization can be
used and automatic transmssion answers are available

A Trans Cal is valid for:

the current TIME/DIV, DELAY, and bandwidth

the current external configuration for normalization

for all VOLTS/DIV and OFFSET settings

for all TIME/DIV, DELAY, and bandwidth settings for the
cursor and prop delay & gain on the live channel
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Figure 14-9, Transmission Cal

Velocity/Dlelectric When velocity constant is selected:

Constant Key

* you can set time/metre for making distance measurements with

TDR and TDT

* you can set the velocity constant from 3.336 ns/metre to

33.356 ns/metre

* the velocity constant interacts with the relative dielectric
constant and vice-versa; the relationship is:

relative dielectric constant =

and:

velocity constant =

where:

veloity constant

velocity of light in free space®
ie, 3 X 10" metres/second

velocity of electromagnetic waves
in the dielectric media

trelative dielectric constant?”

velocity of light in free space
ie, 3 X 10° metres/second

H

velocity of electromagnetic waves
in the dielectric media
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Note

The distance measurements available with the HP 54120T
are only as accurate as the dielectric constant or velocity
constant that you enter.

When relative dielectric constant is selected:

* you can set the relative dielectric constant for making distance
measurements with TDR and TDT

* you can set the relative dielectrie constant from 1 to 100

+ the relative dielectric constant interacts with the velocity

constant

Table 14-1. Dielectric Constants
Material Dielectric Constant €,
Arr {1 atm) 1.0
Vacuum 1.0
Teflon 2.1
Polyethelene 23
Polysterene 2.6
Glass 40— 84
Phenclic laminates 42 -85
Porcelain 57 —648
Alumina 9.7

Distance measurements can be affected by many varables including
the uniformity of the material.

T unprove accuracy, measure the propagation velocity of a
representative sample of a given material.

¢« > LV = t/d tone way)

Where:

velocity
time
distance

R
nnu
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The followmng demonstration shows how to determine the velocity
constant of a 36-inch (0.9144 m} Gore cable with the answers
associated with the cursor on the Reflect menu:

1. Do a Reflect cal using the channel 1 input as the reference
plane,

2. Attach the 36-inch (0.9144 m) Gore cable to channel 1. This
cable is supplied with the HP 54120T.

3. Move the cursor to the unterminated end of the Gore cable —
ie., the beginning of the reflected edge. See Figure 14-10.

- I T R e E R

+ -4=CURSOR

UNTERMINATED
= CABLE END

e o (NCIDENT EDGE
R 4

5.6020 ns CEE.pave ne T T UEHIDRGE n

Ch. 1 s B@.00 mUclts/dav Offsat = 200.8 mUolts
Timebase = 2.00 na/div Dalay = 1E.0002 n=
Cursor on Channel | at 7,2272 n3 from refprance plane

Ref Plape = 17,3728 na Gistance = 914.8 mmeters
Rho = Be.53 3% Impedance = 203  Ohms

Figure 14-10. Measuring 36-Inch Gore Cable

Note

Set the cursor as close to the 50% level of the reflected
edge as possible. Decreasing the TIME/DIV setting

gives you increased resolution for moving the cursor

At lists the propagation delay from the reference plane to the cursor
and back — ie, two-way time. In this example At = 7.2178 ns.
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Using a ratio:

7.2272 ns/0.9144 m (36 inches) = two-way time/l metre =
7.90 ns

therefore:
one-way time/metre = 7 90 ns/
one-way time/metre = 3.95 ns = Velocity Constant

4. Return to the Cal menu and enter 83,9467 ns for the velocity
constant.

Note

The value for the dielectric constant will automatically
be changed toe match the new value for the velocity
constant (1.3999),

5. Return to the Reflect menu and notice that the cursor values
now reflect the actual length of the cable — 1€, 914 mm,

Preset Reflect Pressing the Preset Reflect Channel key:
Channel Key

¢ sets the oscilloscope so that it displays the internal step that is
used for making reflection measurements

¢ is activated when reflect channel = 1

* when pressed the Preset key:
— turns step & Chan 1 On (reflect portion of the Network

menu}

— sets Chan 1 VOLTS/DIV to 80 mV/div
— pets Chan 1 OFFSET = 200 mV
— turns Chan 1 on
— turns Chan 2 and 3 off
— sets TIME/DIV = 2 ns/div
— sets DELAY = 16 ns
— sets Delay Ref at Left
— sets timebase sweep to Freerun
— sets screen mode to single
— turns functions 1 and 2 off

Network Menu
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Note

Pressing the Preset Reflect Channel key 1s a convenient
way to put the oscilloscope 1 a known state. Any time
you need to use the internal TDR pulse, this preset key
saves time.
.
Reflect Submenu
Refiect Reflect
Trans 5‘;'9
Cal ] Chaon 1
Step & off on
Chan 1
| | NORMAL [ZED
NORMAL- RISETIME
IZED
. RISETIME
Normalize
Normalize » te
to Mem 1
Mem 1
CURSOR
CURSGR
Chan 1/3 Mem 1
. Min & Max
Min & Max . Reflect
Reflact
o4 IR
Figure 14.11. Reflect Submenu Schematic
The Reflect submenu allows you to:
» make reflection measurements with an external or internal step
source
— external step source must be synchromzed with the internal

step
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When the Reflect submenu is selected:
* the function keys are reassigned to reflection functions

Step & Chan Pressing the Step & Chan 1/3 key:
113 Key

» togglés channel 1 or 3 off or on in unison with the step from
channel 1

e turns the display for channel 1 or 3 on or off in unison with the
step from chananel 1
— Channel 1 or 3 is selected with the Reflect Chan key in the

Network Cal menu

* turns associated normalized memory off when Step & Chan is
turned off

« gets oscilloscope to freerun sweep mode when Step & Chan is
turned on

Normalized Normalization allows you to eliminate sources of error from the
Risetime Key measurement and evalnate the device under test (DUT) with a
signal similar to the one used in the DUT's actual application.

When the measured waveform is normalized to a specific rise time,
the actual step function is not changed but the reflection from the
device under test (DUT) is mathematically transformed to show what
its response would he to a “perfect™ step with the specified rise time.
The current value for the normalized rise time is listed at the top of
the display when you are in the Reflect or Trans submenus.

Note

In order for you te use normalization, a Reflect or Trans
Cal must first be completed with the TIME/DIV, DELAY,
bandwidth, and external configuration set for the
measurement. If any of these three parameters are
changed, the cal must be repeated. If you return the
TIME/DIV, DELAY, bandwidth, and external configuration
to their original conditions, you may use normalization
without recalibrating.
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Selecting the NORMALIZED RISETIME key:

* allows you to enter the desired normalized rise time with the
entry devices

¢ acceptable values for normalized rise time vary with the value
of TIME/DIV
— minimum normalized rise time = (TIME/DIV¥12.5 or 10 ps,

whichever is greater

— maximum normaiized rise time = 5 X TIME/DIV

* causes the oscilloscope to list the rise time at the top of the
display

* no acticn 18 taken until the Normalize to Memory key is
pressed

Normalize to When you press Normalize to Mem 1:
Mem 1 Key

= "the oscilloscope calenlates the DUT's response to a pulse with a
defined rise time

¢ the normalized waveform is stored to waveform memaory 1

* waveform memory 1 18 turned on and the nermalized waveform
is displayed—if default colors are used, waveform memories are
blue

s cursor can be assigned to Mem 1

¢ status line indicates “Normalizing"

Cursor Key When you press the Cursor key:

* a cursor appears on the displayed signal
— the cursor can be moved horizontally with any of the entry
devices
* a prompt at the top of display tells the location of the cursor
with respect to the trigger event
* you can assign the cursor to the selected channel {1 or 3) or
memory 1
— to have the cursor assigned to a source, the source must be
on and valid
* waveform factors, calculated at the cursor location, are
displayed i the upper left of the display
— they include:;
At = time from the reference to the cursor and back
(two-way time)
d = distance from the cursor to the reference plane
(one-way distance) based on the entered dielectric or
velocity constant
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Rho = instantaneous percent reflection
Z = impedance, calculated from the 50 @ and 0 O levels
established in the refiect cal

Note

The cursor is updated as it moves on the waveform;
therefore, if the waveform changes the cursor will not
move to the new waveform level until the cursor is
repogitioned.

Min & Max When you press the Min & Max Reflect key:

Reflect Key

Nelwork Menu
14418

e the minimum and maximum percent reflection for the data on

screen is displayed in the upper left corner
— the source for the data is the selected source for the cursor

Note

Before pressing the Min & Max Reflect key you must
complete a reflect cal. The oscilloscope uses the 50 1? and
0 2 (short) reference levels established in the cal
procedure to calculate the min and max values. The
algorithms for calculating the min and max reflect
percentages are;

Min reflect percentage = Vmin — Vref 50 /Vref 50 @ — Vref 0 0
Max reflect percentage = Vmax — Vref 50 (/Vref 50 0— Vref 0 0

Where: Vmin = minimum voltage on TDR waveform

Vref 50 1 = 50 Q reference level from reflect cal
Vreef 0 @ = 0 © reference level from reflect cal
Vmax = maximum voltage on TDR waveform



Reflect (TDR) This exercise demonstrates how to use the mternal TDR step to
Exercise make a reflect measurement. This exercise also shows you how to
. use normalization and how to acquire the automatic answers

provided with the cursor and min and max reflect functions.
The equipment required for this exercise includes:

HP 54120T oscilloscope

miscellaneous SMA and precision eonnectors and cables
coaxial 50 { termination

coaxial short

Equipment configuration:

* Connect a one-metre cable to the channel 1 input of the

HP 54121A,
Note
The SMA cables provided with the oscilloscope in the
. RF accessory kit are actually 36 inches long — ie,

0.9144 metres long

Initial HP 54120T:
Instrument Setup
* Select the Network menn.

* Select the Cal submenu and press the Preset Reflect Channel
key.

This twrns on the TDR step and presets the display.
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-— REFLECTED EDGE

36 INCH
50 §; CABLE
INCIDENT EDGE i
—_—
16.gkEe ne T 350804 ni T 56,0000 ns
Ch, 1 = 50.80 mUclts/div Difset = 200.8 mVolts
Timsbase = 2.00 ns/div D=lay = {6.Q2Q080 ns

Trigger ie Frearunning at 5@@ kHz wiih Step on

Figure 14-12, TDR Step

¢ Uge a 3.5 mm short and a 50 © termination to complete a
reflect cal (use the end of the cable on channel 1 as the
refarence plane).

This provides reference levels for the cursor, the min and max reflect
percentages, and normalization.

* Select the Reflect submenu and press the Cursor key.

This places the cursor on the waveform and allows you to use the
entry devices to position the cursor. The time from the trigger event
to the cursor 18 listed at the top of the display and the other cursor
factors are listed in the waveform display area. As the cursor s
moved on the waveform, the factors provide instantaneous values for
the current cursor location,

s Alternately install the 50 Q termination and short and notice
the results on the waveform.

This turns on the TDR step and presets the display.
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INCIDENT %" END OF (ABLE —I
EDGE |- i (}  (SHORM =
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- 4
v A ‘ : | ‘ | 1
" {E.066% ns = TE.0080 ns 360060 ns
ch. 1 = B2.00 mVoltsidlv Offset - 200.8 mVcita
Timebass = 2.8 ns/div Dalay = 15.08090 na

Trigges iz Frearunning ai 500 &Hz wilth Step on

Figure 14-13. TDR Step with Various Terminations
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J ®

YE.TTe s T T iBlaBT@ A T 73370 ns

Figure 14-14. TDR Step with a Strip Line

|
Normalizing This exercise demonatrates how to use normalization when you are
Exercise making 2 TDR measurement. Normalizing allows you to simulate

the response of a device under test (DUT) to various rise-time pulses
while mathematically eliminating many potential sources of error. [n
this exercise an unterminated cable end is used to demonstrate the
effects of normalization.
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Initlal Instrument
Setup

The equipment required for this exercise includes:

= HP 54120T oscilloscope

* miscellanecus SMA and precision connectors and cables
¢ coaxial {} termination

= coaxial short

Equipment configuration;
¢ Connect a one-metre cable to channel 1 of the HP 54121A.
HP 54120T:

® Select the Display menu.
— Set the Display Mode to averaged and select 64 averages.

¢ Select the Network menu.

¢ Select the Cal submenu and press the Preset Reflect Channel
key.

This turns on the TDR pulse and presets the display.

Set TIME/DIV = 1 nsidiv.
Set Delay Ref at Center.
Increase the DELAY until the reflected step is at center screen.

* &

Tip
Use the axis graticule and align the leading edge of the
reflected pulse with the center graticule This puts the
area of interest at center screen.
« Set TIME/DIV to 200 ps/div.

This expands the reflected edge and leaves it at center screen.
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Ch. 1 = 80.00 mVolts/div Offsat = 208.2 mUolts
Timebase = 200 ps/div Delay = 23,5840 ns

Trigger is Freerunning at 5S@@ kHz with %Sisg e&n

Figure 14-15. Reflected Edge

Note

Insure the escilloscope has reached its normal operating
temperature before using 16 ps normalized rise time.

» Return to the Network menu and perform a reflect cal.

s Select the Reflect submenu and set the NORMALIZED
RISETIME to 16 ps.

¢ Press the Normalize to Mem 1 key.

This causes the oscilloscope to mathematically simulate the
application of a 16 ps rise-time step to the unterminated cable end
and to store the results in waveform memory 1. The normalized
waveform will be displayed in blue.
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Figure 14-16. Reflected Edge Normalized to 16 ps Risetime

Stimulus

Tip

If you would like to evaluate the normalized waveform
without the channe!l 1 display on screen, press the STOP
and CLEAR DISPLAY system control keys sequentially.
This removes the channel 1 display without disturbing
waveform memory 1. Tb acquire new data and redisplay

channel 1, press the RUN key.

¢ Press the RUN key and the channrel 1 display returns.
* Set NORMALIZED RISETIME = 1 ns and press the

Normalize to Mem 1 key.

Notice the difference between the two normalized waveforms. They
demonstrate the simulated reflections from the DUT (unterminated
cable end) when two “perfect” but different rise-time edges are

apphed
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This exercise shows an effective way of evaluating a DUT. This is
accomplished by simulating conditions similar to those in an actual

circuit.
—
//f
-—'"—F/_
_————-ff-‘_
23,7400 ne ra.7400 ns 25,7400 ns
Ch. | = 30 00 mUgltardiv Offaet = ZPQ.0 mbolts
Timebese = 208 ps/div Delay = 04,7400 ns
Memery 1 = BO.QAG mUoltsrdi. Offsat = 20@.0 mWaolts
Timebase = 200 psidiw Ceiay = 24,7400 ne
Figure 14-17. 1 ns Normalized Waveform
]
Trans Submenu The Trans (Transmission) submenu gives you the capability of

evaluating the effect of a device under test (DUT) on a known pulse
The HP 54120T provides a high quality 200 mV pulse that can be
used for making transmission measurements. This internal pulse
works well for most transmission measurements because the rise
time is < 35 ps and the pulse top has a flatness specification of 1%
after 1 ns.
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Trans

Reflect

Cal

Slep &
Chan 4

NORMAL-
IZED
RISETIME

Normalize
to
Mem 2

CURSCR

Prop
Delay &
Gain

The Trans submenu provides control of the internal pulse and
transmission channei (channel 4). It also provides aceess to the
calibrated cursor and automated answers such as propagation delay

and gain.

Trane

Step

Chan 4

off

On

NORMAL 1ZED
RISETIME

Normalize
io
Mam 2

CURSOR

Chon ¢

Mem 2

Prep
Daloy

Gain

1ML

Figure 14.18. Transmission Submenu Schematie
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The Transmission submenu allows you to:

» evaluate the effect of a DUT on an internal or external signal
— external step source must be synchronized with the internal

step
HPS41204A
HPS4121A
1 2 3 4 TRIG
P NS q Q
B4 TR0 TS
L /
7
INTERNAL
STEP

Figure 14-19, Transmission Measurement
When the Trans submenu is selected:

e the function keys are reassigned to transmission functions
s Chan 4 is selected as the transmission measurement input

Step & Chan Pressing the Step and Chan 4 Key:
4 Key

» allows you to twrn Chan 4 on and off
— turns off the unused reflect channel (channel 1 or 3) when
channel 4 is turned off
— transmission channel is channel 4
— when channel 4 is turned off, all other channels are left on
« allows you to turn the step on or off if the step was not already
on in the Reflect submenn

Normalized Normalization allows you to eliminate sources of error and to
Risetime Key evaluate the device under test (DUT} with a signal sumilar to the
one used 1n the DUTs actual application.

When the rise time is normalized, the actual step functien 1s not
changed but the signal from the device under test {DUT) is
mathematically transformed to show what its response would be to a
“perfect’” step with the normalized rise time.
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Note

Tb use the normalize function, vou must complete a trans
cal at the desired TIME DIV, DELAY, bandwidth, and
external configuration for the measurement.

When you press the NORMALIZED RISETIME key:

* you can enter the desired normalized rise time with the entry
devices
s acceptable values for normalized rise time vary with the
TIME/DIV value
— minimum normalized rise time = (TIME/DIVY12.5 or 10 ps,
whichever is greater
— maximum normalized rise ime = 5 X TIME/DIV setting

Normalize to  When vou press the Normalize to Mem 2 key:
Mem 2 Key
the normalized waveform is stored to waveform memory 2
waveform memory 2 is turned on and the normalized waveform
is displayed
— if defanit colors are used, memories will be bine
* cursor can be assigned to waveform memory 2
¢ status line indicates “Normalizing™

Cursor Key When you press the Cursor key:

* a cursor appears on the displayed signal
¢ waveform factors are displayed in the upper left of the display
— At = time from the reference established during the trans
cal to the cursor. If the cursor was set at the 50% level of the
edge, At would equal the propagation delay
— Gain = Vout/Vin (expressed in percentage)
* normalized data will determine waveform factors if a
normalized rise time is used

Prop Delay and When you press the Prop Delay and Gain key:
Gain key
* the propagation delay (Prop Dly} of the DUT is displayed
* the distance (di represented by the prop delay is displayed based
on the entered dielectric or velocity constant
* the voltage gain (Vout/Vin) is displayed
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Transmission (TDT)
Exercise

Network Menu
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Note

When you are using the cursor, the value of Gain is an
instantaneous value calculated at the cursor. When you
press the Prop Delay and Gain key, the value of Gain is
calculated by using a histogram of the data of the selected
source. If vou switch from the cursor to the prop delay and
gamn function, you will probably see a difference between
the gain values.

This exercise demonstrates how to make (TDT) Time Domain
Transmission measurements with the pulse from channel 1. This
pulse is passed through the DUT and measured. The results are
used to caleulate the automated answers for the TDT measurements,
which include propagation delay, gain, and distance through the
DUT.

This exercise also shows you how to use waveform normalization.
Normalization can be used to simulate the passing of different rise.
time steps through the DUT. This allows you to simulate the effects
of a DUT on various rise-time edges.

An external pulse can be nsed to make TDT measurements, however.
the internal pulse works well for these types of measurements
because of its 35 ps rise time and 1% flatness.

The equipment required for this exercise includes:

HP 54120T oscilloscope

miscellaneous SMA and precision connectors and cables
coaxial 508 termination

coaxial short

coaxial 20 dB attenuator



Equipment configuration:

* Connect a one-metre cable to channel 1 of the HP 54121A

HP54 1204
HP54121A

1 2 3 4 TRIG

?) O 0 O
s4TRO DI \

/ ~ 20 dB
ATTENUATOR
1 METRE CABLE

Figure 14-20. TDT Exercise Equpment Configuration

Initial HP 54120T:

Instrument Setup
» Select the Network menu.

* Select the Cal submenu and press the Preset Channel key.
This turns on the TDR pulse and presets the display.

* Do a Trans Cal.
# Install the 20 dB attenuator between the cable and the channel

4 input. The 20 dB attenuator is used as the DUT.
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Note

You may substitute another attenuater mn this exercise
but the results will vary accordingly.

¢ Press the Cursor key.

B e T Al ATt o L b T =

I CURSOR
: . REFERENCE
e e PLANE :
. 1
|
- -
. i
: T S P VO TR i PR T U0 B PR RO
16,2002 nz 26.0000 na 36,0020 ns
Ch. 4 = 13,00 mVoltsrdiv Of faet = 2.200 Volts .
Timebase = 2,00 na/div Dalay = 15.2000 ns
Qurapr on Channel 4 at 2.4823 ns  from rafersnce plane
Ref Plane = 22,9877 n3 Gain - te.00 %

Trigger is Freerunning at 500 kHz with Step on

Figure 14.21. Cursor on 2 Transmission Waveform

This assigns the cursor to the signal on channel 4. After a waveform
normalization, the cursor can be assigned to either channel 4 or
waveform memory 2.

Notice, as the cursor is moved on the waveform, the value of At
changes. The value of At is the time from the reference established
in the trans cal to the cursor.
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The value of Gain is the ratio of the output voltage of the DUT to
the input veoltage. If you use a 20 dB attenuator, the gain value
twith the cursor on top of the pulse! is approximately 10%.

» Set NORMALIZED RISETIME = 10 ns and press Normalize
to Mem 2 key

« Set NORMALIZED RISETIME = 160 ps and press
Normalize to Mem 2 key.

These last two steps simulate the effect of the DUT on two different
rise-time edges. They are the slowest and fastest normalized rise
times available at this TIME/DIV setting.

After normalization the cursor can be assigned either to waveform
metnory 2 or channe] 4.

¢ Press the Prop Delay and Gain key.

This provides the propagation delay, distance, and gain associated
with the DUT for the cursor key source. The distance factor 15
calculated with the velocity/dielectric constant from the Cal
submenu The accuracy of the distance factor depends on the
accuracy of the velocity/dielectric constant that you enter.

Note

For the instantaneous gain {gain associated with the
cursor) and overall gain (gain associated with the Prop
Delay and Gain key), a portion of the base of the
transmission signal must be displayed. This level of the
base is used as a reference for calculating the gain
percentage.
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. 15 Histogram Menu

Chapter Contents — how to use the time and voltage histograms
— an exercise demonstrating how to make time and voltage
histograms and use the limit markers to customize your mean
and sigma measurements
— an exercise demonstrating how to make a jitter measurement
and evaluate the results

Histogram Menu

Windeow Acquire Resulis
Submenu Submanu Submaenu
. Window Window
Acquire Acquire
Results Resuits
Source Number UPPER
Is ot DISTA
Samples LIMIT
IiIE / LOWER
Voltage Day DISTR
Histogram LIMIT
WINDOW Start D%é; 12?%
MARKER 1 Acquiring el
Limits
Stop
WINDOW
MARKER 2 Acquinng Mean
. Bigma
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1806535, 000, 202
Tima 1 Voitaga LOWER
Histogrom Dispiay =1 DISTR
oef On LIMIT
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MARKER 1 Etart | 2% 188X
Acquiring Set ot
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se120/0L28
. . e Sigmn
Figure 15.1. Histogram Menu Schematic
B41 20 W24
Hi2em s
]
Overview Analog oscilloscopes gave the operator an indication of data

Histogram Menu
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distribution by displaying the data density in various shades of gray.
Now through the convenience of digitizing technology, the
HP 54120T enables you to make quantified measurements on this

very important signal characteristic.

Histograms and waveform statistics are an extension of the infinite
persistence mode of display. Not only can you see the total
distribution of the acquired data peints, you can quantify the data
distribution in both voltage and time.

This capability proves to be very useful in applications like
evaluating the distribution of an eye diagram, determining min/max
data, evaluating jitter and noise, measuring setup and hold times,
characterizing pulse variations in pulsed RF, or any other
application where the probability of distribution density is
important.



The Histogram menu also allows you to automatically determine the

two most meaningful quahties of a distribution — mean and
standard deviation.

Making a histogram measurement is a three-step process:

¢ the portion of the waveformn to be analyzed is defined in the
Window submenu

e the amount of data 15 determined and the acquisition of the
histogram is accomplished in the Acquire submenu

¢ the histogram is analyzed in the Results submenu

The oscilloscope provides two sets of markers in the Histogram
menu,

* one set (window markers) is displayed in the Window submenu
— they define the portion of the waveform used to generate the
histogram
& the other set (distribution limit markers) is displayed in the
Results submenn
— they define the portion of the waveform used to calculate
mean and sigma
— they define the mean and sigma when either of these keys
are pressed

Selecting the Histogram menu:

turns on twe window markers

limits bandwidth to 12.4 GHz

places the oscilloscope in the infinite persistence mode

allows you to choose the Window submenu which

— lets you adjust markers that act as boundaries for the
histogram data

— select time or voltage histogram

— select the source to be evaluated

* allows you to choose the Acquire submenu which

— lets you control the aequisition and display of the histogram
» allows you to choose the Results submenu which

— lets you evaluate the distribution of the data points in the

histogram and determine mean and sigma (standard
deviation)

Histogram Menu
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Window Submenu

Window
Submeny

Window
Acquire
FResulls

Source
Is

!
Voitage
Histogram

WINDOW
MARKER 1

WINDOW
MARKER 2

Histogram Menu

15-4

Note

The setup of the Histogram meau will be remembered
when you return to the menu. This feature allows you to
leave the menu, go to another one, and return without
losing your original setup and window marker positions.

Window

Squrce
-]
Chan 1/2/3/4

Time Veliage

Histogrom

WINDOW
MARKER 1

WINDOW
MARKER 2

41208028

Figure 15-2, Window Submenu Schematic

The Window submenu allows you to:

e determine which channel is to be used for generating the

histogram

» choose either a time or voltage histogram

+ move markers to define what portion of the waveform is to be
used for generating the histogram



Source Is
Chan 1/2/3/4 Key

Time/Voltage
Histogram Key

Window Marker
1 and 2 Keys

Pressing the Source Is Chan 1/2/3/4 key allows you to:

+ gelect channel 1 through 4 as the source for the histogram
— as a new source is selected, the previous source i3 turned off

Note

Channels ! through 4 are the only sources for histograms;
waveform math functions and memories are excluded as
sources,

Pressing the Time/Voltage Histogram key:

¢ determines whether a time or voltage histogram is to be
generated
— assigns vertical window markers for voltage histograms
— assigns horizontal window markers for time histograms

Pressing the WINDOW MARKER 1 or 2 key:

* allows you to control the position of the selected marker used to
— define the portion of the waveform for generating the
histogram

Histogram Menu
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Submenu
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Acquira

NUMBER
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Display
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Stort
Acquiring

Stop
Acquiring

120/BL20

Figure 15-3. Acquire Submenu

After the sourve and type of histogram have been selected with the
Window submenu, the Arquire submenu is used to define the
number of data samples for completing the histogram. The number
of samples refers to the number of data points inside the window
markers, The Acquire submenu also lets you control the acquisition
and display of the histogram. .

Adjusting the NUMBER OF SAMPLES:

¢ determines the number of samples that must be acquired in the
histogram window before the acquisition 15 considered complete
s the NUMBER OF SAMPLES ranges from
— 100 to
- 655,000,000 (only accessible by using the knob}

The NUMBER OF SAMPLES selected for a histogram is typically
influenced by the application. For applications like jitter
measurements and eve diagram evaluations, a larger NUMBER OF
SAMPLES 13 used to improve resolution, but for applications hike
limit testing, a smaller value can be used. See chapter 3 for more
information.



Display
On/Otf Key

Start
Acquiring Key

Another variable that must be considered before vou choose the
NUMBER OF SAMPLES when you are making a time histogram is
the width of the window If you choose a narrow window and use a
large number of samples, the acquisition can take a very long time.
The narrower the window, the smaller the percentage of acquired
data points for satisfying the required NUMBER OF SAMPLES.
Window width does not affect the time required for a voltage
histogram as much as 1t does for a tune histogram.

A histogram that has an inadequate NUMBER OF SAMPLES
usually has a stair step appearance unlike a histogram with an
adequate number of samples which appears to be a continuous
function.

Pressing the Display On/Off key:

* turns the histogram display on or off
— if this key is pressed and no histogram data has been
acquired, the prompt “No valid data...key ignored” is
displayed
— this key changes from off to on when a histogram acquisition
18 completed

Pressing the Start Acquiring key:

causes the data for a histogram to be acquired and
displays the histogram

the histogram will overlap the signal

previously acguired histogram data is lost

Note

With voltage histograms the NUMBER OF SAMFPLES
1s rounded to the next multiple of the number of time
buckets defined by the window markers. This prevents
an incomplete data acquisition from biaging the data.
The Number of Samples prompt at the top of the
display will list the rounded value.

While you are 1n the Histogram menu a status line at the upper left
of the CRT tells you what percentage of the NUMBER OF
SAMPLES has been acquired.

Histogram Menu
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Stop
Acquiring Key

Results Submenu

Aesuits
Submenu

Window
Acquire

UPPER
DISTR
LIMIT

LOWER
DISTR
LIMIT

0% - 100%
Set At
Limits

Mean

Sigma
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Pressing the Stop Acquiring key.

— stops the acquisition of data for a histogram and
-~ displays the data acquired up to that time

Note

The histogram data is modified by a 3-pixe! wide
median filter before being displayed.

Resul ls

UPPER
DISTR
LIMIT

LOWER
DISTR
LIMIT

a%-100%
Set at
Limits

Mean

Sigma

B0/ 24

Figure 154, Results submenu

After you have used the Window and Acquire submenus to identify
the area of interest and have acquired the data for a histogram, you
are ready to use the Results submenu to evaluate that data.



Upper and Lower Selecting the UPPER or LOWER DISTR LIMIT keys:
Distr (Distribution)
Limit Keys » allows you to position the limit markers with the entry devices
— provides voltage or time information associated with the
limit markers in the waveform factors area
— provides a cumulative percentage of data below or to the left
of each limit marker

Note

When you evaluate a voltage histogram, the limit
markers provide information associated with voltage
levels, and the percentage information relates to
data below the specified limit marker. When vou
evaluate a time histogram, the limit markers provide
information associated with time, and the percentage
Information relates to data to the left of the specified
limit marker.

0%-100% Set At Pressing the 0%-100% Set At Limits key:
Limits Key
¢ causes the oscilloscope to read the position of the upper and

lower distribution markers

— the portion of the histogram defined by the limit markers is
used as the data base for determining mean, sigma, and
waveform factors associated with the limit markers

— if the distribution markers are moved, the 0%-100% Set At
Limits key must be pressed so that the new positions are
read; if the 0%-100% Set At Limits key 18 not pressed, the
portion of the waveform that was previously defined by the
limit markers will continue to be used as the data base

* highlights the portion of the histopram defined by the limit

markers in blue

— the highlighted (blue} portion of the histogram is used as a
deta base for:
mean
sigma
lowerfnpper lirit prompt at the top of CRT
limit marker factors listed at the bottom of the CRT

See note on next page.

Histogram Menu
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Note

If a histogram is acquired and no data is found between
the limit markers, the limit markers will be set to the
limits of the waveform display area (0% and 100%). This
data wiil be used to calculate the mean.

Mean Key Pressing the Mean key:

* causes the oscilloscope to calculate the statistical mean of the
data base and to list the results at the hottom of the display
— the data base is defined as the data between the distribution
limit markers when the 0%-100% Set At Limits key was last
pressed.
* both markers are positioned at the mean

Sigma Key Pressing the Sigma key:

* causes the oscilloscope to calculate the standard deviation of
the data base and to list the results at the bottom of the
display
— the data base is defined as the data between the distribution

limnit markers when the 0%-100% Set At Limits key was last
pressed.
— positions markers at +,— one standard deviation
* caleulate the mean and display the results

N
Sigma = \/Nil (L; X -xX*
1=

Note

These measurements use data as defined by the Set at
Limits key.

Histogram Menu
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Histogram
Exercise

Initial Setup
for HP 54120T

This exercise shows you how to evaluate both time and voltage data
distributions with histograms. After the data for a histogram has
been acquired, you will be able to determine the mean and standard
deviation of the data by using the antomatic statistical eapabilities
of the oseilloscope This exercise also gives you the opportunity to
evalnate signal jitter and to make measurements on e waveform
with multimodal distribution.

Notice, as you are working vour way through this exercise, a time
window is nsed to define the portion of the waveform that is used as
a data base for a voltage histogram, and the converze is true — e, a
voltage window 15 used to generate a time histogram.

Equipment required:
* HP 54120T osciiloscope

To turn on the internal pulse generator:
* select the Network menu and the Cal submenu
¢ zet the Reflect Chan Is key variable to Chan 1

* press the Preset Reflect Channel key (this turns the TDR
pulse on and scales the vertical and horrzontal)

To rescale the horizontal;
¢ select the Timebase menu and set TIME/DIV = 10 psidiv
To display the edge of interest;

* adjust DELAY until the incident pulse is at center sereen by
rotating the knob slowly cew. The waveform should resemble
figure 15-5 on the next page.

To make a histogram measurement.

* select the Histogram menu

¢ gelect the Window submenu and Voltage Histogram, move
one window marker to the left of the display and move the
other to the right

* gelect the Acquire submenu, set NUMBER OF SAMPLES =
10000 and press the Start Acguiring key

Histogram Menu
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Figure 15-5. Leading Edge

When you press the Start Acquiring key, approximately 10 000 data
points are acquired between window markers. When the acquisition
is complete, or when the Stop Acquiring key is pressed, the
oscilloscope displays a histogram of the voltage levels distribution of
the data peints. This particular histogram is bimodal — ie, it has
two significant peaks on the distribution.



HISTOGRAM
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Figure 15-6, Voiltage Histogram

s select the Results submenu, move the distribution limit
markers to the upper and lower limits of the histogram, and
press the 0%-100% Set At Limits key

This defines the portion of the histogram enclosed by the limit
markers as the data base for calculating the mean and sigma.

* press the Mean key
+ press the Sigma key

Notice both limit merkers move to the mean of the distribution
when the Mean key is pressed, then they define +, — one standard
deviation from the mean when the Sigma key is pressed,

¢ move the distribution limit markers to the top of the
waveform so they include the first peak on the histogram.
See figure 15-7 on the next page.
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Figure 15-7. Evaluating the Distribution on a Multimodal Signal

» after you press the 0%-100% Set At Limits key, you can
calculate the mean and sigma values for new positions of the
hmit markers

This histogram shows you the voltage distribution for the pulse top.
The technique used in this portion of the exercise can be used to
evaluate voltage jitter on a signal.

Note

When you press the 0%-100% Set At Limits key with the

lmit markers at their new positions, the portion of the

histogram that is used to calculate the mean and

distribution is highlighted 1n blue. This makes it very .
easy to identify what portion of the histugram is the

current data base for the limit markers, sigma, and mean.

Histogram Menu
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Tv display the histogram without displaying the waveform:

* press the STOP system key
* then press the CLEAR DISPLAY system key

To display the data inside the window markers:

» press the STOP system kev
* then press the CLEAR DISPLAY system key
* select the Acquire submenu

— press the Start Acquiring key

This simplifies the digplay by showing anly the portion of the
waveform that is used to generate the histogram. See figure 15-8.

Note

This technigue can be used only on voltage histograms.

MARKER
WINDOW

S

A R L L L T T T

FORTION OF WaVEFORM B
HISTOGRAM USED TO GENERATE -

/ HISTOGRAM K

E
3
LIMIT Iii_&

MARE ERS

Lt Lo v | v ) M A N1 L I IV ok’
T6.7940 ns TE. 5440 na TB.8548 ‘s
Ch. 1 = 80.80 mloltesdiv Défant » 200.9 mVolts

Timabase = 10.Q ps/div Oalay = 16,7940 ns
Dalta Windo= 37.3 os

Window | = 1E,8912 na Window 2 = 16,8538 ns
Delta ¥V = 35,0800 mUalis

Umarkerl = 217.50 mVolts Umartar? = 182,50 molts
Delta ¥ = 98,31 %

Upper = 190.0 X Lower - 1.688 %

& Samples = 10340

Figure 15-8. Using the Window Markers
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Time Histogram  To continue with the time histogram portion of this exercise use the
game setup as the voltage histogram except:

Histogram Menu
15-16

On the Window submenu:

— change from Voltage to Time Histogram

— set WINDOW MARKER 1 and 2 so they mtersect the
leading edge of the TDR pulse at the same point. See figure
15-9.

On the Acquire submenu:

— set NUMBER OF SAMPLES = 300

— press the Start Acquiring key

Note

You will notice that a narrow window fone @ level
wide) used with & time histogram takes much longer
to acquire than does a voltage histogram, even
though the voltage histogram has a larger NUMBER
OF SAMPLES — ie, 10000 vs 300.
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Figure 15.9. Time Histogram

Putting the limit markers at the same location gives you the highest
poasible resolution for making a time jitter histogram. When the
limit markers are at the same level the voltage window is
approximately zerc. This allows you to measure the jitter at a single
voltage, The HP 54120T used for designing this exercise has 600 fs
{0.6 ps) jitter (one standard deviation).

Histogram Menu
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Chapter Contents

Overview

Print Menu

— how to make a copy of the screen with an HP-IB graphies printer

The Print menu allows you to make a copy of the display area with
an HP-IB graphies printer.

Print
Factors

Print

Print
Display

Form
Feed

Prnter
Type

Start
Print

Abort
Print

Print
Foctors

0ft

Print
Diaplgy

Printer
Type

2225a ' 3638A

Stort
Print

\—l__

Pauges
Continug

4120817

=

Abart
Print

Figure 16-1 Print Menu
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Figure 16-2. Coonecting a ThinkJet®




Setting Up the T make a hardcopy without a controller, the HP 54120T must be in
HP 54120T for the “Talk Only" mode and the printer must be in the “Listen Only"
Printin or “Listen Always™” mode The HP-IB status for the HP 54120T is set
9 in the HP-IB menu, which 18 a submenu of the Utility menu. {See
Chapter 18.)
Cal Menu ADDRESS
Test Menu
CAT EOI
Setup
Coior Cal
Menu
HPIB
Menu
Exit
HBIB
Menu

Figure 16.3. Utility and HP-IB Menus

If the printer or plotter doesn't have a DIP switch on the rear panel
labeled “Listen always,” set all the switches to *“1"" This will ususlly
set the printer or plotter te the “Listen always” mode.

]
Print Menu The Print menu:
Options

* lists print options for data that 1s output over the HP-IB to a

printer compatible with the HP Printer Command Language
(PCL)

Print Menu
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The Print menu allows you to modify the output with two print
options:

* automatic Form Feed
s Printer Type
— 2225A (ThinkJet) for monochrome graphics printer
— 3630A (PaintJet) for color graphics printer
— The colar for channel 1, overlap and background are variable
for the 3630A. See chapter 18, “Color Cal Menu" for
information; all other colors are the same as screen colors

The factors and the display, including the graticule, may be output
separately or together.

When you start the printing process:
* the Abort Print key replaces the original menu

* signal acquisition stops temporarily while the printer is
operating



. 17 Plot Menu

Chapter Contenis  — how to make a copy of the screen with an HP-[B plotter
I
Overview The Plot menu allows you to make a copy of the display area with

an HP-IB plotter.

Plat
Auto Pen
Auto Pen
Pen ort I on
Spoed
. -
on
- Speed
Plot 1
sl Fast
Waveforms oW as
Plot P Plot | _!
ol Waveforms
Pause
Graticule i
| | Pilat | 1
Flat Groticule _i
Factors 1
| Plot | !
Abort Factora _]
Plot A i
[T AT |_ N —
| Continue
|
L Abart
. Plot

Figure 17-1. Plot Menu
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Figure 17-2. Connecting a Plotter
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Setting Up the
HP 54120T for
Plotting

To make a plot without a controller, the HP 54120T must be in the
“Talk Only” mode and the plotter must be in the *listen only™
mode. The HP-IB status for the HP 54120T is set in the HP-IB
menu, which is a submenu of the Utility menu. (See Chapter 18.}

Cal Menu

Test Manu

ADDRESS

CRT
Setup

Talk
Only

Calor Cal
Menu

EQI

HFIB
Menu

Figure 17-3. Utility Menu and HP-IB Submenu

Exit
HBIB
Menu

If the printer or ploter doesn't have a DIP switch on the rear panel
labeled “Listen Always,” set all the switches to *1.” This will
usually set the printer or plotter to the “Listen Always” mode.

Plot Menu
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Plot Menu If you select a Plot menu:
Options
P * the cutput of the IIP 541207 is formatted to interface directly

with plotters that use the Hewlett-Packard Graphies Language
{HP-GL} and an HP-IB interface

The Plot menu allows you to plot one of the following

* display (waveforms)

s graticule
* factors
I
Auto Pen If the Auto Pen key is on and the plotter has multi-pen capability:

Ke:
4 * the plotter selects a new pen when a different item is plotted,
the default pen selections are:

— pen 1 = timebage gsetting, graticule, channel 3
and associated text

— pen 2 = channpel 1, function 1 and associated text

— pen 3 = memories and associated text

— pen 4 = channel 2, function 2 and associated text

- pen 5 = markers, cursor and associated text

— pen 6 = channel 4 and associated text

If the Auto Pen key is off:

» the ploiter does not load or change pens when a new item is

selected
|
Pen Speed The Pen Speed key allows you to select fast/slow speeds. If the
Key plotter has this capability:

¢ gelect slow when you are making overhead transparencies and
using Leroy pens

Plot Menu
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If the Display menu is in the persistence mode or if you are plotting
prxel memories:

* the output from the HP 54120T causes the plotter to plot the
display in a pixel format (dot by dot)
¢ this can take a long time

Tip

When a large amount of data is on screen in the
persistence display mode, and you want to make a
hardeopy, a graphies printer will take much less time,

When the Display menu is in the averaged mode or plotting
waveform memories:

* the output from the HP 54120T causes the plotter to plot the
display with a continuous line

When you start the plotting process:

* the original menu is eliminated

¢ the Pause/Continue and the Abort Plot keys are substituted for
the Plot menu

* and signal acquisition stops

Plot Menu
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Chapter Contents

Cal
Menu

Test
Menu

CRT
Setup

Coior Cal
Menu

HPIB
Menu

Overview

Utility Menu

— description of the Utility menu

— how to use the self-calibration feature
— how to adjust channel-to-channel timing
— how to control the display colors

— how to control the HP-IB interface

Pressing the Utility menu key allows you to access five more menus
that are displayed in the function menu area. These menus are

* Cal Menu
— sets vertical calibration
— sets channel-to-channel timing

Utllity Menu
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¢ Test Menu
— allows analysis of self-test failures
— shows 1nternal configuration of the ostilloseape

¢ CRT Menu _
— allows testing of the CRT

* Color Cal Menu
— allows adjustment of CRT colors

» HP-IB Menu
— allows configuration changes in the HP-IB interface

The Test menu and the CRT Setup menu are discussed in the
HP 54120T Service Manual and are not covered here,

Utility

Cal
Manu

Test

Manu I

CRT
Satup

Coior Cal
Manu

L HPIB

S41M/RLIE

Figure 18-1. Thility Menu Schematic
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Cat Menu

Channe!
Yertical
Gal

Channel
Skew
Cals

Exit
Cal
Menu

Selecting the Cal Menu:

* allows you to automatically calibrate the vertical accuracy
* allows you to null the time differences between the acquisition

paths of channels 1 through 4

— this includes acguisition time differences, both internal and

external to the instrument

Utlity

I

Cal Menu

Channel
Vertical
Cal
Channsa| TIME
Skaw —_—
Cals pIv
Exit DELAY
Ca!
Menu
Delay
Ret at

Laft Cantar

CHANNEL
SKEW
Chan 14

SHZN/BLER

Figure 18.2. Cal Menu Schematic
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Channel Vertical The Channel Vertical Cal kev allows vou to automatically calibrate
Cal Key the vertical accuracy of the HP 534120T. When this automatic
calibration is completed, the instrument conforms to the vertical
accuracy specification.

Note

The specified vertical accuracy of the HP 541207 is 0.4
of full scale, This assumes that the HP 541204 and the
HP 54121A are kept together as shipped from the factory.
If the HP 54121A is combined with the HP 541204, the
offset gain adjustment for each channel must be
readjusted and the Channel Vertical key must be pressed.
See section 4 of the HP 54120T service manual.

For best results insure that the instrument is at normal operating
temperatures before you complete any of the Cal menu operations.
Typically 15 minutes is an adequate warm-up in a laboratory
environment.

To calibrate the vertical accuracy:

+ press the Channel Vertical Cal key
— a prompt will appear telling you to “Disconnect all inputs
and then press key again”
* disconnect all inputs to the HP 541214, including the trigger
input
— zero level is the reference for the automatic calibration
— input shorts will not influence the self-calibration and may
be left 1n place
* press the Channel Vertical Cal key a second time
— this initiates the self-calibration sequence
* the status line will flash “Calibrating™ during the calibration
cycle (typical time = 5 seconds)

While the automatic vertical calibration takes place, gain correction
tables are created for high and low bandwidth modes. These tables
contribute to the exceptional accuracy of the HP 54120T

Utility Menu
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Channel Skew The channel skew cal function allows you to null any aequisition
Cal Key time differences between a channel and its acquisition path and the
other channels and their acquisition paths.

The objective of the cal procedure is to apply a fast risetime signal to
the oscilloscope and null the systematic delays between the channels.

With HP 54120T scoftware the Channel Skew Cals submenu allows
vou to null any differences 1n propagation delay between signal
paths. This enables you to make channelto-channel time interval
measurements that accurately reflect time referenced to the probe
tips or to the points where the input coaxial cables are connected to
the circuit under test.

To set the channel-to-channel skew, you must:

¢ use the same external configuration of probes and/or cables that
will be used for the actual measurement
* uge fast edges for the trigger and channels

Note

For the most accurate channel-to-channel skew
adjustment, use the fastest signal possible. Tb calibrate
skew between channels to within 1 ps accuracy, make
sure the edge of the signal is fast enough for you to see
it at a TIME/DIV setting of 50 ps/div. This setting
provides 1 ps/pixel resolution A 500 ps risetime pulse
provides a 45 degree edge at this TIME/DIV setting.

Selecting the Channel Skew Cal key provides the following
functions:

« TIME/DIV
— allows you to adjust the TIME/DIV that is used when you
are in the Channel Skew Cals submenu
— the oscilloscope returns to the TIME/DIV setting estabiished
in the Timebase menu when you leave the Channel Skew
Cals submenu

Utility Menu
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DELAY

— allows you to adjust the horizontal position of the waveform
when vou are 1n the Channel Skew Cals submenu

— the oscilloscope returns to the DELAY setting established in
the Timebase menu when you exit the Cal menu

Delay Ref at Left/Center

— allows vou to select either the center or left of the display as
the reference for the delay time

— as the TIME/DIV 1s varied the waveform either contracts or
expands about the delay reference

— reference defaults to left when Channel Skew Cals submenu
is entered

Channel Skew

— when the CHANNEL SKEW key is first selected, the timing
skew of the indicated channel can be adjusted from 0 s to
100 ns with the entry devices

— a channel must be turned on to be used as a source for the
channel skew adjustment

— if the CHANNEL SKEW key is pressed more than once, the
selected channel is changed. Only the channels that were
turned on when you selected the Channel Skew Cals
submenu can be selected.

This sequence shows you the basic steps required to set channel-to-
channel skew. The right column provides additional information for
each step.

1

[

Configure probes and/or cables  Make sure that yon use the

for the measurement

same cable and probe
configuration that will be used
for the actual measurement.

Turn on necessary channels, Turn on the channels that will

Set VOLTS/DIV to the

be used for the actual
measurement so they can be
adjusted with the CHANNEL
SKEW key.

Set the vertical sensitivity for
each channel so that the

appropriate levels. deflection is near full scale.



4. Set TRIGGER LEVEL to an
appropriate level.

5. Connect the channels and
trigger input to the appropriate
sourees.

6. Select the Utility Menu,

7. Select the Cal Menu.

8. Select the Channel Skew Cals
menu.

8. Adjust TIME/DIV, DELAY, and
Delay Ref for optimum display.

10, Select the reference edge.

11.Press the CHANNEL SKEW
key and select a channel with
the asssociated edge skewed to
the right of the reference edge.
See figure 18-3.

The faster the trigger edge, the
less chance there 1s for trigger
jitter.

For the most accuracy, the
sources for the channels should
have the fastest edges possible.

Provides access to the Cal
Menu.

Provnides access to the Channel
Skew Cals submenu.

Provides access to the funetions
required to set channel skew,

For best resolution adjust the
leading edge for a 45 degree
slope. An intersection with a
graticule line may be used as a
reference point.

Use the first available edge on
each channel to set the skew.
This minimizes time jitter

Each channel can be skewed to
the left; therefore, the reference
edge should be to the left of the
comparable edges on the other

channels

This selects the channel that is
skewed when the entry devices
are adjusted.

Utility Menu
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12. Use the entry devices and adjust
the skew until the signal from
the channel overlaps the
reference edge, See figure 184.

13. Repeat steps 11 and 12 for each

This nulls the systematic time
differentials between the
channels.

Steps 11 and 12 must be

additional channel used. repeated if more than two
channels are to be used in the

actual measurement.

‘When you exit the Cal menu, the TIME/DIV, DELAY, and Delay
Reference are returned to their original values. The skew values are
maintained until they are changed or until a two-key-down power-up
is accomplished. In this case a display prompt will flash “‘Front
panel cals lost! Re-cal thru Utility menu”” All the channel skew
values will be set to zero, and the prompt will remain an the display
until a channel vertical cal is completed.

Figure 18-3 shows the reference edge and a signal on another
channel before the channel is skewed to eliminate the time

differential.
! T B
| I i
‘ t :
_t l
I 1
REFERENCE {
; EDGE iy |
! e e e — bk e A_:/ + / - 1
| o i
‘ i g SKEW THIS EDGE
_ D DWERLAP REFERENCE L
4 EDGE ;
| T i
i | H
30,4098 ns 35,4008 ns 40,4900 ns
Ch. t = B@.09 mVolia/div Offaet = =3.625 mUolis
Ch, 2 = BQ.00 myolta/div Of faat = =3,126 mlolts
Timehase = 1,08 ns/div Delay = 30,4000 ns

Figure 18- Reference Edge and Channel with Time Differential
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Figure 18-4 shows the reference edge and the channel overlapped
after the skew for the channel was adjusted

OVERLAP OF by
REFERENCE EDGE

e i et ISRy N i Pl e

e

[

i f

=+ I

: o —— |
32.4000 ns 3579008 ns 40,4080 ns
Ch, 1 = 90.00 mynita/ldiv Qffant = ~3.625 mVolts
Ch, 2 = B80.00 mUalts/giv Offsat = 2,125 mUplis

Timabase = 1.00 na/div Oalay = I0.4200 ns

Figure 18-, Reference Edge and Channel Overlapped

Utility Menu
18-9



HP-IB Menu Select the HP-IB menu when you need to connect the HP 54120T to
other HP-IB devices, This menu allows you to establish the
HP 54120T as an HP.IB talker or talker/listener.
ADDRESS
Wility
'
Listen
HP~-1B
EQI
| Talk Only/
Talk/Listen
HP-1B
ACDDRESS
30
EOI
On otf
Exit
HPIB
. Manu — ﬁ;;;
Meanu
SR

Figure 18-5 HP-IB Menu Schematic

After you have selected the HP-IB menu, you may set the HP-IB
mode to;

» Talk

— use the Talk Only mode when communicating with an HP-IB

printer or plotter if no other HP-IB device is connected to
the system

* Talk/Tasten

— when Talk/Listen is selected, the HP-IB ADDRESS key is
activated, and the default address 15 7 .
— HP-IB address can be set with the entry devices

Utility Menu
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EOQl Key The EOI lend or identify) key allows you to invoke this HP-IB
function. When EOI is “On” the HP 54120T will identify the last
byte of a multibyte sequence that it outputs over the HP.IB The

. default condition for EOI is *On"

Refer to the progratnming manual for a complete discussion of the
HP 54120T's HP-IB capabilities.

]
Color Menu The Color Cal menu allows you to modify the HP 541207 display by
changing any of the assigned colors ar resetting them to the default
COLOR condition.
FIELD
Utility
|
HUE Cotor Cal
Menu
SATUR-
. ATION COLOR
| | FIELD
1-15
LUMIN.
osSITY
|| HUE
t-100
Detault
Setting
|} SATURATION
e-1p0
Exit
Color
Meanu .l LuMINCSITY
e—108
| | Dafault
Setting
Exit
- Menu
. Sds/are

Figure 18-6. Color Menu Schematic
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Color Field Key

Hue Key

Saturation Key

Luminosity Key

Default Setting Key

Utility Menu
1812

The color field key allows you to:

» select the color field that is acted upon by the rest of the Color
Cal menu.

+ Pressing the key repeatedly cycles the color field number from 0
to 15.

You can modify all 16 colors individually to suit a specific need or
personal preference. Once you have made a selection, it will be
maintamned in non-volatile memory. Color setup is also saved in the
front-panel SAVE and RECALL registers. If a two-key-down power-up
is performed, setups in the SAVE and RECALL registers will be lost
and all colors will be set to their default values.

The HUE key allows you to:

* change the gradation of color
— the gradation ranges from 0 to 100, with red located at
0/100, green at 33, and blue at 67
— use any of the entry devices

The SATURATION key allows you to:

*» define the percentage of color to be mixed with white
— this function ranges from 0 to 100, with 0 as white,
regardiess of the hue setting, and 100 the pure color
determined by hue
— use any of the entry devices

The LUMINOSITY key allows you to:
 define the reiative brightness of the color, with 0 as black and
100 the maximum brightness
— use any of the entry devices

The Default Setting key allows you to:

« get all colors to their default states



COLOR #| COLOR USE HUE | SATURATION | LUMINOSITY
0 Beige Highlighting 11 53 100
1 Gray Halfbright 0 4] 55
2 Red Advisory 0 100 100
3 Yellow Channel 1 17 100 100
4 Green Channel 2 33 100 100
5 Orange Markers 8 100 100
6 Blue memories & 50 85 90
histogram

T Magenta trace overlap 90 100 100

8 Tengerine Channe] 3 11 100 100

g Pink Channel 4 3 60 100

10 Purple Chanl for 84 91 54
HP 3630A

11 White Background for 0 0 100
HFP 3630A

12 Black Overlap for 0 0 0
HP 3630A

13 Blue not used 87 75 100
HP-IB Text

14 Mauve not used 83 100 100
HP-IB Text

15 Black Background 0 0 0
HPIB Text

Figure 18-7. Defauit Color Settings

Utility Menu
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Figure 18-8. HSL Color Model

This figure shows the HSL model with hue as the angular .
coordinate, saturation the height coordinate, and laminosity the
radial coordinate.

Utility Menu
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Specifications Channels (Vertical)

20 GHz Bandwidth 12.4 GHz Bandwidth
Mode* (Available in Mode (Available in
average display mode  either average or

only) persistence display modes)
Bandwndth de to 20 GHz, de to 124 GHz
(-3 dB) Chs 2,8, &4(Chlis
-35dB @ 20 GHz}
de to 18 GHz, Ch 1
Transition Time < 17.5 ps, £ 282ps
(10% to 90%! Chs2, 3 &4
tcalculated from £104ps Chl
Tr = .35/BW)
Maximum Noise Not specified < 1mV
(RMS} {see Characterstics) (Persistence Mode!
Scale Factor (full-scale is 8 divisions)
Mimmum 1 mVAdiv
Maximum 80mVidiv
de Accuracy,
Single Voltage Average mode: + 3 4% of full-scale + 2 mV
Marker? Permatence mode: + 0 4% of full-seale + 2 mV
+ 3.0% of reading minus
channel offset
dc Difference

Voltage Accuracy
Using Two Voltage
Markers On The
Same Channel

Average mode;

+ 0.8% of full-scale

Persistence mode: + 0.8% of full-scale

+ 3.0% of reading

Programmable de
Offset?

Channel offset: + 560 mV

Inputs:

Number

Dynamic Range

Maximum Safe
Input Voltage

Nominal
Impedance

Percent
Reflection

Connectors

Four

+ 320 mV relative to channe] offset

& 2V de + ac peak {18 dBm)

501

& 5% for 30 ps risetime

35 mm (m)

* The nput samplers are biased differently for increased bandwidth in the 20 GH:

bandwidth mode

2 When driven from g $0 § source
1 An effective offset of + B20 mV can be achreved by using the = 500 mV of channel offset
and adding + 320 mV of offset with the waveform math offset scaling function

Specifications and Operating Characteristics

19-2



TDR System

Combined Oscilloscope  Normalized
and TDR Performance  Characteristiest

Admnstable-allowable values
Risetime* £ 45 ps” based on timebase setting
Minimum; 10 ps or 0.08 X
Time/div, whichever

i8 greater
Maximum: § X Timeidiv

Flatness? €11% after 1 ns £0.1%

from edge;

S+6%, -2% to lns

from edge
Levels: Low OV+2mV 0V +2mv

High +200 mV = 2 mV +200mV = 2 mV

* Normalized \nformation iz a characteristic not a specification. The mformation
15 pregented here for comparison purposes only, Normalzation characteristics
are achieved only with the use of the normalization calibrations and firmware
routines.

* Measured 1n the 12.4 GHz Bandwidth and Average Display Modes,

? The rigetime of the generator is less than 35 ps, as calculated by
(Tr aystemP = (T generator? + (T Scopel

Timehase (Horizontal)
Scale Factor {full scale 1a 10 divisions}

Minimum 10 ps/division
Maximum 1 sihivision
Delay (tume offset relative to trigger)
Minimum 16 ns
Maxtmum 1000 screen diameters or
10 seconds, whichever is
smaller
Time Interval Accuracy
{Dual marker < 10ps = 01% of reading
measurement)
Time [nterval Resolution 0.25 ps* or 02 duvision,

whichever is larger

* At 10 psidivision, date points are plotted at 0.2 ps intervals to match the display
pixe] resolution

Specifications and Operating Characteristics
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Trigger-External Input Only

Sensitivity
de - 100 MH: 40 mV peak to peak
100 MHz to 560 MHz 100 mV peak to peak
Pulse Width 1ns = 80 mV
Trigger Level Range v
Jitter

(Trigger and timebase combined)
tone standard deviation)

% 5ps + BE-5 x delay setting

Trigger Input:
Maximum Safe Input Voitage
Nominal Impedance
Percent Reflection
Connector

+ 2V de + ac peak (16 dBm)
50 0

< 10% for 100 ps neetime

35 mmim)

Specifications and Operating Characteristics
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Operating
Characteristics

Channels
{Vertical)

Timebase
{Horizontal)

Scale Factors: Adjustable from 1 mV/div to 80 mV/div in a
1-2-5-10-20-50-80 sequence from the RPG control or the increment
decrement keys. Also adjustable over the range in 1 mV increments
from the numeric keypad.

Attenuation Factors: Factors may be entered to scale the
oscilloscope for external attenuators connected to the channel inputs,

Noise: Averaging reduces noise by 1/\/a, where n is the number of
averages, until a system limitation of approximately 35 yV is
reached Typieal noise is:

Display Mode Noise (RMS)
20 GHz bandwidth, Avg = 1 1.2 mV RMS

20 GHz bandwidth, Avg = 256 B0 xV RMS
12.4 GHz bandwidth, Avg = 1 500 uV RMS
12.4 GHz bandwidth, Avg = 256 35 4V RMS
12.4 GHz bandwidth, persistence 400 xV RMS

Channel-to-channel Isolation: 80 dB at 20 GHz

Delay Between Channels: The difference (up to 100 ns) in delay
between channels can be nulled out in 1 ps increments to
compensate for differences in input eables or probe length.

Reference Location. The reference point can be lccated at the left
edge or center of the display. The reference point 1s that point where
the time is offset from the trigger by the delay time.

Triggered Mode: Causes the scope to trigger synchronously to the
trigger imput signal.

Free Run Mode: Causes the scope to generate its own triggers at a
user specified rate (between 15.3 Hz and 500 kHz). Used with the
Channel 1 step generator for TDR and transmission measurements.
The channel 1 step may also be used to trigger a device under test
to view information prior to the trigger.

Specifications and Operating Characteristics
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Trigger

Display

Attenuation Factors: Factors may be entered to scale the
oscilloscope for external attenuators connected to the trigger input.

Edge Trigger: Triggers on the positive or negative edge of the
trigger source.

Data Display Resolution: 501 points horizentally X 256 points
vertically.

Data Display Formats

Full screen: All channe] displaya are superimposed and are eight
divisions high.

Split screen; With four graphs, channels are displayed separately
and are two divisions high; or with two graphs, channels 1 and 3 are
superimposed and channels 2 and 4 are superimposed and are four
divisions high.

Display Modes

Persistence: The time that each data point is retained on the
display can be varied from 300 ms to 10 seconds, or it can be
displayed infinitely.

Averaging: The number of averages can be specified as powers of 2,
up to 2048. On each acquisition, 1/n times the new data 1s added to
{n-1¥n of the previous value at each time coordinate. Averaging
operates continously, except over HP-IB where it terminates at the
specified number of averages.

Graticules: The user may choose full grid, axes with tic marks,
frame with tic marks, or no graticule.

Bandwidth: When in the Average display mode, the user may aelect
between a 20 GHz bandwidth and a 12.4 GHz bandwidth. The

12.4 GHz bandwidth reduces noise. The 20 GHz bandwidth is not
available in the Persistence display mode. See channel characteristics
for bandwidths and noiase levels

Display Colors: Users may choose a defauit color selection or select
their own colors from the front panel, or over HP.IB. Different colors
are used for display background, channels, functions, background
text, highlighted text, advisories, markers, overlapping waveforms,
and memories.

Specifications and Operating Characteristics
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Programmability

Measurement
Aids

[nstrument settings and operating modes, including automatic
measurements, may be remotely programmed via HP-IB (IEEE-438).
The HP 54120T can be programmed to take data only at specified
time points, or to return only measurement results (ie., tr, tf,
frequency, etc.) to speed up data acquisition.

Data Transfer Rate: 115 kbytes's maximum (data output only)
Typical Measurement Times: 200-700 ms

Data Record Lengths:

Timebase Setting/Histogram Type # of points/record

10 ps/div < time/div < 20 paidiv 100, or 400

20 pe/div < time/div < 50 ps/idiv 100, 400, or 800

50 pa/div < time/div < 200 ps/div 100, 500, or 1000

200 pa/div < time/div < 1 s/idiv 128, 258, 500, 512, or 1024
Voltage Histogram 256

Time Histogram 501

Markers: Dual voltage or time markers can be used for a vanety of
time and voltage measurements. Voltage markers can be assigned to
channels, memories, or functions.

Automatic Level Set: Voltage markers may be preset to 10%-90%,
20%-80%, 50%-50%, or to user specified levels.

Automatic Edge Find: The time markers can be assigned
automaticaily to any displayed edge of either polarity on any
chanpel. The voltage markers establish the reference, on the edge,
for the time markers 1n this mode.

Automatic Pulse Parameter Measurements: The HP 54120T
automatically takes ten pulse parameter measurements, (as defined
by [EEE standard 194-1977, “[EEE Standard Pulse Terms and
Dectiimg.cijgns"). The standard measurement thresholds are 10%, 50%,
and 90%.

Automatic Pulse Parameter Measurements

Frequency Risetime
Period Falltime
Positive pulse width Preshoot
Negative pulse width Overshoot
Duty cycle Vb-p voltage

Specifications and Qperating Characteristics
19-7



Networks

Waveform Math: Any two of seven waveform math operations may
be assigned to two displayable math functions. The available
operations are Plus, Minus, Invert, Versus, Max, Min, and Only. Max
and Min, which define an envelope about the waveform, are only
available in the Persistence mode. The vertical channels or any of
the waveform mernories, can be used as operands for the waveform
math, Function sensitivity and offset may be adjusted independently
of the channel display settings.

Waveform Save; Four waveforms may be stored and displayed in
four non-volatile waveform memories. Waveform memories are
typically used in the Average display mode. Screen displays may be
stored in two volatile pixel memories, Pixel memories are typieally
used in the Persistence display mode.

Reflection Measurements

Source: Measurements are made using the Channel 1 step source or
a user-supplied external source.

Calibration: A reference plane is defined by calibrating the
reflection channel with a short placed at the point where the device
under test will be connected. The short calibration is followed with a
50 1t calibration. These calibrations are used to derive the
normalization filter

Cursor: Reads out the percent reflection, impedance, time, and
distance from the reference plane to the cursor. (See Note 2.}

Percent Reflection: Automatically calculates the maximum and
minimum percent reflection of the waveform shown on sereen.

Normalization Filter: Applies a firmware digital filter to the
measured data and puts the resulting waveform in memory 1. The
risetime of the filter may be varied to allow the user to simulate the
edge speeds, which would be geen by the device under actual
operation. See TDR output specifications for allowable risetime
values. Normalization also removes errors caused by discontinuities
prior to the reference plane.

Note 1

Normalization utilizes the Bracewell Transform, which is
under license from Stanford University.

Specifications and Operating Characteristics
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Note 2

Percent reflection measurements should be used to
quantify reactive peaks and valleys of the TDR display.
Impedance measurements are valid only for resistive,
horzonte! flat Iine TDR displays. Because the aceuracy
depends on the measurement being made, percent
reflection and impedance accuracies are not specified.
Percent reflection and impedance measurements are ratios
of voltage measurements whose accuracies are specified.

{Veursor — Vtop}

Percent Reflection (Rho) =
(Viop — Vbase)

(1 + Rho)

Impedance (£} = 50 @ X ——
{1 - Rheo)
Where Veursor = voltage at the cursor
Vtop = high level of calibration reflected step
Vhase = low level of calibration reflected step,
and are determined during the reflection calibration.

Distance measurements are subject to the accuracy of the velocity
factor or dielectric constant entered by the user. Since the
HP 54120T has no control over the accuracy of these numbers,

distance accuracy is not specified. Distance is derived from time
interval measurements whose accuracies are specified

at

Distanee (dl = 12X .~
Velocity Constant

Where At = time from the reference plane to the cursor.
Dielectric Constant = (3 x 10° m/s? (Velocity Constant?

Where the user enters either a relative Dielectric Constant or a
Velocity Constant.

The TDR's ability to resolve the distance between two discontinuities
is limited to 1/2 the system risetime Without normalization, this is
approximately 1/2 45 ps or 7 mm in air. For the distance resolution
in your media, divide 7 mm by the /S of your media. With
normalization the system risetime can be 10 ps yielding 1.5 mm of
resolution in air.

Specitications and Operating Characteristics
19-9



The maximum length the TDR ean measure is subject to media loss.
For a lossless vacuum, and using a 15.3 Hz TDR repetition rate, the
HP 541207 can measure 4900 kin. Actual maximum lengths will
generally be limited by the losses of the media under test.

Transmission Measurements

Source: Measurements are made using the Channel 1 step source or
a user-supplied external source,

Calibration: A calibration with a straight-through path or through
a user's standard device determines reference amplitude levels and
reference time and distances of the signal path. These reference
levels are used for gain and propagation delay measurements.

Cursor: Reads out time referenced to the calibration edge and gain
referenced to the transmission calibration results. (See Note 4.

Propagation Delay and Gain: Antomatically calculates the
difference in time and distance between the ealibration signal path
and the test signal path. Also calculates the ratio of the test signal
amplitude to the ealibration signal amplitude. {See Note 4.)

Normalization Filter; Applies a firmware digitsl filter to the
measured data and puts the resulting waveform in memory 2. The
risetime of the filter may be varied to allow the user to simulate the
edge speeds, which would be seen by the device under actual
operation. See TDR output specifications for allowable risetime
valies.

Note 3

Normalization utilizes the Bracewell transform, which is
under license from Standard University.

Note 4

At = Time of the cursor — Time of reference edge (505}

(Vtop — Vbase) signal

(Vtop — Vbase) reference
Prop Dly = Time of test edge (509%) — Time of reference edge (507%)
Distance td) = Prop Dly / Velocity Constant

Where Viop
Vbase

Gain =

High level of waveform
Low level of waveform

nn

Specitications and Operating Characteristics
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Histograms

Setup
Aids

Documentation
Aids

Digitizer

Time and voltage histograms may be taken with a user-specified
number of samples {between 100 and 655 0006 000) to be taken
within a user-specified voltage window (time histogram} or time
window (voltage histogram). To accelerate throughput when taking
voltage histograms, samples are taken only in the user-specified time
window.

Distribution markers: Two markers, labeled Upper and Lower
Distribution Limits, indicate the cumulative occurrences of samples
from the edge of the display to a given time itime histogram! or
voltage {voltage histogram).

Mean and Standard Deviation: Caleulates the mean and standard
deviation of a distribution on screen, or between the distribution
limits, assuming a Gaussian distribution.

Auto-Secale: Pressing the AUTOSCALE key automatically adjusts
the vertical and horizontal scale factors and the trigger level for a
display appropriate to the signals applied to the inputs. The
autoscale feature requires a signal with a duty cycle greater than
2% and a frequency greater than 50 Hz. Autoscale is operative only
for relatively stable input signals.

Save/Recall: Up to ten front-panel setups may be saved in non-
valatile memory.

Preset Reflection Channel: Sets up the instrument for making
TDR measurements.

Waveforms, scaling information and measurement results can be
transferred directly to HP-GL compatible digital plotters and HB-IB
raster graphics printers, including the HP 2255A ThinkJet® printer
and the HP 3630A printer.

Converter: 12-bit successive approximation A/D converter.

Resolution: The useable full-acale range of the A/D is 40 mV. One
LEB of the A/D converter equals 250 xV. This gives one part in 2560,
or slightly more than 11 bits of resolution, Averaging can extend the
resolution to 32 V. This increased resclution, of around 14 bits, can
be seen at more sensitive ranges or over HP-IB.

Specifications and Operating Characteristics
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General
Characteristics

Environmental
Conditions

Power
Requirements

Digitizing Rate. The signal is sampled and digitized at a rate
dictated by the trigger repetition rate, the time base range, the
display mode, and the number of channels turned on. If data
acquisition is not trigger rate limited, the actual sampling and
digitizing rate will vary within the following range
a. Maximum of 10k samples per second at 10 na/div or faster with
one channel on while 1n infinite persistence display mode,
b. Minimum of 1k samples per second at timebase ranges of
46 ps/div or slower regardless of number of channels turned an
or the display mode.
A typical sample rate is 4500 samples per second.

Temperature:
Operating: + 15° C to + 35° C (+59° F to + 95° F).
Non-operating: —40° C to +70° C (-40° F to +158° F)

Humidity:

Operating: Up to 90% relative humidity at +35% C (+95° F)
Non-operating: Up to 95% relative humidity at +65° C (+ 149°

Altitude:

Operating: Up to 4600 metres {15,000 ft)
Non-operating: Up to 15,300 metres (50,000 ft}

Vibration:

Operating: Random vibration 5-500 Hz,

10 minutes per axis, 5 ~0.3 g (rms),
Non-operating: Random vibration 5-500 Hz, 10 minutes per axis, =
241 g (rms); and swept sine resonant search, 5-500 Hz, 0.75 g
{O-peak), 5 mnute resonant dwell @ 4 resonances per axis.

Power requirernents listed are for the combined HP 54120T system.
The HP 54121A Four Channel Test Set draws its power over the
provided interface cable from the HP 54120A Digitizing Oscilloscope
Mainframe, '

Specifications and Qperating Characteristics
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Voltage: 115/230 V ac, =257 to +15%, 48-66 Hz
Power: 200 watts, 400 VA maximum

Weight HP §54120A Net: Approximately 20.5 kg (45 1b)
HP 54121A Net: Approximately 3.2 kg (7 1b)
Combined Shipping Weight: Approximately 28.2 kg (62 1b)

Dimensions Refer to outline drawings below

NOTES: 1 DIMENSIONS ARE FOR
GENERAL INFORMATION
ONLY. IF IMENSIONS ARE
REGUIRED FOA BUILDING
SPECIAL EMCLOSURES,
TONTACT YOUR HP FIELD
ENGINEER.

TDIMENSIONS ARE IN
MILLIMETRES AND

~

{INCHES)
i
- T | __J
! 363
1053 =
oed @@O@@] btme) g
A - 3
FRONT VIEW SIDE VIEW o
.
T p7
0 b TOP VIEW
2000 2123 v |
g TOP YIEW g 038) g .
1 )
t.u; — 2802 ' [
13.68) 1108} - =
INTERFACE CABLE 9.5 =
(772) b 1k a17.2 (24.3)
Scals Bd1 1 (25.25}
I—= 10 Inches i
| pemanna F— -
- oooa ea
—| oooa . —
<| oooo A 42 E o] T-
oaoca -
A EE 8.2 E SIDE VIEW
L
1 i F—
FRONT VIEW S b

Specifications and Operating Characteristics
19-13



Errors, Messages, and Prompts

This appendix lists errors, messages, and prompts that oceur with
llegal operations, certain system events, or when user action 1s
required so the instrument can complete a task.

All messages except one are listed 1n the waveform display area. The
exception is the Re-Cal warning message, which is listed at the top

of the display.

The alphabetical listing contains a complete definition of the

message or prompt

Message
i€t 1987 Hewlett Packard Co.

Powerup Self test Passedl/
Failed!

Calibration aborted -
no edge found

Calibration aborted -
Signal clipped

Calibration aborted

Definition

Tells you whether the instrument
has passed or failed the automatic
self-test cycle that occurs when
power is cycled. If the power-up self
test fails, refer to the HP 54120T
service documentation,

Informs you that the oscilloscope
cannot find the pulse edge required
for the calibration Tob continue,
adjust the display scaling so the
edge is on screen.

Indicates that the cal signal

18 off screen when displayed at

80 mV/div. To continue with the cal,
adjust the display scaling so that the
entire cal signal can be viewed using
80 mV/div.

Indieates that an in-process cal has
been terminated. This is usually

caused by the operator changing the
front-panel setup

Errors, Messages, and Prompts
A-1



Cal only valid at
n s/div, m sidelay, &
12.4/20 GHz BW

Connect 50 Q at ref plane
and press Reflect Cal key
again

Connect reference path to
channel 4 and press Trans
Cal again

Connect short at ref plane
and press Reflect Cal key
again

Delay out of range for
Sweep speed...Set to limit

Isconnect signal from
channel 4 and press Trans
Cal again

Disconnect all inputs and
then press key again

Edges required for
measurement not found

Entry Devices unassigned in
this menu

Errors, Messages, and Prompts

Lists the TIME/DIV, timebase
DELAY, and bandwidth that must be
used to validate the last Trans Cal
or Reflect Cal when a waveform is
being normalized.

This prompt tells you what action
to take to complete the Reflect Cal.

This prompt tells you what action
to take to complete the Trans Cal.

This prompt tells you what action
to take to continue the Reflect Cal.

Informs youn that you have attempted
to display a portion of the waveferm
too close or too far from the trigger
event and the oscilloscope has set
the delay to the limit.

This prompt tells you what action
to take to continue Trans Cal.

This prompt tells vou what action
to take to continue Vertical Cal. All
inputs must be disconnected
including the trigger

Informs you that the waveform
edges for automatic measurements
cannot be lecated. Edges of interest
must be on screen

This message appears if you attempt
to use any of the entry devices (the
knob, keypad, or step keys) when
they are unassigned.



Front panel cals lost!
Re-cal thru Utility menu

Functions Min & Max must
be OFF to enter averaged
mode

Key not defined...ignored

Key not allowed during
output...Ignored

Measurement aborted

Min and Max allowed only
in persistence display mode

No Signal Found

No Trigger Found

No data between limits
...key ignored

This prompt tells you that the cal

factors have been lost. This prompt
will stay on screen until a vertical
cal has been completed. Skew cals

are also lost.

Indicates that the Min and/or

Max waveform math functions

are selected and must be turned off
before the averaged display mode can
be used.

Informs you that the function key
that was just pressed is net defined
and no action will be taken.

Informs you that a key was pressed
during a printer or plotter output.

Indicates that a process or
messurement has terminated before
completion. This is normally caused
by the user changing a front-panel
setting.

Informsa you that the instrument is
is in the averaged display mode and
must be changed to the persistence
display mode before the Min and/or
Max waveform math functions can
be selected.

Indicates that no signal was detected
during an AUTOSCALE cycle.
Trigger was located.

Indwates that no trgger was
detected during an AUTOSCALE
cvcle, Autoscale was aborted before
vertical signal search was attempted.

Indicates that no data has been

acquired between the histogram
window markers.

Errors, Messages, and Prompts
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No digits present
..value not entered

No setup saved here
...Recall ignored

No valid data
. .key 1gnored

Only digits 0-9 and clear
allowed...key ignored

Reflection path must be
Calibrated

Reflection path must be
Calibrated to Normalize

Reflection channel must
be on to Normalize

Scope in remote.. key
ignored

Set TIME/DIV for adequate
time resolution

Errors, Messages, and Prompts

Tells you that you have pressed
an ENTER key without first
entering some digits from the
number pad,

Informs vou that a front-panel
setup does not exist in the selected
recall register.

This message is displayed 1f you
attempt to turn on the histogram
display before data is acquired.

This message is displayed if the
instrument is expecting an input
from the entry devices and certain
other keys are pressed. If you press
Save/Recall, you must enter number
or press ¢lear before you may
continue.

This message 15 displayed if you
attempt to use the network CURSOR
before a Reflect Cal is performed.

This message 15 displayed if you
attempt to normalize a waveform
(Network menu) before a Reflect Cal
is performed.

This message 12 displayed if you
attempt to normalize a waveform
{Network menu) when the Reflect
Chan 1s not turned on.

This message is displayed if you
attempt to operate the oscillescope
from the front panel and it is under
remote controel.

This prompt suggests that you

use a smaller TIME/DIV setting
when using the waveform math
versus function. This will provide a
more detailed display.



Setup Recalled

Setup Saved

Signal clipped

Software error

Step and Freerun on
.. key ignored

Transmission path must be
Calibrated

Transmission path must be
Calibrated to Normalize

Transmission channel must
be turned on

Value out of range
..set to limit

Warning: Seope not
in talk only

Shows you that you have successfully
recalled a front-panel setup,

Shows you that you have successfully
saved a front-panel setup.

Tells you that the waveform was
clipped when you attempted to use
any of the automatic measurements
from the Measure menu. Rescale the
VOLTS/DIV and OFFSET so the
waveform is on screen.

Informs you a software error has
occurred over the HP-IB.

Informs you that the TDR pulse
and the Freerun trigger are on if
you attempt to change any trigger
parameters.

Informs you that a Trans Cal
must be performed before the
network CURSOR can be used.

Informs you that a Trans Cal
must be performed before a
waveform can be normalized.

Informs you that channel 4 must be
turned on to normalize 2 waveform
in the Trans submenu (part of
Network menu).

Indicates that the value you have
just entered is beyond the limit of
the selected variable.

This warning appears if you

attempt to print or plot a waveform
and the HPIB status is not set to
“talk only" HPIB submenu is part of
the Utility menu,

Errors, Messages, and Prompts
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Warning: Unable to
cal Chl Ch2 Ch3 Chd

Errors, Messages, and Prompts
A-6

This warning tells you that the
oscilloscope was unable to
automatically calibrate the Channel
Vertical Cal (Utility menu} Channel
may still be connected to a source;
otherwise, there is a hardware
failure,



Handling and Care of the Precision
Connectors

3.5 mm Connector Appendix B shows you how to take care of 3.5 mm connectors so that

Care wyou can maintain high levels of accuracy, repeatability, and system
performance. Taking appropriate care of your connectors will also
extend their service life.

|

Connector Wear

Operator Skill

Connector wear will eventually degrade performance. The connecting
devices, which are typically used only a few times each day, should
have a very long life. However, because the connectors often undergo
many connections a day, they wear rapidly. Therefore, 1t is essential
that all connectors on the HP 54120T oscilloscope test set be
inspected regularly, both visually (with a mapgnifying glass) and
mechanically (with a connector gauge), and replaced as necessary.
Procedures for visual and mechanical 1nspection are included later
in this appendix. For test sets used in high-volume work, it is best to
place an adapter on both the input and the output connects, It is
easier and cheaper 1o replace a worn adapter than a worn test set
connector.

Operator skill in making good connections is essential. The
mechanical tolerances of the precision 3.5 mm connectors are two or
three times better than the tolerances in regular 3.5 mm connectors.
Slight errors in operator technique that would go unnoticed with
regular connectors often appear with precigion connectors. Incorrect
operator technique can often result in lack of repeatability. Carefully
study and practice the connection procedures that are explained
later in this appendix until your measurements are consistently
repeatable.

Handling and Care of the Precisian Connectors
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Device
Specifications

Electrical specifications depend upon several mechanical conditions.
A 3.5 mm connector is a precision connector dedicated to very
specific tolerances. SMA connectors are not precision mechanical
devices, They are not designed for repeated connections and
disconnections and are very susceptible to mechanical wear They are
often found, upon assembly, to be out of specification. This makes
them potentially destructive to any precision 3.6 mm connectors
with which they might be mated.

Use extreme caution when mating SMA connectors with 3.5 mm
precision connectors, Prevent accidental damage due to worn or out-
of-specification SMA connectors. Such connectors can destroy a
precision 3.5 mm connectar, even on the first connection.

Hewlett-Packard recommends that you keep three points clearly in
mind when you mate SMA and precision 3.5 mm connectors.

1. Inspect the SMA connector

Before mating an SMA connector {even a brand new one} with a
precision 3.5 mm connector, carefully inspect the SMA connector,
both visually and mechanically with a precision connector gauge
designed to measure SMA connectors. A male SMA connector pin
that is too long can smash or break the delicate fingers on the
precision 3.5 mm female connector. GGauging SMA connectors is
the most important step you can take to prevent damaging your
equipment

2. Alignment

Be careful with alignment. Push the two connectors together with
the male contact pin precisely concentric with the female Do not
overtighten or rotate either center conductor. Turn only the outer
nut of the male connector and use a torque wrench (60 N-cm, 5
in. Ib.} for the final connection. Note that this torque is less than
that when mating precision 3.5 mm connectors with each other. A
torque wrench suitable for SMA connectors preset to 5 in. lb. is
available (HP part number 8710-1582).

Install adapters (connector savers! on the test set inputs to protect
these inputs from repeated use. Then, if accidental damage does
occur, the adapter is all that needs to be replaced. It 15 easier and
less expensive to replace a damaged adapter than an entire test
set connector.

Handling and Care of the Precision Connectors



3. Mechanical Mismatch

Signifieant structural and dimensional differences exist between
precision 3 5 mm and SMA connectors. Precision 3.5 mm
connectors, also known as APC-3.5 connectors, are air-dielectric
devices. Only air exists between the center and outer conductors,
The male or female center conductor is supported by a plastic
“bead” within the connector In SMA connectors, a plastic
dielectric supports the entire length of the center conductor. In
addition, the diameter of both the center and outer conductors of
an SMA differ from that of a precision 3.5 mm connector.

If these precautions and recommendations are followed, SMA
connectors can be mated with 3.5 mm precision connectors
without fear of expensive and time consurning repatrs

s,
—w,
(S
) e
.
AR INTERIOR SUPPORT BEAD

SMA CONNECTOR

Y

OO

RN

PLASTIC DIELECTRIC SUPPORT

Figure B-1. SMA and Precision 3.5 mm Connectors
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When an SMA connector is mated with a precision 3.5 mm
connector, the connection exhibits a continuity mismatch (SWR),
typically about 1.10 at 20 GHz. This mismatch 1s less than when
two SMA connectors are mated, but still higher than when
precision 3.5 mm connectors are mated. Keep this fact in mind
when making measurements on SMA and preeision 3.5 mm
coupled junctions,

115 S
-
2 1104 SMA/SMA
INTERFACES
SMAJPRECISION 3 5mm
INTERFACES
105 4 PREGISION 3.5mm/
PRECISION 3 Smm
INTERFACES
100 T
001 FREQUENCY IN GHz 26.5
Figure B-2. Typical SWR of SMA and Precision 3.5 mm
Connectors
. ____u

Accuracy
Considerations

Accuracy requires that 3.5 mm precision connectors be used, however,
SMA connectors can be nsed if special care is taken when malting
the two, and all connectors are nndamaged and clean. Before each
use, the mechanical dimensions of all connectors must be checked

with a connector gauge to make sure that the center conductors are
positioned correctly. All connections must be made for consistent and
repeatable mechanical (and therefore electrical) contact between the
connector mating surfaces.

Handling and Care of the Precision Connectors
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Handling Precision
3.5 mm Connectors

Carefully study and practice all procedures in this appendix until
vou can successfully perform them repeatedly. Accuracy and
repeatability are critical for good microwave measurements. Note
that the device connection procedures differ in several important
ways from traditional procedures used in the microwave industry.
Hewlett-Packard procedures have been developed through careful
experimentation

Precision 3.5 mm connectors must be handied carefully if accurate
calibrations and measurements are to be obtained.

* gtore the devices in a foam-lined storage case when not in use
* avoid bumping or scratching any part of the mating surfaces

* be careful to align the center connectors and check the
alignment carefully before tighteming the connector nuts

¢ use a torque wrench for all final eomnections in order to avoid
overtightening

* support the devices being used 11 ovder to avoid vertical or

lateral force on any connectors. This precaution is eritical when

using the airline, 6 cm “L,” or cables,
When disconnecting devices:

* do not rock or bend any connections

* pull the connector straight out without unscrewing or twisting

* before storage, screw the connector nut all the way out to help
protect the surfaces, and use the plastic caps provided. These
plastic caps can be taken off easily by unserewing, rather than
pulling.

CAUTION

Do not use a damaged or defective connector. It will
damage anv geod connector to which it is attached.
IDispose of the connector or have it repaired.

Handling and Care of the Precision Connectors
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A connector is bad if it fails either the visual or mechanical
exanunations or when an experienced operator cannot make
repeatable connections. The time and expense involved in replacing
test set connectors warrants considerable caution when any
connector might be less than perfect.

If any doubis exist about a connector, call your Hewleit-Packard
representative. Hewlett-Packard field offices offer limited professional
advice and have access to the factory for information.

Visual Inspection Always make a careful visual inspection of the connectors, includin,
P ys pec g
and Cleaning the test set connectors to make sure they are clean and undamaged.

CAUTION

Make sure that you and your equipment are grounded
before touching any eenter conductor so you won't cause
static electricity and create a potential for electrostatic
discharge. When using or cleaning connectors on the test
set, be aware that you are touching exposed center
connectors that are connected directly to the internal
cireuits of the ascilloscope. Touching the center conductor,
especially with a wiping or brushing motion, can cause an
electrostatic discharge (ESD) that can severely damage
these sensitive cireuits.

Visual Inspection Use an illuminated, 4-power magnifying glass (see figure B-3) for
visual inspection.

1. Before you begin, make sure yon and any equipment you are
using are grounded to prevent electrostatic discharge.

2. Examine the connectors first for obvious problems, such as
deformed threads, contamination, or corresion.

Handling and Care of the Precision Connectors
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Cleaning

3 Next concentrate on the mating surfaces of each connector.
Look for scratches, rounded shoulders, misalignment, or any
other signs of wear or damage.

4 Make sure that the surfaces are clean, free of dust and solvent
regidues.

Contamination or damage visible with a 4-power magmfyving glass
can cause degraded electrical performance and possible connector
damage. All connectors should be repaired or discarded immediately.

Cleaning the connectors is seldom necessary Dust or dirt on the
connector surfaces ean be brushed or wiped away gently with a
plastic foam swab or low-pressure, clean, compressed air. Be sure
that you and all of your cleaning equipment are grounded to avoid
electrostatic discharge.

If necessary, liquid Freon itrichlorotrifluoroethane), HP part number
B500-1914, is the only cleaning solvent recommended by Hewlett-
Packard for cleaning 3.5 mm connectors. Several types of liquid
Freon exist, so make sure that the kind you use contains only
trichlorotrifluoroethane. Some other types contain harmful
compounds which can damage precision 3.5 mm connectors. Using
the solvent 1n liquad 1s preferred because the liquid can be applied
sparingly and selectively. If spray must be used, spray the cleaning
swab only, not the connector. Use a microscope slide, or similar piece
of clear glass to check the solvent periodically for contaminations
{See figure B-4),

N CAUTION

Do not, under any eircumstances, use abrasives (not even
pencil eraser) or any solvent other than
trichlorotrifluoroethane. Residue can be left behind that
can damage the metal connector surfaces and the plastic
conductor supports,

When you are satisfied that all the connectors are clean and

undamaged, you can proceed to the mechanical inspection of
connector dimensions.

Handling and Care of the Precision Connectors
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COMPRESSED="
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GROUNDED ILLUMINATED

TRIGHLORDTRIFLUDROETHANE .
WRIST STRAP MAGNIFYING GLASS

INSPECT GONTACTING SURFACES
GLEAN IF NECESSARY.

PLASTIC FOAM
SWaB

FOR TEST SET CONNECTORS

AVOID ESD .

Figure B-3. Visual Inspection of Precision 3.5 mm Connectors
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Figure B-4 Checking Cleaning Solvent for Coatamination
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Mechanical
Inspection

Center Conductor

Quter Conductor

Mechanical inspection of the connectors 15 the next step. This
inspection consists of using the appropriate male or female precision
8.5 mm connector gauge to check the mechamcal dimensions of all
connectors, including those on the test set, The purpose of doing this
is to make sure that perfect mating will occur between the connector
surfaces. Perfect mating assures a good electrical match and is very
important mechanically to avoid damaging the connectors
themselves, especially on the oscilloscope.

The critical dimension to be measured is the recession of the center
conduetor. This dimension is shown as MP and FP in figure B-5. No
protrusion of the shoulder of the center conductor is allowable on
any connector. The maximum allowable recession of the center
conductor shoulder is 0.003 in. {0.08 mm) on all connectors, except
those on the test sets.

On the test set connectors, not oaly is no protrusion allowable, the
shoulder of the center conductor must be recessed at least 0.0002 in.
(0.005 mm). The maximum sallowable recession of the center
conductor shoulder on the test set connectors is 0.0021 in. (0.056
mm}.

If any contact protrudes beyond the cuter conductor mating plane,
the contact is out of tolerance and must be replaced. If the center
conductor is not recessed at least 0.0002 in. (0.005 mm), it is out of
tolerance and must be replaced. In both cases the out-of-tolerance
connector will permanently damage any connector attached to 1t.
Destructive electrical interference will also result due to buckling of
the female contact fingers. This is often noticeable as a power hole
several dB deep occurring at about 22 GHz.

If any contact is recessed too far behind the outer conductor mating
plane (> (.0021 in. > 0.056 mm, except in test sets), poor electrical
contact will result, causing high electrical reflections, Careful
gauging of all connectors will help prevent this condition.

Handling and Care of the Precision Connectors
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QUTER CONDUCTOR

MATING PLANE

MF OUTER_CONDUCTOR ~
MATING PLANE
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D = inside diameter of the outer condugtor

d = diameter of male/female center connector

A = ourside diameter of outer conducter at the
matng plape

r = corner reliel jor male connector

8 = protrusion of the male contact pin up bevond
the ouler conductaor masing plane

€ = recession of the outer conductor manhng plane
behind outer face of connector

MP = recession of male contact pin shoulder behind
outer conductor maung plane

FP = recession of face of female connector behind
anter conductor mating plane
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= dhameter of lip of male contact pin
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Figure B-3. Mechanical Dimensions of Connector Faces
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Figure B-6. Mechanical Dimensions of the Short Circuit

Handling and Care of the Precision Connectors

B-12




Before using the ronnector gauge to measure the connectors, visually
inspect the end of the gauge and the calibration block in the same
way that you inspected the connectors. Dirty or damaged gauge
facings can cause dirty or damaged connectors. Two connector
gauges (figure B-T) are available from Maury Microwave, one for
each connector type, male and female. A single gauge calibration
block, also supplied, is used to zero both gauges; one end protrudes
for zeroing the male connector gauge.

Figures B-8 to B-10 show how to use the connector gauges. Zevo the
gauge with the calibration block (see figure B-8). It iz recommended
that you zero both gauges first, then measure each of the
terminations and/or adapters that will be used. Then, as the last
step, measure the test set connectors.

Figures B-9 and B-10 show how to measure precision 3.5 mm
connectors. Note that a plus (+) reading on the gauge indicates
recession of the center conductor and a minus (-} reading indicates
protrusion. Since no protrusion of either connector 15 allowable,
readings for connectors within the allowable range will be on the
plus ( +) scale of the gauge. Also note that the allowable tolerance
range for the test sel connectors is different from the range for other
connectors. Both ranges are shown in figures B-9 and B-10. Before
measuring test set connectors, be sure that the RF power to the test
get is off and that you and your equipment are grounded to prevent
electrostatic discharge.

No periedic servicing or maintenance of the connector ganges is
necessary other than an occasional cleaning of the external surface.
Like the other precision devices in the accessory kit, the gauges and
gauge calibration black should be kept in the foam-lined storage case
when not in use.
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MALE

BRASP THE GAGE HERE
L~ FOR MAXIMUM STABILITY

GAGE FOR MALE CONNEC-
TORS HAS CIRCULAR
BUSHING AROUND GAGE
PLUNGER

USE PROTRUDING END OF
GAGE CALIBRATIOR BLOCK
TO ZERO MALE CONNECTOR
GAGE.

SCALE DIVISIONS

FEMALE

AP
(00 NOT USE AS HANDLE)

DIAL LOCK SCREW
RELEASE SCREW WHEN
ZERQING BAGE

GRADUATED DIAL

+ READINGS INDICATE
REGESSION OF CENTER
CONDUCTOR

— READINGS INDICATE
PROTRUSIONS OF CENTER
CONDUCTOR

SEE EXAMPLE BELOW

-

{SE FLAT ENC OF BAGE

GALIBRATION BLOCK TO

ZERO FEMALE CONNECTOR
Al

000025 iN
EXAMPLE
- READING IS -+ 0045 m
THIS INDICATES RECESSION
= OF THE CENTER CONDUCTOR
iy OF 000425

Figure B-7. Precision 3.5 mm Connector Gauges
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ZEROING GAGES

I 5
USE PROTRUDING END OF GAGE GRASP THE GAGE HERE
GALIDRATION 81,061 TO ZERG MALE FOR MAXIMUM STABILFFY.
CONNECTOR GAGE USE DTHER END
{FLAT) TO ZERQ FEMALE GAGE.
fﬁt\
A7 ad T
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S, o~
- affE5] = @ I:I —& e——
— .
), /-_, .
et 1
S

CAREFULLY ALIGN GIRGCULAR BUSH-

ING AND PROTRUDING END THEN

FIRMLY SEAT GAGE CALIBRATION

BLOCK (3) GAGE POINTER SKOULD LINE UP
WITH ZERD MARK

L [(

IF GAGE POINTER DOES NOT LINE UP GRADUATED DAL
WiTH ZERD MARK, LNOSEN THE DIAL

LOCK SCREW AND ROTATE GRAD-

UATED DIAL UNTIL GAGE PDINTER 15

ALIGNED WITH ZERD THEN RE- DIAL LOCK

TIGHTEN THE DIAL LOCK SCREW SCREW

Figure B-8. Zeroing Precision 3.5 mm Connector Gauges
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() INSERT GAGE
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TEST SET CONNECTGAS
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MINIMUM Q0002 1n
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{3) USE CONNECTOR ONLY IF GAGE
READING IS WITHIN ALLOWABLE
TOLERANCE RANGE

Figure B-9 Measuring Precision 3.5 mm Male Connectors
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{1} CAREFULLY ALIGN GAGE AND COW- GRASP THE GAGE HERE
NECTOR 50 THAT BAGE WILL SLIP FOR MAXIMUM STABILITY

INTD CONNECTOR AND COME 10

REST ON GUTER CONDUCTOR MATING
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OB - [(

A

CUTER CONDUGTOR
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ALLOWABLE RANGE {(EXCEPT
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Figure B-10. Measuring Precision 35 mm Female Connectors
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Connecting the
Devices

Figures B-11 and B-12 illustrate the Hewlett-Packard recommended
procedures for making connections with the connecting devices.
Notice that these recommended procedures differ from traditional
procedures used in the microwave industry, especially the counter-
rotation technique and procedure for connecting the airline

The counter-rotation technique, recommended here, involves a slight
rotation of the termination or adapter just before the final
tightening of the connector nut. This eliminates the very amall air
wedge between the outer conductors that frequently occurs when the
bady is held stationary during tightening, as it is in the traditional
procedure. The HP 54120T will detect the reflections caused by such
small wedges.

The counter-rotation technique does not harm the connectors. The
gold plating on the outer conductor surface will become burnished 1
time. This is normal, and as long as the surface remains smooth, the
connector is still good. After much use the gold plating may
eventually wear through and expose the beryllium-copper
substratum. This too is normal, and if it is smooth the connector 15
still good, although the beryllium-copper surface may oxidize if the
connector is used infrequently.

If the burnished surface is rough, scratched, rippled, or has other
irregularities, too much tightening force is being used. If the
roughness is severe, the connector 15 ruined and should not be used.

CAUTION

Damage can result if SMA connectors are overtightened to
precision 3.5 mm connectors. Use a torque wrench
designed for SMA connectors, set to 60 N-cm (5 in. 1b.). A
torque wrench suitable for SMA connectors is available,
HP part number 8710-1582.

Handling and Care of the Precision Connectors
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Counter-Rotation
Technique

The recommended Hewlett-Packard counter-rotation technique is for
precision 3.5 mm connectors. Before making any connections to the
test set, ground yourself with a grounded wrist strap. Also, it is good
practice to grasp the outer shell of the test port before you make any
connections to the test set in order to discharge any static electricity
on your body. This 1s the most effective single safeguard to prevent
ESD damage to your instruments.

Connect 3.5 mm devices by the following procedure (see figures B-11
and B-12).

1. If the device has a retractable connector nut, fully retract the
nut before mating the connectors, Carefully align the male and
femsale contact pins and slide the connectors straight together
until the center and the two outer conductors meet Be careful
not to twist or bend the contact pins. You should feel a slight
resistance as the connectors mate.

2. Make the preliminary connection by attaching the connector
nut of the male connector to the female. Support the body of
the device and turn the connector nut until the mating
surfaces make light contact. Do not overtighten. All you want
is a connection of the cuter conductors with gentle contact at
all points of both mating surfaces,

3. When you are satisfied with this preliminary connection, use
the following counter-rotation technique to eliminate air
wedges between the mating planes (see figure B-10). If the
connecting device is male, hold the connector nut firmly. Very
slowly rotate the body of the device about 10-20 degrees
counterclockwise. Note that this slight rotation or backwiping
15 sufficient, Greater rotation does not improve electrical
performance and increases wear on the connector surfaces.

If the connecting device is female {the connector nut is on the test
set), very slowly rotate both the connector nut and the body of the
device clockwise 10-20 degrees (counterclockwise rotation will
loosen the connection).

Handling and Care of the Precision Connectors
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Light, smooth frietional resistance feit during the counter-rotation
indicates you have made the preliminary connection correctly and
that the counter-rotation technique has been successful. Roughness
felt during counter-rotation indicates either that the connectors are
damaged or that there 15 roughness in the connector nutithread
contact. Inspect both connectors again before proceeding, to make
sure that the roughness 1s due to roughness in the connector nut
interface rather than on the connector mating planes,

4. Tighten the connector nut finger tight, allowing the device to
turn with the nut if it tends to do so. A small rotation of the
body of the device at this point is acceptable and tends to oceur
naturally,

5. Use a torque wrench to make the final connection. Use of the
torque wrench asgures the final connection will be tight
enough for optimum electrical performance, but not so tight as
to distort or damage the connectors.

To disconnect, follow this procedure:

1. Loosen the connector nut on the male connector with the
torque wrench. Lesve the connection finger tight.

2. While supporting the device, gently unfasten the connectors
and pull the device straight out of the test port connector. Do
not twist either the center conductor or the outer conductor
housing or exert lateral or vertical (bending) force on the
connection.

Note

Some precision 3.5 mm female connector fingers are
very tight and can pull the center pmn of their mateg
out past specifications as they are disconnected. If such
a male pin is inserted into 2 fernale connector it can
cause considerable damage by pushipg the female
center canductor back too far. Be aware of this
passibility and re-check all connectors before mating
them again.

Handling and Care of the Precision Connectors
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' HETHSCT CONMNECTOR HNUT FULLY aLIGH
CONTACT FIIS AHD bAATE CEHTER
CCHOUCTORS

& MakE PRELIMINARY CONHECTION TISHTEN
CORNECTOR HUT UNTIL MATING SURFACES
MakE LIGHT CONTACT SUPPORT DEVICE AT
ALL TIMES

USE COURITER AQTATION TECHIIGUE
H2LD CONNESTOR HUT STRTIOHART YER
ELOWLr ACTATE DEwICE BODr 10 TO 20
OEGREES COUNTIERCLON k WISE

i

Figure B-11 Counter Rotation Technique
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ACCEPTABLE USE TOAQUE WREHCH 10
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Figure B-12. Counter-Rotation Technique .
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Introduction

Portions of this Appendix

are Reprinted from
Applicatzon Note 62
Modificatiens Lave been

made to represent the
HP 54120T

TDR Fundamentals

The most common methoed for evaluating a transmission line and its
load has traditionally involved applying a sine wave to a system and
measuring waves resulting from discontinuities on the line, From
these measurements, the standing wave ratio (¢) 1s calculated and
used as a figure of merit for the transmission system. When the
system includes several discontinuities, however, the standing wave
ratio (SWR) measurement fails to 1solate them Consider a case
where the load is well matched to the transmission line

tie., ZL, = Zg) but several connector joining segments of the line act
as minor discontinuities—this is a realistic situation since BNC
connectors, for example, will typically look like small inductors in
series with the hne. The SWR measurement does not single out the
component or components causing the discontinuity; it only indicates
their aggregate effect. Any attempt to improve the system, therefore,
reduces to a trial and error substitution of components. In addition,
SWR techniques fail to demonstrate whether one discontinuity is
generating a reflection of the proper phase and magnitude to cancel
(at a particular frequency} the reflection from a second discontinuity.
When the broadband quality of a transmission system is to be
determined, SWR measurements must therefore be made at many
frequencies, and this method s0on becomes very time consuming and
tedious,

Time domain reflectometry avoids all of these disadvantapes of the
SWR method. TDR, as 1t i8 commonly abbreviated, emplovs a step
generator and an oscilloscope in & system best described as “closed-
loop radar.” A voltage step 1s propagated down the transmission line
under investigation, and the incident and reflected voltage waves are
monitored by the oscilloscope at a particular point on the line,

TDR Fundamentals
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This echo technique tsee figure C-1) reveals at a glance the

characteristic 1mpedance of the line, and 1t shows both the position

and the nature (resistive, inductive, or capacitive) of each

discontinuity along the line. TDR also demonstrates whether losses .
in a transmission system are series losses or shunt losses. All of this
information is immediately available from the oscilloscope’s display.

TDR also gives more meaningful information concerning the

broadband response of a transmission system than any other

measuring technique

Since the basic principles of time domain reflectometry are easily
grasped, even those with limited experience in high frequency
measurements can quickly master this techmque. This appendix
attempts a concise presentation of the fundamentals of TDR and
then relates these fundamentals to the parameters that can be
measured in actual test situations. Before discusaing these principles
further we will briefly review transmission line theory.

X
} L a3
. T - '\
£ % Iy EEZL E.ve
i £ [t 4
1
292 *
o 0 ~— -t
TRANSMISEION LINE LOAD
B4I20/ELY

Figure C-1. Voltage vs Time at a Particular Point on a Mismatehed
Transmussion Line Driven with a Step of Height Ef
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Propagation on a
. Transmission Line

The classieal transmission line 1s agsumed to consist of a continuous
structure of R's, s and C's, as shawn in figure C-2. By studying this
equivalent circuit, several characteristics of the transmission line
can be determined.

If the hine is infinitely long and R, L, G, and C are defined per unit

length, then
R+ Jawil
Zin"Z "7 T+ jat

where 2, is the characteristic impedance of the line A voltage
introduced at the generator will require a finite time to travel down
the line to a point x. The phase of the voltage moving down the line
will lag behind the voltage introduced at the generator by an
amount 8 per unit length. Furthermore, the voltage will be
attenuated by an amount « per unit length by the series resistance
and shunt conductance of the line. The phase shift and attenuation
are defined by the propagation constant 4, where

Yoo+ jie= ‘f (R+ JoL)G + jobt)

and o = attenuation in nepers per unit length
£ = phase shift in radians per unit length

LY
Edl
<
o
L]
(=)

LR P

Figure C-2. The Classical Model for a Transmission Line.
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The velocity at which the voltage travels down the line can be
defined in terms of §:

WHERE 1S v, = -f— UNIT LENGTH PER SECOND

The velocity of propagation approaches the speed of light, v, for
iransmission lines with air dielectric For the general case where e;
is the dielectric constant.

Ve
'Vp - ——

To

The propagation constant v ean be used to define the voltage and
the current at any distance x down an infinitely long line by the
relations

E =E(qe= "% aND I, mIj,e~T¥

Since the voltage and the current are related at any point by the
characteristic impedance of the lipe

Ejpo =7 % . Ein
Iine=7* Iy

g™ = Zin

When the transmission line is finite in length and is terminated in
& load whose impedance matches the characteristic impedance of the
line, the voltage and current relationships are satisfied by the
preceding equations.

If the load is different from Z, these equations are not satisfied
unless a second wave is considered to originate at the load and to
propagate back up the line toward the source. This reflected wave 15
energy that is not delivered to the load. Therefore, the quality of the
transmssion system is indicated by the ratio of this reflected wave
to the incident wave originating at the source. This ratio is called
the voltage reflection coefficient, p, and is related to the
transmission line impedanee by the equation:

Er I =1y
P "I+ %



The magnitude of the steady-state sinuseidal voltage along a line
terminated in a load other than Zg varies periodically as a function
of distance between a maximum and minimum value This variation,
called a standing wave, is caused by the phase relationship between
mcident and reflected waves, The ratio of the maximum and
minimum values of this voltage is called the voltage standing wave
ratio, o, and is related to the reflection coefficient by the equation

As has been said, either of the above coefficients can be measured
with presently available test equipment. But the value of the SWR
measurement is limited. Again, if a system consists of a connector, a
short transmission line and a load, the measured standing wave
ratio indicates only the overall quality of the system. It does not tell
which of the system components is causing the reflection. It does not
tell if the reflection from one component is of such a phase as to
cancel the reflection from another. The engineer must make detailed
measurements at many frequencies before he can know what must
be done to umprove the broadband transmission quality of the
system.

TDR Fundamentals
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Step Reflection
Testing

TOR Fundamentals
C-6

A time domain reflectometer setup is shown in figure C-3.

The step generator produces a positive-going incident wave that 1s
applied to the transmission system under test. The step travels down
the transmission line at the velocity of propagation of the hne. If the
load impedance i equal to the characteristic impedance of the line,
no wave is reflected and all that will be seen on the oscilloscope is
the incident voltage step recorded as the wave passes the point on
the line monitored by the oscilloscope. Refer to figure C-4.

If a mismatch exists at the load, part of the incident wave is
reflected. The reflected voltage wave will appear on the oscilloscope
display algebraically added to the incident wave. Refer to figure C-5.



TRANSMISSION SYSTEM UNDER TEST
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Figure C-3. A Time Domain Reflectometer.
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Figure C-4 Oscilloscope Display When B, = 0
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Figure C-5 Oscilloscope Display When E, = ¢
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Locating
Mismatches

Analyzing
Reflections

TDR Fundamentals
c-8

The reflected wave 15 readily 1dentified since 1t 18 separated in time
from the incident wave. This time is also valuable in determining
the length of the transmission system from the monitoring point to
the mismatch. Letting D denote this length:

T
e LYo
] vﬂ'p_ 2

where v, = velocity of propagation
T = transit time from monitoring point to the mismatch and

back again, as measured on the oscilloscope (figure C-5).

The velocity of propagation ¢an be determined from an experiment
on a known length of the same type of cable (e.g., the time required
for the incident wave ta travel down and the reflected wave to travel
back from an open circuit termination at the end of a 120 cm piece
of RG-9A/U is 11.4 ns giving vp = 2.1 x 10 cm/sec. Knowing v, and
reading T from the oscilloscope determines D. The mismatch is then
located down the line.

The shape of the reflected wave is also valnable since it reveals both
the nature and magnitude of the mismatch. Figure C-6 shows four
typical oscilloscope displays and the load impedance responsible for
each. These displays are easily interpreted by recalling equation 6:

Ep L~ 2y
Pt T

Knowledge of E; and E;, as measured on the oacilloscope, allows Z[,
to be determined in terms of Zg, or vice versa. In figure C-6, for
example, we may verify that the reflections are actually from the
terminations specified.
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Figure C-6 TDR Displays for Typical Loads.
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Assuming Z, is real (approximately true for high guality commercial
cable}, it 15 seen that resistive mismatches reflect a voltage of the
same shape as the driving voltage, with the magnitude and polarity
of Er determined by the relative values of Z, and R[,.

Also of interest are the reflections produced by complex oad
impedances. Four basic examples of these reflections are shown in

Figure C.7.

These waveforms could be verified by writing the expression for p (s)
1n terms of the specific Z], for each example:

{i.0.,2 =R+ -L.T"m.. otc.t.

multiplying p (s} by -%'- the transform of a step function of £,

and then transforming this product back into the time domain to
find an expression for et} This procedure is useful, but a simpler
analysis is posgible without resorting to Laplace transforms. The
more direct analysis involves evaluating the reflected voltage

att = 0 and at t = oo and assuming any transition between these
two values to be exponential, (For simplicity. time is chosen to be
zere when the reflected wave arrives back at the meonitoring point.)
In the case of the series R-L combination; for example, at t = 0 the
reflected voltage is + Bj. This is because the inductor will not accept
a sudden change in eurrent; it wnitially looks like an infinite
mmpedance, and £ = +1 at t = 0. Then current in L builds up
exponentially and its impedance drops toward zero. At t = o,
therefore egit) is determined only by the value of R.

R -2,
(7~ R 2, WHEN T = m )

The exponential transition of et} has a time constant determined
by the effective resistance seen by the inductor. Since the cutput
1mpedance of the transmission line is Z4, the inductor sees Zg in
series with R, and

R+ I,
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Figure (7. Oscilloscope Displays for Complex Z7,.
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A similar analysis 1= possible for the case of the parallel R-C

termination. At time zero, the load appears as a short circwt since

the capacitor will not accept a sudden change in voltage Therefore,

p = =1 whent = 0. After some time, however, voltage builds up on .
C and its impedance rises. At t = oo, the capacitor 15 effectively an

open circuit:

R -2

I, = R AND '_R-I-Zo

The resistance seen by the capacitor is Zy in parallel with R, and
therefore the time constant of the exponential transition of eylt) is:

Z R
L TR

The two remaining cases can be treated in exactly the same way.
The results of this anslysis are summarized in figure C-7.

TOR Fundamentals
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Measuring the
Time Constant of
the Reflected Wave

. from Complex Loads

When one encounters a transmission line terminated in a complex
impedance, determining the element values comprising 7y, involves
measuring two things:

1. Either epfft)att = Qoratt ==

and

2. The time constant of the exponential transition
from ep 10) to ey (o),

Number 1 is a straight forward procedure from the information
given in Figure C-7. Number 2 is most conveniently done by
measuring the time to complete one half of the exponential
transition from e Q) to ed oo} The time for this to eccur corresponds
to 0.69 t, where t denotes the time constant of the exponential.
Adjusting the vertical sensitivity of the oscilloscope in the TDR
system so that the exponential portion of the reflected wave fills the
full vertical dimension of the graticule makes this measurement

very easy (figure C-81

t =2.89T

T w145t
LA T

o lo)

Figure C.8. Determining the Time Constant of a Reflected
Wave Returning from a Complex Z7.

Refer to the HP 54120T Oscillosecope Operating Manual for
performing this time interval measurement using the AV and A T
markers.

TDR Fundamentals
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Discontinulties
on the Line

TOR Fundamentals
C-14

So far, mention has been made only about the effect of a mismatched
load at the end of a transmission line. Often, however, one iz not
only concerned with what is happening at the load, but alse at
intermediate positions along the ine Consider the transmission
system in figure C-9.

The junction of the two lines (both of characteristic impedance Zy)
employs a connector of some sort. Let us assume that the connector
adds & small inductor in series with the line Analyzing this
discontinuity on the line is not much different from analyzing a
mismatched termination. In effect, one treats everything to the right
of M in the figure as an equivalent 1mpedance in series with the
small inductor and then calls this series combination the effective
load impedance for the system at the point M. Since the input
impedance to the right of M is Z;, an equivalent representation is
shown 1n figure C-10. The pattern on the sscilloscope is merely a
gpecial caze of figure C-7A and is shown on figure C-11.

|
% %o
S
ASSIME Z =2, R
Figure C-9.
W
L
3, | 2y
o— i
| 54120004
Figure C-10.
B\ Trm;
(-}
Eq
B41208L 181
Figure C-11.



Evaluating
Cable Loss

Time domain reflectometry is also useful for comparing losses in
transmission lines. Cables where series losses predominate reflect a
voltapge wave with an exponentially rising characteristic, while those .
in which shunt losses predominate reflect a voltage wave with an
exponentially-decaying characteristic This can be understood by
locking at the input impedance of the lossy line.

Asgsurning that the lossy line 1s infinitely long, the input impedance

15 given by’
R+ ok
Zin = %0~ 5 Jac

Treating first the case where series losses predominate, G is so small
compared to wC that it can be neglected:

1
R+ jolL L R A
Zin -_l/ Jac - \V? (1 + ;mL) z

Recalling the approximation (1 + x¥® = (1 + ax) for x<1, Zjp can be
approximated by:

L R
Zinwe ‘ ¢ (1+W) WHEN R < @t

Since the leading edge of the incident step is made up almost
entirely of high frequency components, R 1s certainly less than wlL
for t = 0*. Therefore the above approximation for the lossy line,
which looks like a simple series R-C network, is valid for a short
time after t = 0. It turns out that this model is all that 15 necessary
to determine the transmission line's loss.

TDR Fundamentals
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[n terms of an equivalent ciremit valid at t = 0+, the transmission
line with series losses 1s shown in Figure C-12.

-8 S ——
—A¥—P= o
SR
CED Zip—=
=g
 I——
Zip=f' + 4 T
in jwe’ MmN

Figure C-12. A Simple Model Valid at t = 07 for a line with
series losses.

The response to a step of height E appears as figure C-13, where Zg
source impedance, and assumed resistive. .

/<_
T mRI42,)0"

Sa1RA/0LE2

Figure C-13.
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In the case where 2, = R, T = 2z,¢' and the initial slope of ejpit)
is given by: -

£ E
m o ZRe TR

'The series resistance of the lossy line (R) is a function of the skin
depth of the conductor and therefore 15 not constant with frequency.
As a result, it is diffieult to relate the initial slope with an actual
value of R However, the magnitude of the slope is useful in
comparing cables of different loss.

A similar analysis is possible for a cable where shunt losses
predominate. Here the input admittance of the lossy cable is given
by:

1 G+ Jwe ft;a-_loc
Vin "7, " IR el '_y Tal

in

Since R is assumed amall, re-writing this expression for Yip:

f R
Yin- % (11,_]:_(:)2

Again approximating the polynominal under the square root sign.

_|f c &
Yina L (1 + szc)WHEN G <wC

TDR Fundamentals
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Going to an equivalent circuit (figure C-14) valid at t = 0+

" 1
Yin=G’+ —ij' ST

Figure C-14, A Simple Model Valid at t = 0+
for a Line with Shunt Losses.

ejnlt) will look like figure C-15.

rptgLe
1 =@ +1u”'

~- |

MR

Figure C-15.
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Assuming ¢ = %'. T = 26'L* and the initial slope of e p(t) is given by:

3 £
b By T
Again (G depends on freguency, but relative loss can be estimated
from the value of m;.

A qualitative interpretation of why ejp(t) behaves as it does is quite
simple in both these cases. For series losses, the line looks more and
more like an open circuit as time goes on because the voltage wave
traveling down the line accumulates more and more series resistance
to force current through. In the case of shunt losses, the input
eventually looks like a short cireuit because the current traveling
down the line sees more and more accumulated shunt conductance to
develop voltage across.

TDR Fundamentals
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Multiple One of the advantages of TDR is its ability to handle cases involving
Discontinultles more than one discontinuity An example of this is figure C-186.

- Py

o B

Z Z
o a—

£ pym 220,

T W2z T+ !

Pae zL'Z?
.+, izean
Figure C-16.

The oscilloscope’s display for this situation would be similar to the
diagram in figure C-17 (drawn for the case where Z1,<Z¢< Z's:

1

Ty Fra
Eq T
_+_ 2,3ZH<T
BaITRSEL
Figure C-17.

It is seen that the two mismatches produce reflections that can be
analyzed separately. The mismatch at the junction of the two
transmission lines generates a reflected wave, Erl’ where

5 -1,
Er,= P Ep = (ﬁ) E;

Similarly, the msmatch at the load also creates a reflection due to
its reflection coefficient
I, -2
P =3 v

TDR Fundamentals
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Two things must be considered before the apparent reflection from
Z1. as shown on the oscilloscope, 1s used to determine p 9. First, the
voltage step incident on Z[, 1s {1 + p 1) E,, not merely Ej: Second,
the reflection from the load is

[Pz ( +'°1)Ei:| “Er

but this is not equal to Ep, since a re-reflection occurs at the
mismatched junction of thé two transmission lines. The wave that
returns to the monitoring point is

Ery = (1 YA Erm (1 +P) [Pz (1 +p1)}:;:|

Since Py = ~Fy. Er, may be re-written as:
Bz Erpe [Pz (-t ):| €
The part of ErL reflected from the junction of

Er,  Tp AND Zp (e, A Ep, !

is again reflected off the load and heads back te the monitoring
point only to be partially reflected at the junction of Z," and Zg. This
continues indefinitely, but after some time the magnitude of the
reflections approaches zero.

Practical Handling of Multiple Discontinuities.

[t 18 now seen that although TDR is useful when observing multiple
discontinuities, one must be aware of the slight complication they
introduce when analyzing the display. It is fortunate that most
practical measuring situations involve only small mismatches
(eg., 2o = Zg') and the effect of multiple reflections is almost nil.
Even in this situation, however, 1t is advisable to analyze and clean
up & system from the generator end. The reflection from the first of
any number of discontinuities is unaffected by the presence of others,
Therefore if it 1s remedied first and one then moves on to the second
discontinuity, the complications introduced by re-reflections will not
exist.

TDR Fundamentals
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Matching Source  Until now nothing has been said concerning reflections that may
Impedance to  have occwrred at the generator end of the transmission line In
Transmission Line general, the source impedance of the step generator may not be
Impedance equal to the characteristic impedance of the transrmssion line it
drives. When this is the case, voltage waves returning from a
nusmatch or discontinuity in the system under test will be re-
reflected at the generator end and will complicate the analyms of the
display. Refer to figures C-18 and C-19. It 15 almost essential,
therefore, that the source impedance of the step generator matches
the cable it drives. When this is the case, all re-reflections returning
from the system under test pass the oscilloscope’'s monitering point
only once and are then absorbed in the source impedance of the step
generator.

Figure C-18 18 the oscilloscope display of a TDR system investigating
a transmission line terminated into an open circuit. The source
impedance of the step generator matches the characteristic
impedance of the line under test (Zg = Zy = 50 ).
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Figure C-18. A 50 2 TDR System Testing 2 50 [ Line Terminated
With an Open Circuait.
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In figure C-19 this was not the case Here the source impedance of
the step generator is 50 §} and the hine impedance is 75 Q. The jump
from a 50 Q to a 75 & cable is evident and follows TDR rules, But
the step from the 75 Q cable to the open circuit does not, Instead of
jumping to a +1 reflection coefficient for an open circuit, the trace
actually exceeds that value

The 50 @ to 75 © mis-match caused the reflected wave returning
from the open circuit to be re-reflected at the source, thus launching
a second inctdent wave down the line. This second wave travels back
to the monitoring point. The second reflected wave, in turn, launches
a third incident wave, down the line This process continues
indefinitely, but unless the reflection coefficient at each end is equal
to +1, the reflections decrease in magnitude and only the first few
are noticeable.

* Rho = +113 4

(Raasnaada sl aa b Rial Rans

L Rhe = -‘b
?
*

Figure C-19. A 50 ? TDR System Testing a 75 2 Line Terminated
With an Open Circuit Yields a Dispiay That is More Difficult to
Interpret.
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Balun, For measurements of transmission lines 1n the 200 @ to

300 Q region, a balun is the best solution. A good balun will permit
a 200 Q line to be tested without the danger of re-reflections from
the 50 @ source. A broadband balun should be used so that the
incident step is not appreciably affected by sag ar loss of risetime.

Matching L-Pad. To completely eliminate the effect of multiple

reflections in a non 50 {) system, use a stmple matching L-pad. Refer
to figure C-20 and C-21.

5@ OHM SYSTEM L-PAD 75 QHM SYSTEM
R I EE
I vt B P J
bl I N I
@ | 1] f8e i) B
| l

L JL___Jb___d

Figure C-20. L -Pad Matcking 50 ) Source to 75 2 System Impedance
for Zy > 50 Q:

Resistance in series with Z,,Rq= —ll Iy (2 = 607

150 Z,)

Shunt resistance, Rp= ~
t

for Zy< 50 Q:

Resistance in series with source, Ry = ‘]f 58 (58 — 7,)

50 Zo)

Shunt resistance, rg= .
1
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The incident step and the reflections will be attenuated considerably.
Refer to figure C-21 The sacrifice made to achieve the reflectionless

connection is sensitivity, and a loss of calibration. It is a good rule of
thumb to use the L-pad technique when major discontinuities are to

be encountered and a tapered section when small discontinurties are
present {such as in cable testing).

The + 100% reflection points may be determined with the voltage
markers and by using a short and open at the transmission line's
end.
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Figure C-21. A 50 2 TDR System With a2 Matching L-Pad to the 75
cable, The Amplitude Corresponding to Rhe = =1 is Reduced Using
the Matching L-Pad.
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Instrument
Configuration

TDR Fundamentals
C-26

[n the proceeding sections little consideration was given to the
effects of the configuration of the oscillosope and step generator on
the measurement. Now lets examine this important part of the TDR
measurement.

There are several different architectures for accemplishing TDR
measurement. They are:

1. Terminated step generator and through-line sampler.
2. Termmated sampler and through-line step generator.

3. Terminated sampler, terminated step generator, and power
splitter

Traditionally, TDR systems have used the terminated step generator
and through-line sampler architecture shown in figure C-22.

TEST 4 1
PORT 77 P e
5an
IV
THRU-LIMNE TERMINATED
BTEF GEN STEP GEN
BHPARLIM

Figure C-22.

The step generator was implemented using a tunnel diode. Because
a tunnel diode is a low impedance device, it lends itself to a
terminated configuration. The major drawback of this architecture is
that small reflections from the terminated step generator are
measured directly by the through-line sampler.



In the HP 541207 TDR system, the terminated sampler and through-
line step generator architecture in figure C-23 is used In this case,
step generation is accomplished using a switched current source
driven from a step recovery diode. This configuration is advantageous
because small reflections from the terminated sampler propagate
back to the through-line step generator where only a small portion
of the already small reflection 15 sent back to the terminated
sampler and measured. None of the reflections from the step
generator or the sampler are measured directly, thus improving the
gystem performance.

TEST " —
PORT y - P - SF ¥ 4
sen
148
\_T_/ M_T...._r'
THRU-LINE TERMINATED
BTEP GEN SAMPLER
Lol o 8o
Figure C.23.

The terminated sampler, terminated step generator, and power
splitter architecture in figure C-24 is useable but is typically not
used because both the incadent and reflected step are attenuated
when they pass through the power splitter. This decreases the
system signal-to-noise ratio.

POWER SPLITTER

AAA— AN

500 P A A e ey ':"'zz_l/,'//i
IV
\_'_/

— TERMINATED
TERMINATED SAMPLER
STEP GEN 25T PORT
S41200 708
Figure C-24,
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Risetime and
Distance
Resolution
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The examples shown so far have assumed that the TDR step has
zero nisetime. Practical TDR systems have a fimite risetime for both
the step generator and the sampler. The effect of the finite risetime
of the TDR system is to low-pass filter the ideal (zero risetime)
response of a given discontinuity with a filter that has a risetime
equal to the combined risetime of the step generator and sampler,
which is approximated by:

tr gyotom & ttr atop gen’? + (tr somplar’® 4 (test setup)®
g .

The distance or time resolution of a TDNA system is related to the
system risetime. The distance to a discontinuity is given by:

to
2

d =Vt 50 THAT de ——

where ¢ 18 the speed of light, tp is the Delta time between the
incident step and the reflected signal, and E; s the relative
dielectric constant of the dielectric of the transmission line.
Therefore the distance that separates two discontinuities is given by:

c t -4
; 2
v .
where t; is the two way travel time to one discontinuity and t; is
the two way travel time to second discontinuity. These two
discontinuities become indistinguishable when separated by a time

it - ty) of less than half the system risetime. Therefore the minimum
distingnishable distance between two discontinuities is given hy:

Ad =

This means that with the HP 54120T system risetime of 45 ps, two
discontinuities merge together and betome indistinguishable at
3.5 mm for an air dielectric. For practical systems the HP 54120T
defines the distance resolution to be twice this number or 7 mm in
air.



An example of how risetime affects distance resolution is an airline
with two washers (capacitive discontinuities) placed 2 mm apart on
the center conductor. The risetime needed ta distinguish these as
separate discontinuities is given by:

E
te 4 min {Er

c L t
— 4 c
EI'
The results of a TDR measurement, using normalization to decrease
the system risetime, on this airline at three different risetimes (40,
26 and 10 ps) is shown in Figure C-25. At 40 ps 1t is not possible to
distinguish each discontinuity. At 26 ps the separate discontinuities

begin to show. Finally, at 10 ps risetime both discontinuities are
clearly discernible.

dmin™ « 26.7pa
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40ps |

_\\.___/ |
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Figure C-25. Two Discontinuities 2 mm Apart can be
Distinguished with a system risetime of 10 ps.
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Small Figure C-28 15 an example of risetime effects for a series L
LUs and C's discontmuity in a 50  line. If the combined step generator and

sampler risetime, t, gygtem, is much less than the risetime of the low-

pass filter, t; jpr, created by the discontinuity
{where trjor ~ 2.2 x T where T = L + 100 100°Q), the result
approaches the ideal as shown in figure C-26 Plot A.

If ty gystem ~ t, 1ph the result is as shown in Figure C-26 Plot C.
If t; gystem ir 1pf, the result 1s as shown in Figure C-26 Plot D

Plot A : ty |pr = 100 X t; gygtem = approaches ideal

PlotB:tT]pf= 10 x t; gystem

Plot C : {7 1pf = tr system

Plot D : t; jpf = 1/10 X 1y gygtem

ty aystern = Combined risetime of the step generator and sampler.

ty 1pf = Risetime of the low pass filter created by the discontinuity.

TR SYSTEM 45PS—\\‘

LT T T e
N -

AR N

I : e

T

Figure C-26. System Risetime Affects the TDR Results.
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In analyzing TDR results so far, we have assumed that the time
constant and therefore risetime (t; |pf) created by a discontinuity
were known and therefore the value of the inductor L or capacitor C
was also known. In most TDNA measurements, only the combined
step generator and sampler risetime (t; gygtern) and the reflected
waveform are known. From this information, you may want to derive
the value of the discontinuity L or C. Again three cases exist in ths
analysis. If t gygtem << by 1pp, then, as stated earher, the TDR
response approaches the 1deal result and a value for the L or C can
be calculated {as in figure C-7) from the measured time constant of
the exponential decay or rise to the final value. If t; gyytom 15 of the
same order of magnitude as t; |, then calculating the L or C
diseontinuity becomes much more difficult due to the interaction of
the time constants.

One way to find the value of the L or C in this case is to nse a
SPICE simulation program to model the response and vary the L or
C value until the maximum reflection on the SPICE gimulation
program and the TDR waveform match. Accuracy depends on using
realistic waveforms in the SPICE simulation. When ty gystem >> ty |pf
(ie. small reflections), it is possible to relate the reflected signal to
the value of the L or C by assuming the L or C is driven by a
current or voltage source, This i3 equivalent to saying that for the
frequencies contained n the step, the impedance of a discontinuty
does not significantly alter the impedance of the circuit loading it.
Using this approximation, we can relate the maximum slope of the
step to the maximum reflection from the discontinuity. If the TDNA
step is Gaussian (or can be normalized to an approzimately
Gaussian step), then it can be shown that the maximum slope of the
step is 27% higher than the slope of a line through the 10% and
90% risetime points. For reflections less than 10%, the error
resulting from this method 1s less than 3%, not including
measurement error of the TDR system.

TDR Fundamentals
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For a series inductive discontinuity, the relationship between the
reflected signal and the inductor, L, is found as follows:

1. Since wL << 100 @ for frequencies of interest

iL, ~ Vstep / 100 2 where i, is the current through L and
Vstep 16 the open eircuit step amplitude

. The voltage across the inductor therefore is

vp = L d () /dt = (L/100} x d (Vgyep) /dt where vy, is the
voltage across the inductor, and
VLmaz = (L /100 x (d (vgep) /) max

. As discussed above the max slope is

‘d-step /dt) max = (.8) (Vatep! (1.27) A1y, = 1.018 vetep/tzL,

. K the incident voltage at the inductor is vy, and the reflected

voltage at the inductor is vy, then

Vi, = 5 Vatep OF Vstep = 2 ¥iL
and
v, =.5vporvy =2

. Combining 2, 3 and 4 above produces

tvy) max = (L/100) {d (vyep /dt) max
(vi) max = {L/100) 1.016 Vgep trL

2 (v;1,) max = (L/100) (1 016) 2 (v} ity
L - {100) (v (1} / (1.016 v,1)

Since p = v, / v, then
L = 98.4 p ty gygren; For a series L discontinuity
+3% when p € to 10%

Using a similar derivation for a shunt C interline
discontinuity, the relationship between shunt C and the
reflection is:

C = .0303 p ty;, For a shunt C discontinuity
+3% when p < to 10%



Cable
Loss

As a step travels down a non-ideal transmission line, the higher
frequencies are attenuated by skin effect losses and dielectric losses.
This distorts the step, and is called cable loss, The effect of cable loss
is shown in Figure C-27 Plot A, which shows the reflection of a short
at the end of a 1 meter cable. Since cable loss degrades the risetime
of the TDR step, 1t can limit the distance resolution and the
accuracy of reflection measurements made at the end of a eable.

If fast msetime TDR measurements are needed, short interconnecting
cables should be used to reduce the effects of cable loss. The same
reflection off a short 15 shown in Figure C-27 Plot B except now it is
at the end of a very short cable (approximately 5 cm).

Another way to reduce cable loss effects is to use normalization, if
the TDR system has this capability. Normalization te an ideal
(approximating a Gaussian! step removes the effects of cable loss to
the point in the cable where a calibration is done which establishes
the reference plane from which TDR measurements can be made
without suffering effects from the cable. Calibration typically
involves connecting a 50 *7W termination and a short termination
at the reference plane. Figure C-27 Plot C shows the results of
normalizing the reflection of a short at the end of a 1 meter cable,
Normalization can also be used to remove cable loss effects from
transmission measurements.

24 484D ny U T U UURG ARAD BB T Eb 4648 ns

Figure C-27, Short Cables (B} and Normalization (C) can Reduce
the Effects of Cable Loss Seen 1n (A}
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Multiple Multiple discontinuities are another source of error in TDR

Discontinuities measurements. A discontinuity that eccurs before the discontinmity
of interest will canse a degradation of risetime and accuracy of
reflection measurements similar to cable losses. Typically in 2 TDR
system, if high accuracy and resclution are needed to examine a .
particular discontinuity on a transmission line, the reflections due to
discontinuities that are before the one of interest must be small. One
exaraple involves a transmission line with two discontimuities on it.
The first one has a maximum reflection coefficient of p1 and the
second of p2. The percent error in p2 due to pl is:

Pl % error in p2
.01 < .25%

.05 .~ 2%

10 - 6%

These results are computed values and are useful for estimating
erTors in measurements. As with cable loss, you can remove the
effects of multiple discontinuities using normalization up to the
point in the transmission line where a calibration is done.

TOR Fundamentals
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Using TDR
to Test
interconnects

One of the largest applications of TDR measurements is optimizing
and testing transmission line systems. An example of this involves
the interface from a PC board 50 Q line to a thickiilm hybrid 50 1
line. If the connection was made with a2 3 mm wire band, then this
would introduce a series inductive discontinuity into the line. Where
Ly i8 the inductance of the wire bond. Refer to figure C-28 A wire
bond in free space would have an inductance of about 1.26 nH/mm,
but since it is located near the ground planes of the transmission
linea the inductance is somewhat lower. A measured inductance for
typical wire bonds on hybrids is about 1 nH/mm. If we assume this
number, then the inductance of the 3 mm wire bond 18 3 nH. This
then says that the low-pass filter ereated by Ly, in the 50 @ line has
a risetime given by

tr=22T
where T = time constant = Ly;,/ 1000 = 22 x 3 nH/ 1008 = 66 ps

Therefore the risetime of the signal that i3 to pass through this
discontinuity should be greater than 66 ps if it is not to be
gigmficantly degraded. If the signal to be transmitted through the
discontinuity was a 350 ps risetime logic signal, then the risetime
degradation would be small. Even though the risetime degradation is
small there will be a significant reflection off the wire bond.
Assuming the reflection is less than 10%, then an equation predicts
a maximurm reflection oft

L = 98.4 p t; gogem OF
P = LA98.Aty syugery) = 3 nH / ({98.4K850 ps)) = B.7%

if the edge was an 1deal (ranssian step.

L
, PC 30 LINE 77 HYBRID 580 LINE
N ST
500
BT
Figure C-28.
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If the step is not ideal, this gives an approximate answer. This
reflection may or may not be a problem. If the circurt driving the

50 9 line is source termmated in 50 @ then this will not be a
problem, but if 1t is driven from a current, source such as an open
collector of a transistor, then it could. If it is desired to mimmize
reflections of this discontinuity, then there are metheds to do this.
Refer to figure C-28. If a TDR system 18 used to measure the
transmission line, a response would be seen as shown in figure C-30,
which is an inductive response with a max reflection of about 8.7%
as predicted before. If the capacitance along the wire bond could be
increased, this would reduce the maximum reflection since the wire
bond section is moving towards a 50 { line. While it may not be
possible to do this, it 15 possible to increase the capacitance at the
two ends of the wire bond by widening the 50 @ lines there. The
cirewt would now resemble the circuit shown in Figure C-29. When
the value of C1 and C2 are chosen properly, the TDR response of the
gystem would now be as shown in Figure C-31. The value of Cl and
C2 which minimizes the maximum reflection is .6 pF which can be
calculated from the eguation.

7, = 500 = L/C where C = C1 + C2
therefore C1 = C2 = L/ (Z,# or C1 - C2 + 6pF

The resultant circuit is actually a third order Butterworth filter.
Refer to figure C-31. The bandwidth of the resultant Butterworth
filter has the same bandwidth as the initial single pole filter. Since
the risetime of the step to be transmitted is much greater than the
tisetime of either the single pole or Butterworth filter there will be
little effect on the transmitted step.

L
PC 500 LINE ' HYBRID Sem LINE

[ e \/ Cz
CAPACITANCE ADDED TO MINIMIZE REFLECTIONS

S4129/BL 100

Figure C.29.
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D

Time Domain
Network Analysis
and Normalization*

Improving Time Domain Network
Analysis Measurements

Normalization, an error-correction process, helps ensure that time
domain network analysis measurements are as rccurate as possible
The HP 54120T digitizing oscilloscope includes normalization as a
standard feature. With normalization scftware built nto the
oscilloscope, external controllers and multiple step generators or
risetime converters are not needed. Normalization not only enhances
measurement accuracy, it simplifies the measurement process.

Time domain network analysis (TDNA), includes both time domain
reflectometry (TDR) and time demain transmission (TDT)
measurements. TDNA measurement accuracies can be improved
using normalization techniques. This appendix discusses
normalization and sssumes the reader is familiar with basic TDNA
measurements. For background on TDNA measurements, refer to the
“HP 54120T Digitizing Oscilloscope Getting Started Guide.”

Time domain reflectometry (TDR) sends & very fast edge down a
transmission line to a test device and then measures the reflections
from that device. The measured reflections often make short work of
designing signal path interconnects and transmission lines in IC
packages, PC board traces, and coaxial connectors.

Time domain transmission (TDT) measurements are made by passing
an edge through the test device. Parameters typically measured are
gain and propagation delay. Transmission measurements also
characterize crosstalk between traces.

Imperfect connectors, cabling, and even the response of the
oscilloscope itself can introduce errors into TDNA measurements.
Understanding the effects of these errors, and more importantly, how
to remove them, will result 1n more accurate and useful
measurements.

Normalization ean be used in TDNA to remove the oscilloscope
response, step aberrations, and cable losses and reflections so that
the only response measured is that of the device under test (DUT).
In addition, normalization can be used to predict how the DUT
would respond to an ideal step of any arhitrary risetime.

* Normalization m the HP 541207 utilizes the Bracewell tranaform, which is
under license from Stanford University

improving Time Domain Network Analysis Measurements
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Sources of
Measurement Error

Cables and
Connectors Cause
Losses and Reflections

20. 6200

There are three primary sources of error in TDNA measurements:
the cables and connectors, the oscilloscope, and the step generator.

Cables and connectors between the step source, the DUT, and the
oscilloscope can significantly affect measurement results. Impedance
mismatches and imperfect connectors add reflections to the actual
signal being measured. These can distort the signal and make it
difficult to determine which reflections are from the DUT and which
are from other sources.

In addition, cables are imperfect conductors that become more
imperfect as frequency increases Cable losses, which inerease at
higher frequencies, increase the rigetime of edges and cause the
edges to droop as they approach their final value.

Figure D-1 illustrates how cables and connectors affect TDNA
measurements. The upper waveform is the reflection of a step from a
short circuit. Connections cause the reflections at the peak of the
step and along the baseline. Cable loss yields the rounded transition
of the step to its baseline level. Normalization can correct the
measured data, resulting in the lower waveform.

ha 24. 1200 rs 27,6200 ne

-

P

]

1 i L i L

Timebase
Mamory 1
Timahasa
Mamory 2
Timghnee

700 pe.div Celay 20 6200 ns

- -
= 7U»DUPmVu]tstlv Dffeat « 111.3 mVolte
= 700 9. div Oelay = 20 6200 n&
= 70.00 mVolte.dav Df feat = 1i1.3 mYolte
= 700 psrdiv Delay = 20 6200 ns

Figure D-1, The top waveform shows distortions caused by cables
and connectors The bottom waveform shows how
normalization corrects for these distortions.
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The Oscilloscope
as an Ereor Source

The Step Generator
as an Error
Source

Oscilloscopes introduce errors into measurements in several ways
The finite bandwidth of the oscilloscope translates to limited
risetime, Edges with risetimes less than the minimum risetime of
the oscilloscope are meastred slower than they actually are. When
measuring how a device responds to a very fast edge, the
oscilloscope’s limited risetime may distort or hide some of the device
response,

The oscilloscope can also introduce small errors that are due to the
trigger coupling into the channels and channel crosstalk. These
errors appear as ringing and other non-flatness in the display of the
measurement channel baseline and are superimposed on the
measured waveform. They are generally small and so are only
significant when measuring small signals.

The shape of the step stimulus is also important for accurate TDNA
measurements. The DUT responds not only to the step, but also to
the aberrations on the step such as overshoot and non-flatness. If the
overshoot is substantial, the DUT’s response can be more difficult te
interpret.

The rigetime of the step is also extremely important. In most cages,
the step generator used for TDNA will have a fixed risetime. A
hardware filter known as a msetime convertor can be used in some
systems to change the risetime.

To determine how the DUT will actually respond, you sheuld test it
at edge speeds similar to those it will actually encounter. Consider
the example of a BNC connector {figure D-2). Only about 3% of a
350 ps risetime edge (top waveform) is reflected by a BNC connector,
whereas 6% of a 100 ps risetime edge (middle waveform) is reflected,
and about 8% of a 50 ps risetime edge (bottom waveform) is reflacted.

In the case of this measurement, the results obtained using a 50 ps
risetime step stimulus do not apply for a connector that sees edges
that are always slower than 350 ps. The connector might be
acceptable for 350 ps edges but not for 50 ps edges. Measurements
made at inappropriate risetimes can yield 1nvalid conclusions.

Improving Time Domain Network Analysls Measurements
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Figure D-2. Variable edge speed helps determine the amount of
reflection in actual applications. The top waveform
{tested to 350 ps} shows less reflection than the middie
waveform (tested to 100 ps) or the bottom waveform
{tested te 50 ps).

Edge speed is also critical when using TDR to locate the source of a
discontinuity along a transmission line, Just as the limited risetime
of the oscilloscope can limit the accuracy of this kind of

measurement, the risetime of the step source can also limit accuracy.

The rsetime of the measurement system 1s limited by the combined
risetimes of the oscilloscope and the step generator. It can be
approximated by equation 1.

Equation 1:

System risetime -\/ (Step risetime) +1Scope risetimep +{Test setup-up risetime?

In a system with zero minimum risetime, the response of a
discontinuity would not be attenuated at all. A real system has a
linited risetime, which acts as a lowpass filter. If the step stimulus
used 18 too slow, the true nature of the discontimuty may be
disguised or may not even be wvisible. The cause may be more
difficult to physically locate. Notice in figure D-2 that as the risetime
of the step stimulus is decreased, the true nature of the reflection
from the DUT becomes more apparent.

Improving Time Domain Network Analysis Measurements
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Removing
Measurement
Errors

Waveform Subtraction
has Limitations

Normalization
Improves on Error
Correctlon

In the past, waveform subtraction was used to reduce the effects of
some of the errors discussed above. It was convement because many
digitizing oscilloscopes provided this feature without the aid of an
external controller, A known good reference device was measured,
and the reference waveform stored in memory. The reference
waveform could then be subtracted from the waveform measured
from the DUT. The result showed how the DUT response differed
from the reference response. This technique removed error terms
common to both the reference and DUT waveforms, such s trigger
coupling, channel crosstalk, and reflections from cables and
connectors.

Waveform subtraction has, however, several shortcomings. First, it
requires that a known good reference DUT exists and is available to
measure. In some cases a good DUT may not be readily available or
may not exist at all. Second, the waveform which results from the
subtraction process is & description of how the DUT response duffers
from the reference response. Hence, there is no way to view the
actual DUT response without the errors introduced by the test

system.

Finally, the most significant shorteoming is that measurements are
limited to the risetime of the test system. Determining the DUT
response at multiple risetimes is cumbersome, Either multiple step
generators or multiple risetime convertors are necessary and a
separate reference waveform 1s required for each risetime.

A digital error-correction method known ss normalization can
significantly reduce or remove all of the above types of errors from
TDNA measurements. Taking full advantage of its powerful internal
microprocessor, the HP 54120T digitizing oscilloscope includes
normalization as a standard feature.

Normalization can prediet how the DUT will respond to an ideal
step of the user-specified risetime. Only one step generator and one
calibration process are required. No risetime convertors are
necessatry, and the calibration standards are not related to the DUT.

Improving Time Domain Network Analysis Measurements
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Unlike a risetime converter, normalization can also increase the

bandwidth (i.e., decrease the risetime) of the system by some amount

depending on the noise floor. This means that when more bandwidth

is critical, such as when trying to locate a discontinuity along a

transmission line, the waveform data acquired by the oscilloscope can .
be “squeezed” for every bit of useful information it contains.

Examples of What The following two examples illustrate what normalization can
Normallzation Can Do accomplish:

Example 1: Correcting for the TDR measurement errors
introduced by connecting hardware,

Consider trying to medel a device at the end of some imperfect test
fixture as in figure D-3.

TEST
TOR FIXTURE ouT

S4120/MLTR

Figure D-3. Test system with the device at the end of an imperfect

test fixture. .

This example uses two identical printed circuit boards (FCBs) to
model this measurement. The PCBs have a 50 2 trace on them with
two discontinuities. The first PCB represents the test fixture, and
the second PCB represents the DUT. The goal is to accurately
measure the reflections caused by the DUT {second PCB). Figure D4
is the unnormalized response of the system.

Improving Time Domain Network Analysis Measurements
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Figure D-4. In an unnormalized measurement, the reflections from
the DUT are masked by the imperfect test fixture

The TDR response shows the reflections of the second PCB to be
different from the first PCB. TDR accurately measures the first
discontinuity. But TDR measures each succeeding discontinuity with
less accuracy, as the transmitted step degrades and multiple
reflections oceur Thus the two identical boards show different
responses,

By defining a reference plane to be at the end of the test fixture
{first PCB) and then normalizing, the errors can be corrected

TEST FIXTURE REFERENGE PLANE
SHORT
—
TOR
| — s oms
S4TZ/EXST

Figure D-5. A normalization calibration uses first a short, then a
50 12 termination to define a reference plane and
generate a digital filter.
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Function2 = 50 00 mVolts.div Offset = 190 0 mvolts
Timepase = 500 ps/div Detey = 17 BODD ns
Figure D-6. The normalized measurement corrects for the errors
mtroduced by test fixture,

Calibration first defines a reference plane and generates a digital
filter. The normalizing measurement then corrects for the errors
introduced by the test fixture. Notice how the normalized response of
the second PCB (DUT) now matches the response measured earlier of
the nearly identical first PCB.
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To Further verify the accuracy of the normalization, the response of
the second PCB is measured without the first PCB.

pur

TDR

BTN
17 BOGD ns 4 3000 ns 22.8000 ng

Nayes _

n ) N L . L N L
ch 1 = 50.00 mvolts div Offset = 195 .0 mvalts
Timebase = BO0 ps./Oiv Delay = 17 8000 ns

Figure D-7. The unrnormalized response of the DUT, measured
without the test fixture.
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Example 2: Resolving two discontinuities separated by 2 mm.

Normalization can improve the TDR's ability to resolve adjacent
discontinuities, Figure D-8 shows the TDR measurement results of
two capacitive discontinuities 2 mm apart in an air dielectric Note
that at a system risetime slower than 45 ps, the two discontinuities
appear te be one, By normalizing the response to a system risetime
of 10 ps, both discontinuities can be seen.

18, 3350 ne 1B. 8450 na 18, BESD ns

a (45 ps) ]
"
T~ b (100 py ]
—-—-——___—_;——'_—
C {50 ps)
_V
d {20 p=)

\f— e (10 ps)

i L A L A L N L

Ch, 3

Tinebone
Mamory 1
Timabose

Calibration
Characterizes the
Test System

B0. 00 mVolte/div OFfaet = 200,0 m¥olts
50. 0 pasdiv Delay = 1B, 36850 na
80. 00 mValte/div Offeat = 200,0 mYolte
%0. 0 pasdiv Dulay = 16,3950 ne

Figure D-8. Normalization improves the ability to distinguish two
discontinuities by decreasing the system risetime.
a. Systen risetime = 45 ps
b. System risetime = 100 ps
c. System risetime = 50 ps
d. Svstem risetime = 20 ps
e Svstem risetime = 10 ps

Calibration makes the normalization process possible. Calibration
measurements, which characterize the test system, are made with all
cables and connections in place but wathout the DUT.

TDNA accomplished with a step generator and an oscalloscope is
called step TDNA TDNA accomplished with a frequency-domain
network analyzer and a swept sinewave source s called CW TDNA.
Normalization may be applied in either case. However, the
calibration process for CW TDNA requires three measurements
whereas only two are required for step TDNA.

Improving Time Domain Network Analysis Measurements

o-10



16. 9380 ne 17. 4380 ns 17.9380 na

Removing Systematic Errors

The first part of TDNA calibration removes systematic errors due to
trigger coupling, channel crosstalk, and reflections from cables and
connectors,

For TDR, this is done by replacing the DUT with a termination
having an impedance equal to the characteristic impedance of the
transmission line. If the termination 1s properly matched, all of the
energy that reaches it will be absorbed. The only reflections
measured result from discontinuities along the transmission line.

For TDT, this calibration step is done with nothing connected to the
oscilloscope input.

In both cases, the measured waveforms are stored and subtracted
directly from the measured DUT response before the response is
filtered, Ideally, these calibration waveforms are flat lines. Any non-
flatness or ringing is superimposed on the measured DUT response
and represents a potential measurement error source. These errors
are not related to the magnitude of the response of the DUT.
Therefore, it is valid to subtract them directly. Notice in figure D-2
that the errors present in the TDR calibration waveform (bottom} are
also visible in the measured DUT waveform (top), particularly at the
left side of the figure.

A
_fhﬂﬁ / \/ N

m.. —iT
W -
A 1 L ' " L .

Timebgse = 100 pe/div Daiay = 16.9380 ns
Mgmory 1 = 5 DOD mVolts/diw Offaet = ¢09,.E mvclte
Timebmse = 100 pasdis Oslay = 169380 ns
Momory 3 = S DOD m\'nl*a; daw Of femt = 203, 6 mioclts
Timgbomaa = 100 ps-di Deiay = 16.9380 rs

Figure D-9. Errors present in the TDR ealibration waveform (hottom)
are visible in the measured waveform (top).
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Generating the Digital Filter

The second part of the calibration generates the digital filter. Unlike

the errcrs removed by subtracting the first calibration signal, the

errors removed by the filter are proportional to the amplitude of the .
DUT response.

For the second part of the TDR calibration, the DUT is replaced by a
short circuit. The frequency response of the test system is derived
from the measured short cal signal. Note that a short circuit should
be used rather than an open circuit. When a step hits an open
circuit at the end of a real-world transmission line, some of the
energy is lost due to radiation rather than being reflected. OFf course,
there is no such thing as a perfect short either, but the energy lost
due to resistance in the short has a much smaller effect.

It is important that a good quality short be used, because the

calibration process assumes a perfect short circuit termination. Any

non-ideal components in the measured short cal signal are attributed

to the test system. If any of the non-ideal components are, in reality,

due to the short itself, the filter will attempt to correct for error

terms which do not exist in the test system. By attempting to correct

for errors which do not exist, the filter can actually add error terms

into the normalized measurement results. .

In the second part of the TDT calibration, the transmission through-
path is connected without the DUT. The frequency response of the
test system is then measured with the aid of the step stimulus. With
this information, a digital filter can be computed that will
compensate for errors due to anomahies in the frequency response of
the test system.

Correcting for Secondary Reflections

Secondary reflections caused by the impedance mismatch between
the test port and the transmission media can alse be corrected. In
step TDNA, airlines can separate the primary reflection from the
secondary reflection. Time windewing can then be used to remove
the secondary reflection. In CW TDNA, a third calibration is used.

The impedanee mismateh between test port and transmission media

reflects a portion of the primary reflection back towards the DUT. A

secondary reflection from the DUT may then be measured. .
Secondary reflections are usually very small.

Improving Time Bomain Network Analysls Measurements
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Figure D-10 shows the relative size of primary and secondary
refiections. The lower waveform is a copy of the upper waveform wath
the voltage scale greatly expanded about the baseline to show more
clearly the shape of the secondary reflection. The DUT 15 a short
ecirenit connected to the HP 54120T through a BNC connector. A
secondary reflection from the DUT 1s visible at the right end of the
baseline. Notice that the secondary reflection is indeed quite small.
It has a peak voltage value of about 1.5 mV at 40 ps risetime, which
18 about 0.75% of the 200 mV incident step.

15, 0440 == 0. 0440 ns 21,0440 ns
PRIMARY ]
L SEICONDARY b
REFLECTION REFLECTION
=
A |
p
L l‘v-'- ot A A a, A“ ]
- [ - h -
N : IR A
L L L L . R . " .
Ch. 1 = §0 00 mValts:di Of fswt = 49B_75 miolte
Fungtion2 = 3, 000 mValts div Offsat e G, G657 mVolts
Timabose = 0D ps-di- Dalay = 19.0440 ne

Frgure D-10. The lower waveform is a copy of the upper waveform
with the woltage scale greatly expanded about the
haseline to show more clearly the shape of the
secondary reflection.

In step TDNA, a section of airline may be placed between the test
port and the DUT te provide time separation between the primary
reflection and secondary reflections. Figure D-11 illustrates the use
of this technique. A secondary reflection 18 visible very close to the
primary reflection in the top waveform. It is difficult to tell them
apart. A short section of airline was placed between the DUT and
the test port, resulting in the lower waveform. Note that the primary
and secondary reflections are clearly separated. When the primary
and secondary reflections are close together, the shapes of both may
be distorted. If they are adequately separated 1n time, as is the case
in the lower waveform, they no longer have a significant effect on
each other.

Improving Time Domain Network Analysis Measurements
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After an adequate separation has been achieved, a time window can
be selected which does not include the undesirable secondary
reflections. Figure D-12 illustrates the removal of secondary
reflections from the measurement data using time windowing. The
top waveform in figure D-12 contains a secondary reflection visible
at the right end of the baseline. Note that moving the time window
to the left (less delay after the trigger} removes the secondary
refiection from the measurement without losing any of the primary
reflection data.

In CW TDNA, time windowing is cumbersome, thus a third
calibration measurement is used.

17. 46B0 ns 18. 4680 ne 18. 4680 n=
L PRIMARY SECONDARY -
REFLECTION REFLECTION

IME SEPARATION PROVIDED BY AIR LINE=]

Timabase

- 1 17. 4580
Mamory 1 = %?guop:ﬁgglwuw g?::%'e, - 11. 25 mvgft.
Timabage = 200 pesdiv Delay = 19.0440
Mamary 2 = 3000 mValtssfdiv Offset = 3,750 mVolte
Timabase = 200 paldiv Oelay = 1B 1500 ns
TRANSMISSION
PATH
TEST PORT ouT
INITIAL STEP STIMULUS N
) J—— PRIMARY REFLECTION
< — FROM DUT
REFLECTION FROM TEST PORT —m
(ABOUT 1% PEAK IN THIS EXAMPLE)
\-I— SECONDARY REFLECTICN
- A FROM DUT
2

Figure D-11. By adding & section of airline between the test port
and the DUT, you can more clearly distinguish
primary and secondary reflections.

improving Time Domain Network Analysis Measurements

D-14



18 6280 ns 18 6880 ns 20. RABD ns
E PRIMARY SECONDARY
REFLECTICN REFLECTION
L ! L L ]
A\/ T ' —
. !
. . N . . |
a =] Dalay = |B 6880 ne
Jé::??sg - EEI'FIDDP:VD“.B din Iffsat - Q 12 miolts
Timabase = 00 p% div D@ jay = jB GB8O ns
Memary 4 = 60,00 mValts - div OFfeat = OF |Z mVolts
Timabosa = 200 ps-diw Qe lay = 19.0440 ns

The Digital Filter
Corrects the
Measured Response

Figure D-12. Decreasing delay in the bottom waveform removes the
secondary reflection shown at the right end of the
baseline in the top waveform.

The digital filter deseribes how the frequency response of the test
system varies from the ideal. If the calibration signal was passed
through the filter, the result would be the ideal response. The filter
removes errors by attenuating or amplifying end phase-shifting
components of the frequency response as necessary.

Consider, for example, overshoot on the step stimuius. The frequency
response of a DUT will include unwanted response to the overshoot.
During normalization, the filter will phase-shift the frequencies
responsible for the overshoot and thus attenuate the DUT response
te the overshoot. The filter works similarly to correct for cable losses
due to attenuation of high frequencies [t compensates for cable

losses by boosting high frequency components in the DUT response
back wp to their proper levels,

'The digital filter defines an ideal impulse response. A good basis for
a normalization filter is a four-term, frequency-domain sum of
cosines window, W(f) (see equation 2} with the appropriate
coefficients.
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Equation 2:

3
Wi = ¥ a5 COS(@fl/Ly for - <f< L

2 2
k=0
= () elsewhere

where: a0+al+a2+a3=1

L = the full width of the window in hertz
f = frequency in hertz

A window of this form may be selected that rolls off quickly and has
an almost Gaussian impulse response. The impulse response of the
window defines the ideal response. The Gaussian response is
considered 1deal because it has a minimum settling time after a
transition from one voltage level to another. Minimizing the settling
time minimizes the interference between closely-spaced
discontinuities, thus making them easier to see and analyze. The
filter's bandwidth, and therefore risetime, is determined by the
choice of L, the width of the sum of the cosines window. The actual
normalization filter, Fif}, is computed by dividing the sum of cosines
window by the frequency response of the test system, S(f) (see
equation 3). Frequency response is the Fourier transform of the
impulse response.

Equation 3:

Wi
FO=75m

By varying the bandwidth of the filter, normalization can predict
how the DUT would respond to ideal steps of various risetimes, The
bandwidth of the test system is the frequency at which the frequency
response is attenuated by 3 dB. The response beyond the cutoff
frequency is not zero; it is only attenuated (fgure D-13). By carefully
changing the —8 dB point 1n the frequency response, the bandwidth
can be increased or decreased.

In the HP 54120T, the user-specified risetime determines the
bandwidth of the fiiter. Decreasing the bandwidth is accomplished by
attenuating the frequencies that are beyond the bandwidth of
interest (figure D-14). Increasing the bandwidth requires more
consideration.

Improving Time Domain Network Analysis Measurements
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To increase the bandwidth, the response beyond the initial -3 dB
frequency needs to be amphfied While this is a valid step, it is
important to realize that the system noise at these frequencies and
at nearby higher frequencies is alse amplified (see figure D-15).

The limit to which the risetime of real systems may be extended is
determined by the noise floor. In real systems, there is a point
beyond which the amplitude of the frequency response data is below
the noise floor. Any further increase in bandwidth only adds noise.

Because waveform averaging reduces the initial level of the noise
floor, WAVEFORM AVERAGING SHOULD BE USED WHEN
NORMALIZING.

8 d8 I
B ——— — 3‘-—\
|
(
|
LOG I
tAMPL TTUDE } |
|
|
~— NOISE
: FLODR
\
] N
LOG (FREQUENCY) curorr AT

FREQUENCY

Figure D-13. Basic system frequency response
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Figure D-14. Normalized system frequency response (system
bandwidth reduced).
4 NEW CUTOFF
INITIAL CUFOFF
o B FREGUENCY ] [~ FREQUENCY
S e —————o> ' _——FREQeNy cowonenTs
INCREASED NOTSE FLOOR / INCREASE BANDWIDTH
INCREASTNG BANDWIOTH —— NORMALIZED SYSTEM RESPONSE
rd
LOG
{ AMPLITUDE }
ASIC SYSTEM RESPONSE
NOISE —pmn i 8

LOG (FREQUENCY) MIZRALTT

Figure D-15. Normalized system frequency response (system
bandwidth increased).
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An equation can be used to describe the filtering process. The test
system frequency response, S(f), can be thought of as the ideal
frequency response defined by the sum of cosines window, WD),
multiplied by an error frequency response, E(f} (see equation 4).
Further, the measured response of the DUT, M(f), can be thought of
as the DUT frequency response, Dif), multiplied by the test system
frequency response, S(fl. Filtering is accomplished by multiplying the
measured frequency response of the DUT by the filter, Fif). Nif) is
the normalized (filtered} frequency response of the DUT. Equation 5
deseribes the filtering process using the above definitions,

Equation 4:
SH = Wib EH
Equation 5:
M = I¥D Si0
Nif = Mif F(p
Nif) = DD S Fifh
Wif)
Nif) = Dify Wi Eff) ———
if) = MO WD E(f Wi ED

N = Dify Wi

The normalized response 18 the DUT frequency response multiplied
by the frequency response of an 1deal impulse. Note that the error
response has been removed, and that NIf) is an impulse response.

When Nif) is converted to the time demain* the result is nj (t), &
normalized impulse reaponse.

Because a step stimulus is used, a normalized step response, ng (t}, is
desired. An ideal step can be defined in the time domain by
convolving wit), the ideal impulse response, with ult), the unit step
funetion. Given this modification, equation 6 further describes the
effect of the filtering process.

Equation &:
njft) = dit) * wit)
nglt) = niitt * uit)
nglt) = dit) * [wit) * w(t)]

* The Bracewell transform 1s under license from Stanford Univeraity.
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Putting It
All Together

IS. B540 na 18, 9040 n»

The normalized response, ngit}, 1s the impulse response of the DUT
canvolved with the 1deal step defined by the convolution of wit} with
uith, The result of normalization is, therefore, the response of the
DUT to an ideal step of risetime determined by wit) By varying the
width, L, of W(f}, normalization can predict the response of the DUT
at multiple risetimes based on a single-step response measurement.

The actual normalization of a DUT response is accomplished in two
steps. A stored waveform, derived in the calibration and which
represents the systematic errors, is subtracted from the measured
DUT waveform. This result is then convolved with the digital filter
to yield the response of the DUT, normalized to an ideal step input
with the user-specified risetime.

Figure D-16 illustrates the power of normalization. It shows
discentinuities in a transmission path measured using TDR. The
hottom waveform was measured in a test system with an
approximate risetime of 35 ps. The top waveform is the bottom
waveform normalized to 20 ps risetime. Note that in the bottom
waveform there appears to be only one inductive discontinuity. Using
normelization, it becomes obvious that there are actually two
inductive discontinuities. Because it is difficult to build a 20 ps
tisetime step stimulus with a clean response and a test system with
adequate bandwidth to measure 1t, this measurement probably could

not have been made without normalization.
17. 1540 na

20 ps
N _
____,_____.—..—'A\\/ 3B ps

Timaboss
Timabces

10. 00 mVolte/div Offeat

- Dal T Ehiate
- 50,0 pe/di - ne
- 10 co"mvoltesaiy Offest = 2000 mvolts
= 350.0 pa/div Ouloy = B BS540 nu

Figure D-16. The top waveform is the same signal as the bottom
waveform, except that it has been normalized. Normalization reveals
that there are actually two inductive discontinuities, rather than one
as shown in the bottom waveform.
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E

Introduction

Transmission Line
Design

This append:x is reprinted with
permussica ffom Motorola Inc
MECL 8System Design
Handbook, pages 121-244

Transmission Line Theory
Applied to Digital Systems

Understanding the operation of transmission lines used in
conjunction with high speed MECL circmts is necessary in order to
be able to completely characterize system operation. This appendix
describes transmission lines with respect to both line reflections and
propagation delay times. Also discussed will be the use of the Time
Domain Reflectometer (TDR) for measuring transmission line
characteristics.

A transmission line, as used with high speed MECL, is a signal path
that exhibits a characteristic impedance. Coaxial ¢ables and twisted
pairs have a defined characteristic impedance and are commonly
referred to as transmission lines. Equally important, printed circuit
fabrication of microstrip and stripline resuits in closely-controlled
transmission-line impedance.

Transmission lines may be approximated by the lumped constant
representation shown in Figure E-1. The effect of the line resistance,
R;, of the line on characteristic impedance, Z,, is negligible, but 1t
will cause some loss in voltage at the receiving end of long lines.
The inductance and capacitance of the line in the presence of &
ground plane are a function of the dielectric medium, the thickness
and width of the line, and the spacing from the ground plane. The
inductance and capacitance of the line can be measured using an LC
meter,

I5 - Lo Lo Lo ~
{ ;'-.l.'_—.«vv\__.“_.-_-ﬁ.__rv'?ﬂr\_.'_n,-,-,_frrv\.._.q»---o— ‘;
Ag Re Rq
As
s
,
> o T Co Ty Ry v
Vg -
O

Figure E-1. Bquivalent Circuit of a Transmission Line,
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Microstrip and strip lines may be treated as operating in the
transverse electro-magnetic (TEM) mode Although microstrip
propagation is not purely TEM because of non-uniform dielectrics,
for all practical purposes it ean be treated as TEM. The
characteristic impedance of the line is: Zo =vLo / Cp

and the propagation delay is:  tpd = VLgCo =ZoCo

For a homogeneous medium the propagation delay is also equal to:

tpd =vke= Viio ur €o Er
Where p is the permeability and e is the permittivity of the medinm.

In transmission lines, the relative permeability {ur! 18 unity,
4o = 47 x 1077 Henry/metre, and eq = 8 85 x 107 '? Farad/metre.

Therefore, tpq = 1.017 Ver na/ft, ey is the relative dielectric constant.
For microstrip lines on glass epoxy boards ep = 3.0, and for strip
lines ep = 5.0,

From transmission line theory for a lossless line, it can be shown
that a signal sent down a line of constant characteristic impedance
will travel along the line without distortion. However, when the sig-
nal reaches the end of the line, a reflection will occur if the line is not
properly terminated with the characteristic impedance of the line.

Figure E-2 shows a MECL gate driving a transmission line
terminated in a load resistor, R1,. A negative-going transition on the
input to the gate will result in a positive-going tranmtion at the
NOR output. The MECL gate is essentially a VHF linear differential
amplifier with a bandwidth of 0.37 + ty (MHz), where ty is the
risetime of the gate in nanoseconds. The effect of the capacitance of
the transmission line will not decrease the bandwidth or affect the
risetime at the MECL'gate output. However, the signal at the end of
a long transmiszion line may be attenuated due to bandwidth
limitations in the particular type of transmission line used. For the
purposes of this discussion, a long line is defined as a line having a
propagation delay larger than the risetime of the driving circuit
divided by two: Tp > tp + 2.

gl

Voo = +2.0 Voe

VEE = -3.2 Vdk Ry

Figure E-2. MECL Gate Driving a Transmission Line.



The circuit of Figure E-2 can be redrawn as shown in Figure E-3 to
include the equivalent circuit of the MECL gate The resistor, Ry, is
the output source impedance (for MECL 10K/10KH it 15 7 &, and
MECL III it is 5 Q). According to theory, the risetime of the driving
voltage source is not affected by the capacitance of the transmission
line. Except for skin effect and dielectric losses, the signal will
remain undistorted until it reaches the ioad. The equation
representing the voltage waveform going down the line as a function
of distance and fume can be written as:

VX, 0 = Vaity s Ult - tid). fort < Tp ,

Z

where: o
. v (ty = E (tH{—1].
A 5 (z0 + Ro)

VA = voltage at point A,

(1)

X = the distance to an arbitrary point on the line,

¢ = total line length,
tpd = propagation delay of the line in ns/unit distance,
Tp = !!.tpd,

Ult) = a unit step funtion ocurring at t = 0, and
Eg(t} = the source voltage at the sending end of the lire.

When the incident voltage V1 reaches the end of the long line, 2
reflected voltage V'1 will occur if R+ Zg. The reflection coefficient
at the load, p1, can be obtained by applying Ohm's Law.

The voltage at the load is V1 + V'1 which must be equal to
M + PPRL. But Iy = V/Zy, and I'1 = -V'1/ Z, (the minus sign
is due to V', travelling toward the source). Therefore,

v +v'=(ﬁ-—rl)R @
1 1 Z, Z, L

Eglt)t=D

Vo= 122 v—
VoL = +0.32 v:{[

tr

Ve = +20 vde
VEE = -3 2 vde

Figure E-3. Equivalent MECL Gate Qutput, Driving a Transmiss_ion Line
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By definition p. . reflected voltage _ Vi

incident voltage V)

Solving for V'1/ V1 in equation 2, and substituting 1n the relation .
for P 1, results in:
) RL _ ZO (3)
L= .
Ry + Z,

Similarly, the reflection coefficient at the source is:
o - Ro - Z, £)]
S R, + Z,
By summing the incident voltage V1 teq. 1), together with similar
voltage contributions from the various orders of reflection (due to

P 1, and P §), a general equation for total line voltage can be
written, and used to develop practical design information:

VXt = V) [U (t - tpaX) + AU (t- tpat2e- X))

+PLPSU (- g (204 X0) + 22U (- g4 X))

.0
+ PL-PS'-U(I - tpg (4t X)) + . :l Ve (51

Note that as time progresses, the U step function brings successively
higher order reflection coefficient terms into V (X,t). Successive
terms may be positive or negative, depending on the resulting sign.
and so damped ringing can oceur. Equation 5 expresses the voltage
at any point on the line, X, for any time, t. The equation can be used
graphically with a lattice diagram to find V (X,th

TDNA Fundamentals
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Eglh) =

Example 1, Figure E-4 will be used to illustrate the lattice diagram
method for finding V (X,t) and the use of equation 5. The source
impedance of the MECL [II gate is § @, resulting in a reflection
coefficient at the source of —0 82 for a line impedance of 50 0.

The load resistor is arbitrarily chosen to be 30 percent greater (65 O}
than the characteristic unpedance (50 2 so that reflections will
occur. The resulting reflection coefficient at the load is P [,=+ .013.
Two vertical lines are drawn to represent the input of the line, point
A, and the output of the line, point B. A line is drawn from pont A
to point B before t = 0 to represent the steady state conditions. Note
that for Voo = 2V and VEE = —3.2 V, the nominal logic levels are
approximately logic 0 = 0.3 V, and logic 1 = 1.14 V. (These power
supply conditions are used to permit convenient measurements when
output resistors are returned directly to ground). For steady state
conditions, the line looks like a short line with a resistance equal to
Rye- It can be assumed that R is negligible for this example.

pg=-082
pL=+013
.
Vogu = t122 v—
VgL =+032V
Voo = +2.0 Vde
Y, VEg = -3.2 Voc
A :}
Va o030 Ve Vge = D30 Vac
g =46ma lgg = 4.6 ma
Vig= 030 Vdc
I =46ma

va =111 vee

g =208ma  t=0 e e

Iy = 16.2ma

V" =0 105 Vdc
1" =-21mA

vg= 1218 Vdc

=TD c187ma

Va =113 vde
g =12.0ma

t=27g V' = -0.088 vae
I'e =172 ma

V'= -0.011 vde
1" =0 223 mA

Vge 1.12 vde

37D | Coir.2ma

Figure E4. Latice Diagram for a Typical Reflection Example.
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The voltage and current at points A and B are the same initially, as
ghown 1n figure E-4, At t = 0, the voltage at the source switches
from a logic 0 to a logic 1 level. The voltage term, VAft), in equation
1is:

Z

Vi) = [V‘ - V' } _ =V, =
A OH 0.81 volt,
oL (20 R, 1

where: (V'GH —V'0L) = Esit) = internal voltage swings in the
circuit = AVINT

Therefore, at time t = 0 a voltage waveform, V = 081V, and a
current, I = 16.2 mA, travel down the line - as shown in figure E-4
by the line from t = 0 to t = Tp {Tp is the time 1t takes for the
wavefront to travel down the length of line, ). Next, a line is drawn
fromt = Tptot = 2Tp. Voltage and current values are indicated,
Note that here the reflected current is negative, indicating the
current is flowing back toward the source; the reflection coefficient
for the current is & minus one times the reflection coefficient for the
voltage.

To find the voltage at point B for t = Tp all the voltages arriving at
and leaving frem this point are summed. The same is done to
determine the load current. The process continues until the voltage
at the load approaches the new steady state condition - in the
example, when t = 3Tp. (The steady state logic 1 voltage is actually
1.13 V).

This example indicates that for a case in which the load resistor is
30% higher than the characteristic impedance, 85 mV of overshoot
and 10 mV of undershoot would occur. Generally, as far as noise
immunity is coneerned, only the undershoot need be considered. The
typical noise immumty (or noise margin) for a MECL circuit is
greater than 200 mV. Since the undershoot in this example was

10 mV, the typical noise immunity would exceed 190 mV. In actual
system design, typically more than 100 mV of undershoot can be
tolerated. Regarding overshoot, 300 mV can be tolerated, except in
some early ac coupled flipflops (MECL T and II}. This restriction
msures that saturation of the input transistor does not occur (if it
did, the gate would slow down). If a 100 Q load resistor were used in
Figure E-, the resulting overshoot would be about 220 mV and the
undershoot, about 80 mV. In effect then, if the load resistor is twice
the characteristic impedance, the noise margin is typically 120 mV -
which is more than acceptable for MECL circuits.



A slightly different situation can exist when the output of the MECL
gate switches from a logic 1 to a logic 0. The output of the MECL
gate will turn off if the termination resistor, Ry, 1s somewhat larger
than the characteristic impedance of the line. For the conditions in
Figure E-4, the output transistor of the MECL gate will turn off at

t = O for the negative going transition, when R[> 70 €.

An equation for the value for R[, at which the gate will turn off can
be derived as follows. The maximum voltage change at point A,
Figure E-, (due to turning off the output transistor) is the product
of the de current in the line and the characteristic impedance of the
line:

/
v
OH
AVA = ILINE‘ZO] = R"J—+R—L (Zol..

The voltage at point A is also dependent on the internal resistance
of the driving gate Ry and the internal logic swing.

Z,
AV, = ———— (AViyT).
A Ry, + Z, INT

Equating the two and solving for Ry,

i/
Vor{Re * Z,) Y
Ry = oVt Ro

Thus for the conditions given in Figure E4, the sutput transistor
will turn off at
1.22(5 + 50

t = 0 when R = _00_ -5 = 708 is exceeded.

The case for which the MECL output turns off is not in itself a
serious problem, although it makes a thorough analysis more
difficult. Two reflection coefficients must be used at the sending end,
and a piecewise approach used 1n determining the voltage
reflections.

TONA Fundamentals
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Example 2. The condition for a negative-going transition will now
be analyzed. Refer to Figure E.5. The steady state high logic level

current is:

4

Vou

1 =
dc R,

+RL

= 11.6mA.

For the conditions shown in Figure E-5, the use of equation 6 shows
that the load resistor is indeed larger than required to turn off the
output transistor during a negative transition.

+2.8 VDG

[

MECL GATE

Ro1w5.8 OHMS

l

P5t = —9.BZ WHEN OUTPUT TRANSISTOR IS ON,
P52 = +1.8 WHEN TRANSISTOR [S OFF,

PL = +0.333

ROZ -

Ro1 » 5 8 OHMS

-3.2 vDC
=3.2 vDC
A B
Yge=1.16 Vdc
Vg 1,18 Vdo Tgo=11.6 mA
Ig=11.6 mA
Vg 1.18 Vdo
I =11.6 mA
Va = 8.58 Vdc ted V)= -8.58 Vdc
Ig=8 I)=-11.6 mA
V= =@, 193 Vde teT Vg = 0.387 Vde
I'=+3.87 mA D I, =9.87 mA
Vp=8.31 Vdc 1=2Tp Ve =78 mVde
Ig=2.31 mA I'm=1.56 mA
V'm =26 m¥de vp=8.283 Vdc
I'md.52 mk =37 Iy =2.83 mA
SHVTYTE

Figure E.5, Lattice Diagram for Negative-Going Voltage Transition.



To determine the voltage V1 at t = 0, the following equation results
from the application of Ohm's Law to the circuit:

V, +32+V
AToe |
V), = - (l + ) Z..
1 d
C RE 0

7N

For the example shown, let RE = =, then,
Vl = —Idc ZD' (8)

Solving equation 8, V1 = 0.58 V. The implication of this result is
that stubbing off the line with gate loads in a distributed fashion is
not recommended, due to the reduced initial voltage swing. However,
it would be acceptable to lump the loads at the end of the line

Since the value of the load resistor is greater than the characteristic
impedance, the voltage swing at the load resistor is greater than Vj
by the amount of £ V], (in this example, 183 mV}). When

t = Tp + Ti, the voltage at B is equal to 0.387 V, so 82 mV of
undershoot occurs. Undershoot on the falling edge is defined as the
amount of voltage step above the nominal logic 0 level of 0.305 V.
Overshoot in the low logic state is defined as the amount of voltage
change below the logic 0 level.

TONA Fundamentals
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Tt 1.16 W
Va 104
VOLTAGE
AT A
IVOLTSH [ R: B
o8T as58 v
04—
| =22 031V
— 1
2t —1.16 Vv —‘
10+
Ve B3
VOLTAGE
AT H
tvoLTs) esT Lindershoot
82 mVv
0387 v Ovarshoot 31 mv
a4 ‘ .
0305 v T i i 028 v
o
orT Staady FYTo2meV
Srate
Logic .
t=0 Ty t=Tg Tp+Ty t=2Tg |2Tp+Ty t-alTn ATp+ Ty
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In Figure E-6, the voltage waveforms at points A and B of this
example are shown as a function of time, To be more realistic, the
waveform in the figure is shown to be a negative-going ramp rather
than an abrupt step function. The term, Ty, is the amount of time it
takes for the waveform at A to awitch to the level at which the
cutput transistor turns off. The fall time of the signal would have
been longer by an amount equal to:

o - {116 - 0.30%)
' 71076 - 0.58)

if the termination resistor has been 70 Q or less.

The reflected voltage waveform leaving point B at t = Tp arrves at
point A at t = 2Tp). The source impedance is very high nitially
(P8 = + 1.0} with the output transistor being in the off condition
until the voltage at A falls to 0.32 V. Then, the source impedance
changes to 52 (P g = —.B2),

2T+ 067Ty 3Tp+D67 T

Figure E-6, Voltage Waveforms for Points A and B in Example 2.



The following formula may be used to determine the point at which
the transistor turns on:

(&
AVgource= V1 + P8V1 = 2V (valid prior to transistor conduction),

where V] is now the incident voltage approaching the source and
AVgouree is the change in voltage at the source necessary to turn
the transistor on

In this example the actual voltage change for conduction to cecur is:
AVgquree = 0.82 —0.58 = —0.26 V. Therefore, the voltage waveform
approaching the source (193 mV) can be broken into two signals,

V11 = —0.13, and V12 = —0.063 V. the reflected voltage due to Vi1
is V*11 = =0.13V, and for V13, the reflected voltage 1s

V12 = (=0.82X—-0.063) = 0.052 V. The two reflected voltages of
opposite polarity at point A going toward point B are the reason for
the increased overshoot of short duration at point B, when

t = 3Tp + (0.13 + 0.193) T1. Refer to figure E-6.

The steady state voltage reflection that oceurs after t = 2T + Ty
is the som of -0.13V and +0.052 V, equal to - 78 mV as shown in
Figure E.5. The steady stats voltage reflection can be calculated

using the relation: (10}
L4 Lo ]
V7 = PeadVirce Ro2 |+ P51 VI - AViure Ra2 .
2 4

Equation 10 may be illustrated by ssiving for the steady state
reflection voltage at t = 2Tp + Ty:

11_29,

oo
- )+ (-082) [-0193 -

50
| + o
(032 - 058 ( . ) = 78 mV

-

V' = (+1.0) (032 - 0.58) (

From the anaiysis of Figure E-5, it is concluded that the MECL gate
c¢an safely drive the transmission line (Zy = 50 O with a 100 Q load
resistor and with the gate loads lumped at the end of the line, since
less than 100 mV of undershoot occurs. The remaining noise margin
will be typically greater than 100 mV.

TDNA Fundamentals
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Signal Propagatinn The propagation delay, tpd, has been shown to be 1,77 ns/t for

Delay for Micmstrip n:}icrosm?p_ lines and 2.26 no/ft for atrip lines, when a glass epoxy

and Strip Lines dielectric 15 the surrounding medium. The propagation delay time of
. o the line will increase with gate loading and the altered delay can be

with Distributed or gerived as follows. The unloaded propagation delay for a

Lumped Loads transmission line is:

tpd = LOCO '

If a lumped load, C4, 15 placed along the line, then the propagation
delay will be modified to t'pg:

\/ G Cd  aun
ti)d=\/Lg[C0+Cd) =JL0CO ]+C—0 =1pd%+(‘_ﬂv

where Ly and Co are the intrinsic line inductance and eapacitance
per unit length.

Therefore, the signal propagation down the hne will increase by the
factor of:

A MECL gate nput should be considered to have 5 pF of capacitance
for ac loading considerations (inchudes stray capacitance). If 4 gate
loads are placed on a 1 foot signal line, then the distributed
capacitance, Cg, is equal to 20 pF/ft or 1.67 pF/in. As an example,
assume 1t 15 desired to find the propagation delay increase for a 50 &
microstrip line on a glass epoxy board. Assume that the line width
is chosen to be 25 mils; then the dielectric material should have a
thickness of 15 mils to yield Zq = 50 £ and the capacitance of the
line is 35 pF/ft, Therefore, the modified propagation delay would be:

20 Ty
tpd = 177 nsfft /] + 35 2.2 ns/ft

For a 50 © strip line on a glass epoxy board with a 15 mil spacing
between the strip line and ground plane, a 12 mil width would be

required, and the strip line would exhibit a capacitance of 41 pF/ft.
The modified propagation delay for such a strip line would be:

{ 20
o= g =~ = 175
tpd 226 nsffry /1 + 1 275 ns/ft

TDNA Fundamentals
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Notice that the propagation delay for the strip line and the
microstrip line change by approximately the same factor when the
separation between the line and ground plane, and the charactenstic
impedance are the same, However the hine width of the strip hne is
less (by a factor of 2} than the microstrip line for the same character-
1stic impedance.

It should be noted that to obtain the minimum change and lowest
propagation delay as a function of gate loading, the lowest
characteristic impedance line should be used, This will result in the
largest intrinsic line capacitance. With MECL 10K/10KH the lowest
umpedance that can be used is about 35 §§ (V7= -2.0V,

R'I'I‘ =350,

According to theory, whenever an open line (stub) is driven by a
pulse, the resnltant undershoot and ring are held to about 15
percent of the logic swing if the two way delay of the line is less
than the risetime of the pulse. The maximum line length, ¢ max-
may be calenlated using the equality:

1
r
dex = l—t'[;d {inches) ,

where ty is the risetime of the pulse in nanoseconds, and t'pq is the
modified propagation delay in nanoseconds/ineh from equation 11,

A quadratic equation for maximum line length for G-10 fiber glass
epoxy microstrip conductors may be written in terms of Cp Cp and
tr as

Cp ) A : : (12)
¢ ILL ty = 0. (for microstrip lines), (12

.
Cmay +f; max

where Cp is total gate capacitance,
An equation for maximum open line length for a strip line (using
(310 fiber glass epoxy material) can be written in a similar fashien.

The result is:

C
Q:m.n + =2
. CO

13

¢ 7At7 =0, (forstrip hines)

max

TDNA Fundamentals
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Using the lattice diagram, it has been found that the rule of thumb
used to derive equations 12 and 13 should be modified for an open
line because the incident voltage doubles at the end of the line. This
results in a faster risetime at the receiving end of an unloaded line
than at the driving end. An approximate value of maximum open
line Jength can be generated from equations 12 and 13 if the
risetime that is substituted into the equations is multiplied by an
adjustment factor, 0.75. This maintains an approximate overshoot
and undershoot of less than 35% and 12% respectively.

To demonstrate how equations 12 and 13 may be used, the
maximuin open line length will be computed for a 50 £ line with a
fanout of one MECL 10K gate. Using the equation tpd = Zo Co. the
line capacitance, Cq, is found to be C = 2.96 pFiin for microstrip, and
Co= 8.76 pFiin for strip line. For & fanout of ene, Cp is equal to 5 pF
when the device is in a socket. The risetime for MECL 10K is 3.5 ns
which means that a value of tp = 0.75 X 3.6 = 2.6 ns should be
used in the equations, Solving equations 12 and 13, %may fora

50 Q microstrip line and { mag = 6.2 inches for a 50 11 strip line

Equations 12 and 13 can be very useful in finding the approximate
maximum line length under various conditions. Suggested maximum
open line lengths for MECL 10K/10KH and MECL [II are tabulated
in tables E-1, E-2, and E-3 for various fanouts and line impedances.
For these tables, line lengths are chosen to limit overshoot to 3.5% of
logie swing and undershoot to 12%. Note that the tables give the
maximum line lengths for fanouts of 1, 2, 4, and 8 for various types
of lines with a wide range of characteristic impedances.

TONA Fundamentals
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MICROSTRIP
(Propagation
Delay
0.148 ns/in.}

STRIPLINE
(Propagation
Delay
0.188 ns‘in.)

BACEKPLANE
(Propagation
Delay
0.140 ns/in.)

E.1. Maximum Open Line Length for MECL 10,

MICROSTRIP
(Propagation
Delay
0.148 ns/in.)

STRIPLINE
(Propagation
Delay
0.138 nsfin.)

BACKPLANE
IPropagation
Delay
0.140 ns‘in.)

E.2. Maximum Open Line Length for MECL 10,200, MECL 10H100, 10H210, 10H211

Zg FANOUT = 1| FANOUT = 2| FANOUT = 4| FANOUT =8
({OHMS) 2.9 pF (5.8 pF) (11.6 pF) (23.2 pF)
2 MAX (IN} 0 MAX (IN} £ MAX @0 2 MAX IN)
B0 8.3 7.5 67 57
68 7.0 6.2 50 40
75 6.8 5.9 46 3.6
82 6.6 5.7 42 33
90 6.5 5.4 39 30
100 6.3 5.1 386 26
50 6.5 5.9 52 45
68 5.8 4.9 39 32
75 5.3 4.9 36 28
82 6.2 44 33 28
90 5.1 4.3 31 24
100 4.9 4.0 28 21
100 6.6 54 38 28
140 59 43 28 19
180 5.2 36 21 1.3

100. (Gate Rise Time = 3.5 ng)

Zg FANOUT = 1| FANOUT = 2} FANOUT = 4| FANOUT = &
(OHMS) (3.3 pF {6.6 pF} (13.2 pF} {26.4 pF)
g MAX (N) 0 MAX IM) ¢ MAX (I 2 MAX (IN)
50 35 28 1.8 12
68 32 23 15 08
5 3.0 2.2 13 07
82 2.9 2.0 12 06
90 2.8 18 10 06
100 26 18 08 04
50 28 2.2 15 10
68 2.5 18 1.2 06
75 24 1.7 11 06
82 2.3 18 09 0.5
90 22 15 08 04
100 20 14 0.7 03
100 28 18 09 04
140 24 14 G5 03
180 2.0 1.0 0.3 01

{Gate Rise Time = 2 ns)

TDNA Fundamentals
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MICROSTRIP
(Propagation
Delay
0.148 ns/in.}

STRIPLINE
Propagation
Delay
0.188 nsfin.)

BACEPLANE
{Propagation
Delay
0.140 nafin.}

E-3. Maximum Open Line Length for MECL III, MECL 10H209 (Gate Rise Time 1.1 ns)

TDNA Fundamentals
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KA FANOUT = 1| FANOUT = 2} FANOUT = 4| FANOUT = 8
{OHMS) (3.3 pF (6.6 pF) 13.2 pF) 126.4 pF
2 MAX (IN} 0 MAXIN) 2 MAX {IN} 2 MAX (IN)
B0 1.6 11 07 0.8
65 1.4 0.8 0.5 0.4
75 L3 Dy 0.4 0.3
82 1.2 0.7 0.4 0.2
o0 L1 0.6 0.3 02
100 L0 05 0.2 0.1
50 1.2 [+X-) 06 0.5
68 11 0 04 .3
75 1.0 06 03 0.2
a2 08 0.6 [ 0.2
80 09 0.5 02 g1
100 [1X-} 0.4 02 01
100 11 06 02 0.1
140 03 0.3 0 0
180 06 0.2 0 0

The maximum line lengths are also given for various charaeteristic
impedances in the backplane The characteristic impedance of the
backplane shouid be between 100 @ and 180 4 if a ground screen is
used. For MECL 10K from table E-1, 5.9 inches of open backplane
wiring can be driven for a fancut of one.

It should be remembered that these line lengths are based on

100 mV masxymum undershoot, and are not absolute maximum
lengths with which MECL circuits will operate. It is possible to use
longer unterminated lines than shown - the tradeoff being an
associated loss of noise immunity due to increased ringing

From these caleulations, it can be conciuded that lower impedance
lines result in longer line lengths before termination is required.
The lower impedance lines are preferred over higher impedance lines
because longer open lines are possible, and the propagation delay
down the line is reduced. In addition, more stubbed-off gate loads
can be driven with a terminated line due to its higher capacitance
per unit length.



Microstrip
Transmission Line
Techniques,
Evaluated Using
TDR
Measurements

The time domain reflectometer (TDR} employs a step generator and
an oacilloscope 1n a system which might be described as “closed-loop
radar” Refer to figure E-7. In operation, a voltage step is propagated
down the transmission line under investigation. Both the incident
and reflected voltage waves are monitored on the oscilloscope at a
particular peint on the line.

TRANSMISSION SYSTEM UKDER TEST

HP 54128T-CH1
OSCILLOSCOPE

f

2

@ S4128/70L 84

STEP GEWERATOR
Figure BE-7 Time Domain Reflectometer.

For the examples the incident voltage setup, E1, is a positive edge
with en amplitude of 1V and a risetime of 30 ps, It is generated
from a source immpedance of 50 . Also, the output edge has very
little overshoot (less than +5%).*

This TDR technique reveals the characteristic impedance of the line
under test. [t shows both the position and the nature (resistive,
inductive, or capacitance) of each discontimuty along the line, and
signifies whether losses in a transmission system are series losses or
shunt losses. All of this informatien is immediately available from
the oscilloscope’s display. An example of a microstrip line evaluated
with TDR techniques is shown below:

TDR Example 1: Board material; Norplex Type G-10
Dielectric thickness: h = 0.082 inch;
Copper thickness: t = 0.0014 inch;
Dielectric conatant: er = 5.3.

The formula for the eharacteristic impedance is:

; 8 598 It 14
= n ,

O e ¥ TAT 08w + 1

* The uriginal text was written usig the HP 1415A. Since then the HP 54120T
has been introduced.

TDNA Fundamentals
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For a line width, w = 0.1 inch, the characteristic impedance of the
line is caleulated to be 51 €. A board was fabricated as shown 1n
Figure E-8(a} to the dimensions specified above, Figures E-8(b) and
E-8ic) show the incident and reflected waveforms observed with the
TDR. The vertical scale is calibrated both in terms of the voltage
and the reflection coefficient, 2. Equation 3 can be rearranged to
determine the characteristic impedance of the line:

1+ be) (15
Zline =\ T — p/ * Zreference.
where: Zline = characteristic impedance of the line under test,

and  Zyeference = impedance of the known Line.

The 50 Q reference point is shown in Figure E-8{c). The mean level of
the reflected waveform due to the line has a P = +0.01.
Substituting values into equation 15 permits calculation of the line
impedance:

1+ 0.01
Ziine =\ 1 — g.01/ * 50 chms = 51 ohms * ,

which agrees closely with the calenlated value.

- 4.5" L TERMINATION
RESISTOR = 58 OHMS

®

INPUT CONNECTOR —

—*q

GROUND PLANE
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VERTICAL SCALE = 500 MV/CM \-—LINE FOR 2, = 5@ OHMS
HORLZONTAL SCALE = 2.8 NS/CM

Figure E-8A: TDR Determination of Line Characteristic Impedance

* The HP 54120T digitizing oscilloscope and TDR introduced since this articie
was written, internally calculates the line impedance and displays it on screen.
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LINE

UNDER
laa=TEST
p/oIv = B.2
— TERMINATION RESISTOR
CONNECTOR N
N " ~— S8—0HM TERMINATION
\\ 1T y/
Sl A L
TNC [DENT
WAVE
E
-
- TIME
VERTICAL SCALE = 20 MV/DIV
HORTIZONTAL SCALE = @.4 NS/DIV
LINE
A - UNDER -
p/DIV = .82 TEaT —— TERMINATION RESISTOR
v
o b
56~OHM REFERENCE —._ m vwm‘
\\-
4] j
f
gy
- TIME

CONNECTOR J VERTICAL SCALE = 2@ Mv/DIV

HORTIZONTAL SCALE = @.4 NB/DIV

Figure E-8B,C: TDR Determination of Line Characteristic Impedance

{Continued)
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The reflected voltage due to the connector is + 40 mV. The line
reflects a voltage of = 25 mV due to vanations in the characteristic
impedance of the line. The reflection of 88 mV shown for the
termination resistor (P = 0.088) ig due to the mmductance of the
resistor. It can be calculated that the inductance of the resistor is
less than 0.9 nH

In these experiments, the input waveform comes from a generator
which has a risetime of 28 ps. There is some attenuation of the
signal noticeable as it reaches the termination resistor (ty = 80 ps at
the load) When driving the line with a MECL III gate with a
risetime of 1 ns, the reflection due to the inductance of the resistor
would be much less (about 10 mV).

TDR Example 2: An equation can be derived to determine the
maximum reflection voltage due to the induetance of the resistor
leads. The eirenit shown in Figure E-9 will be used in the derivation.

The reflection coefficient at the load is:

Rl -Zo (16)
b ey = Z; - Z0= (Rp +sb) - zo=5+—,_
L' Z; +Z, (RL+sL)+ Z, RL+Zo '
s +T

B il-. Ereriit)
5Il’:||'.)ﬂ=‘rr|=_r—1 ——— Eur

Bj

Ta Zpied = R+ sk

s 13 the LaPlace
operator

E-9: Circuit for Determining the Maximum Reflected Voltage Due to
the Inductance of the Resistor Leads

TDNA Fundamentals
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where s is the LaPlace aperator for jw. The driving veltage will be
represented as:

e {1 = mt Uity - mit - Tppuet - T, an

where Ulti is a step function oceurring at t = 0. Taking the LaPlace
transform of equation 17 gives:

: m -Tys
E]l5)=—.,(le ') (18)
2

The reflected voltage at the load is then the product of the driving
voltage and the reflection coefficient (both in the transformed plane):

RL-24
YT (- eT)
E,eq(s) = E (s1P[(s) = e mll - ?) ae
refl 1 VSIFL ) RL + Zo m e L
< s+
s s L
Teking the inverse LaPlace transform yields:
(R +Z i
1zl RL-Z, 2zl \ o = o
E e (t) = -+ t - JJe L mUt) -
(RL+ Z5)- RL+Zo (RL +Zp)-
(RL+Zprit - Thh
Z,L RL -Zo 2Z,L N
2 -+ w-Tp - — %) e L
(RL+Zo)- \RL*Zo (R +ZeH>
mUee - Tpr {204
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The maximum reflection voltage oceurs at t = Ty. Then, for R = Zg:

mL TT U e

Ereit = Ty = Erepay = E-Z—o 1-e

This equation relates the maximum reflected voltage, which can be
measured by TDR, and the inductance, which can then be calculated
for the circuit of Figure E-9.

TDR Example 3: This example indicates how to measure the effect
of resistor leads using the TDR. Figure E-10ia) shows the
construction of a microstrip board used for determining the effects of
a resistor with 1" lead lengths. The reflected voltage determined
from the TDR measurement is 480 mV {see Figure E-10(b)). The
risetime at the input to the line is 28 ps but it is lengthened to
about 80 ps as the wavefront reaches the termination resistor.

The time, T1. associated with the slope of the input veitage rise at
the terminating resistor can be approximated as:

= s = ‘22’
T 080 100 ps,

The inductance can be computed by using equation 21, giving

L = 6 nH. Additiona] information can be obtained from the decay of
the reflection shown in Figure E-10(b). The decay lasts about 0.3 ns,
implying a time constant of about 0.3 ns/5= 60 ps (using 5 time
constants as decay time). The calculated time constant for an
inductance of 6 nH is:

L + (2Zy) = 80 ps
The two results agree closely.

When driving the line with a MECL III gate - risetime = 1ns - the
reflection would be only 50 mV, Most carbon resistor types will have
less than 10 nH of inductance. This inductance gives a reflection

< 75 mV when the line is driven by a MECL III gate. Note that the
reflection is positive, indicating that the noise immunity of a MECL
gate connected at the load would be unchanged.
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GROUND PLANE
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TERMINATION
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(WITH LONG LEADS)

\

! JT_—[:]f
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E-10: Effects Due to Termination Resistor Leads
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TDR Example 4. Experiments have also been performed to
determine the effects of a ground plane on the characteristic
impedance of microstrip lines. Figure E-11 illustrates what happens
when the ground plane width under the transmission line abruptly
drops to the width of an active line. The TDR waveform shows that a
12% reflection occurs due to this discontinuity in the ground plane.

Using equation 15 the impedance of the 2-1/2 inch-long strip can he

calculated as: 1+ 012

Zlinc = -1'—:-—6-1—2 * 50 = 68 ohms.

GROUND FLANE EPOXY GLASS ONLY
INPUT CONNECTOR I TERMINATION
| T RESISTOR = 52 OHMS
‘\ | ’ ;
| Y S
[o ) L
"7 7 -
| | -
— L = 2.5 — \—L]NE UNDER TEST = 50 OHMS
'\ I.FOR = 2.5% .
p/DIV = B85 - _— TERMINATION RESISTOR

l y

/
A

50-OHM REFERENCE W"t

—

i
—
CONNECTOR = TIME

HORIZONTAL SCALE = @ 4 NS/DIV
VERTICAL SCALE = 50 MV/DIV

Figure E-11. Effects of Ground Plane Discontinuities,
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Figure E-12 shows a curve that approximates the change in the
characteristic impedance of the line for varicus ratios of ground
plane width to active line width. Note that when the ground width
is greater than 3 times the line width, the characteristic impedance
is constant according to equation 14,

16

14 N

™

1.2
2 N
Zy o \
2 — herseteristic impedance of line
with ®greund plane
oBp—
Z. — Cheracterutic impsdance of line
with Hmited graund plane width,
0.6 1 1 I 1 1 i
0 1 F 3 4

Ground Width
Line Width

Figure E-12. Variation of Microstrip Impedaace as a Function of
Ground Width - Line Width
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A related experument was performed to find the reflection due to a
ground plane near the active line, but not directly under it. The test
configuration and test results are shown in Figure E-13. As
indicated by the TDR tneasurement, the reflection is about 36%%.
Again using equation 15, the 1mpedance of the 2-1/2 inch strip can
be calculated:

1+ 036,
1 - 036

Zline 50 = 106 Q.

The reason for the reflection is the change in the characteristic
impedance along with the line resuiting from the ground plane not
being under part of the active line. [n such a region, capacitance of
the line to ground decreases while the inductance of the line
increases, the net result being a higher characteristic impedance.

it must be remembered that the TDR input waveform has a risetime
of 28 ps. Consequently, m a real logic circuit situation where,
perhaps, a MECL LI gate with a 1 ns risetime 13 driving the line,
the reflection would actuaily be less than 27%, not 36% as in this
example* This can be determined by scaling the value of £ found
with the TDR waveshape in Figure E-13 (b), with a 1 ns risetime.
When the length of the ground plane discontinuity is less than the
distance travelled by the signal during its risetime, then the
reflection coefficient can also be calculated as:

0t
pr o - pd

HXing
« P for <1, {23}
T tr

where: tpd = the propagation delay time of the line in ns/in.
tr = the risetime of the signal in ns,
¢ = the length of the discontinuity in inches,
P = the reflectipn coefficient for 28pg/ty> 1
tin this case the vaiue found with the TDR waveshape
with tp = 28 nsh.

* With the HP 54120T, normalization allows the user to change the risetime of
the measurement system to simulate actual eirenit risetimes.



For a discontinuity in the ground plane of 2.5 inches length, a

propagation del

ay of the line of .15 ns/in, and a MECL III gate

with 1 ns risetime, the percent reflected voltage can be calculated.

From Figure E-

13 (b}, P is found to be 0.36. Using equation 23,

pr = 20.36) (2.5 (0.15) . g.27
1)

Therefore, the reflection would be 27%. For a MECL 10K series gate,

with a risetime

of 3.5 ns, the reflection would only be 7.7%, and a

MECL 10KH gate with a rise time of 1.8 ns, the reflection would be

15%,
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Figure E-13. Effects fo Ground Plane Discontinuity.
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TDR Example 5. Another measurement was performed to observe

the reflections due to the use of a hybrid divider The construction of

the microstrip board used is shown in the figure E-14. Note that the

50 4 line branches out into two 100 § lines. A reflection of 4 percent .
is observed at point 2 where the junction occurs. Notice that the

resistor exhibits a reflection of —8%, due to capacitance of the

resistor.

Previously it was found that the 50 @ resistor was inductive. The
lower values of resistors (<75 Q) exhibit induetance, while the higher
values behave capacitively. Note that no mismateh appears due to
crosstalk between the two 100 (I branches, because of their wide
separation.
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Figure E-15 (b) shows the reflection due to the construction of Figure
E-15 (a) where the two 100 { lines have been brought close together
The reflection at point 2 is now equal to 8% arising from the cross

coupling of the two lines, .

Even mode or odd mode characteristic impedance {(Zgp or Zgo) can be
considered to exist in a circuit with crosstalk. One, Zge, is due to the
strips being at the same potential and carrying equal currents in the
same direction. The ather, Zgg, is due to the strips being at equal
but opposite potentials and carrying equal currents in opposite
directions. The backward crosstalk voltage, VR, on a passive line ia:

E; . (24)

where Ej is the signal propagating down the active line. The
backward crosstalk voltage shown in Figure E-15 (b) at point 2 18
equal to 8% of the incident voltage Ej. Since both lines are active,
the crosstalk due to one active line is 4% of E1 for a spacing of
80 mils.
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Crosstalk is not ordinarily a problem when using MECL [II on
microstrip or strip line cireuit boards, when line spacings are greater
than 30 mils The mutual inductance and capacitance between two
lines are used to determine the erosstalk coefficient. Forward
crosstalk 1s normally much smaller than the hackward ecrosstalk on
microstrip lines - except for very long lines (>5 feet). Forward
crosstallk does not exist at all on strip lines, sinee they are made
with a homogeneous medium, so that the inductively and
capacitively induced currents cancel.

The backward crosstalk coefficients for various types of microstrip
lines on glass epoxy boards are shown in Figure E-16. The backward
crosstalk coefficient is equal to;

L
.1 M
Kg =57— =5+ Cyl . 25
B 4tpd(zo Mo)

where L) = the inductive coupling,
CM = the capacitive coupling,
ttp = the propagation delay of the line per unit length

TDR Example 6. The graph data in Figure E-16 will be used to
determine the percent of crosstalk coupling for the circuit of Figure
E-15. From the dimensions of the lines given in Figure E-15 (a), KB
is found to be 0.055 from the graph. This means that if one line (the
active line) were driven with a signal, the other line {passive} would
have a coupled signal of 5.5% of the amplitude on the active line, in
a direction opposite to that of the driving signal. Since both 100 @
lines are active simultaneously, the reflection observed on the TDR
is twice as much, or 11%. From Figure E-15, the actual crosstalk can
be seen to be about 8%.
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In very high speed systems, the exact shape of a line can be
important, if reflections are to be kept to a minimum. The
arrangement shown in figure E-17{(a) has been used to investigate
the behavior of two different line shapes. For one line, corners are
sharp. This permits the width of the line to be larger at corners than
elsewhere. Figure E-17 (b} shows that a —7.5% reflection cccurs at
point 6 due to the lowered characteristic impedance at the corner.
For the other line, the corners are rounded to produce a constant
line width. Figure E-17 i¢) shows that a constant line impedance
exists for the second line. Note that an inductive reflection, as
discussed before, does ocour at the end of the line due to the
inductance of the resistor. In conclusion, it is desirable to have
smooth, rounded line edges and constant line widths when designing
transmission lines for high speed systems. Resistor leads should be
kept short o minimize termination inductance,
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Index

A

accessories, list of 2-6...2.7

Acguire submenu 15-6

acquire a waveform 3-1...3-3

add operation 12.1...12-3

Add to Memory key (Waveform Save menu}
9-3

add waveforms algebraically 3-7

All key (Measure menu) 13-4...13-5

altitude, operating 2-1, 19-12

antistatic kit 2-2

applying power 2-3

ATTEN (attenuation) key {Channels menu)
5-3

ATTEN (attenuation) key (Trigger menu} 7-2

Auto Level Set key (Delta V) 10-5

automatic measurements 13-1...13-5, 19-7

Auto Pen key (Plot menu) 17-4

AUTOSCALE key {system key) 4-b

averaged display mode 8-2...8-¢, 8-10, 19-6

averaged display mode exercise 8-8...8-11

background adjustment 2-6

bandwidth display mode 19-6

Bandwidth selection key (Display menn) 8-4
Bracewell transform 14-2

brightness adjustment 2-6

c

Cal menu (Utility menu) 18-1...18-9

Cal submenu (Network menu) 14.3...14-5

channel-to-channel skew 18-5...18-9

Channel select key (Channels menu) 5-2

Channel Skew Cal key (Utility menu)
18.5...189

Channel Skew Cals submenu (Utility menu}
18-5...18.7

Channels menu 5.1...5-3

Channels specifications 19-2

Channel Vertical Cal key (Utihty menu)
18-4

CLEAR DISPLAY (system key} 4-2

Clear Memory key (Waveform Save
menu) 9-3

coarse precision measurements 13-3

Color Cal menu (Utility menu} 18-2

color conventions 4-8

color display setup 2-6

Color Field key (Utility menu) 18-12

Color menu (Utility menu) 18-11...18-14

connector, HP-IB 2-4

connector, power 2-4

connectors, care and handling of B-1.. B-22

connectors, interface cable 24

CRT menu (Utility menu) 18-2

Cursor key, Reflect submenu (Network
menu) 14-17

Cursor key, Trans submenu (Network menu)
14-29

D

data display formats 19-6

dB versus voltage ratio 5-3

default color settings 18-13

Default Setting key (Utility menu) 18-12

degaussing 26

Delay key (Timebase menu) 6-2

Delay Reference key (Timebase menu)
6-2..6.3

Delta t menu 11-1...11-10

Delta V menu 101...10-10

device under test (DUT) 14-2

digitizing rate 19-12

dimensions 19-13



Index (Continued)

display colors 19-6

Display key i(Waveform Save menu) 9-5

Display menu 8-1...8-11

Display Mode key (Display menu} 8-2

Display On/Off key (Channels menut 5.2

Display On/Off key (Histogram menu) 15-7

Display On/Off key (Waveform Math menu)
12.3

Display Scaling key (Waveform Math menu)
124

Display Time key, persistence (Display
menu) §-3

distribution markers 159, 19-11

distribution, measuring 3-10...3-11

dual screen mode 9-5

DUT (device under test} 14-2

earth, grounding requirements 2-3
electrostatic discharge (ESD), avoiding
damage by 2-2
ENTER keys 4-6
entry devices, the knob, key pad, & step
keys 4-6...4-T
environment, operating 2-1...2-2, 19-12
EOI key (Utility menu) 18-11
errors, messages, & prompts A.1.,.A-6
ESD (electrostatic discharge) 2-2
exercises
averaged display mode 8-7...8-11
histogram 15-11.. 15-17
infinite persistence 8-5...8-7
normalizing 14-22..,14.26
only operator 12.7,..12-8
refiect (TDR) 14-19.. 14-22
source-to-source tirme interval 11-7...11-10
source-to-source voltage measurement
10-8...10-10
time interval measurement 11-5.11.7
transmission (TDT} 14-30..,14-33
voltage marker 10-5 ,,10-7
waveform math 12-5...12-7

features, key 1-1

fine precision measurement 13-3

first operand key (Waveform Math menu)
12.3

Freerun Rate key (Timebase menu) 8-5

Freerun Triggered Sweep key (Timebase
menu) §.3...64

Freerun Triggered menu 6-1

front-panel orgamzation 4-1

function selection 4-1

function selection keys 4-7...4-8

Function select key (Waveform Math menu)
12-3

functions, waveform math 12-2

G

graticule display mode 19-6
Graticule key {Display menu) 8-5
graticule selections B-3

grounding, safety requirements 2-3

H

HF Reject key (Trigger menu) 7-3

HF Sensitivity key (Trigger menu) 7-3
histogram exercise 15.11...15.17
histogram measurements 15-3
Histogram menu 15-1...154

HP-IB menu 18-10...18-11

HSL color model 18-4

HUE key (Utility menu} 18-12
humidity, operating 2-2

increment/decrement keys 4-6
infinite persistence display mode 8-3
infinite persistence exercise 8-5.. 8-7

mverting a waveform 3-7
Invert operation 12-1...12-3
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jitter, time 8.7, 8-11

knob, the 4.6

line switch 2-3

line voltage requirements 2-3

LOCAL (system key} 4-4

LOWER DIST LIMIT key (Histogram menu)
159

LUMINOSITY key (Utility menu) 18.12

main breaker 2.3

mains voltage requirement 2-3

manual, contents of 1-2

MARKER POSITION 1 key (Delta V menu)
10-3

MARKER POSITION 2 key (Delta V menu)
10-3

Maximum operator 12-1, 124

mean and standard deviation 19-11

Mean key (Histogram menu) 15-10

measurement aids 19-7

Measurement key (Measure rmenu} 13-2

Measure menu 13-1..13.5

memory, pixel 9-2

memory selection 9.2

memory, waveform 9-3

menu selection keys 4-7...4-8

messages A-1..A-6

Minimum operator 12-1...12-3

Min & Max Reflect key {Network menu)
14-18

N

Network menu 14-1._14-18, 14.26 ,14.29

normalization 14-2

NORMALIZED RISETIME key, (Network
menu) 14.16...14-17, 14-28, .14-29

Normalize to Mem 1 key, reflection
measurement, (Network menu} 14-17

Normalize to Mem 2 key, transmission
measurement (Network menu) 14-29

Normalizing exercise 14.22. 14-26

NUMBER OF AVERAGES Idisplay menu)
8.3

NUMBER OF SAMPLES key (Histogram
menu} 15.6...15-7

)

OFFSET key, vertical position (Channelg
menu) 5-2
OFFSET limits 5-2
Only operation 12-1, 12.3
Only operator exercise 12-7...12-8
operand, waveform math 12-3, 13-4
operating characteristics 19-5.,,19-12
Channels 19-5
Display 19-6
Horizontal 19-5
Timebase 19-5
Trigger 19-6
Vertical 19-5
operating environment 2.2
operation select key (Waveform Math menu)
12-3

P
Pen Speed key (Plot menu) 17-4...17.5

persistence display mode 8-2...8-3, 19-6
pixel memories 9-3
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plot a waveform 3-6

Plot menu 17-1...17-5

Plot menu options 174

plotting, setting up for 17-3

power, applying 2-3

power module 2-4

power requirements 2-3, 19-12.,,19-13

precision connectors, care and handling of
B-1..B-22

Precise Edge Find key (Delta t menu)
11-3...114

Precision key (Measure menu) 13-3

Preset Levels key {Delta V menu) 10-3...10-4

Preset Reflect Channel key (Network menn)
14-14..14-16

Print menu 16-1...16-4

Print menu options 16-3...16-4

printing, setting up for 16-3

programmability 19-7

prompts A-1.. A-6

Prop Delay and Gain key {Network menu)
14-29...14-30

pulse measurement, making a 3-8

Q

qued screen mode 9-5
quantified measurements 15-2

rear panel 2-4

RECALL SETUP (SAVE/RECALL front
panel setup! key 4-3

Reflect Cal key (Network menui 14-7..14.10

Reflect Channel Is key {Network menu} 14-5

reflect (TDR} exercise 14-19...14-22

Reflect submenu (Network menul
14.15...14-18

reflection measurements 19-8...19-10

Results submenu (Histogram menu) 15-8

Rho, instantaneous percent reflection 14-18
BRMS veltage 13-6
RUN tsystem key} 4-3

S

SATURATION key (Utility menu) 18-12

SAVE/RECALL front panel setup key 4.3

saving a waveform 3-5

Screen key (Display menu) 8-4

second operand key (Waveform Math menu)
124

Sigma key, standard deviation, (Histogram
menu) 15-10

single screen mode 9-5

Slope key (Trigger menu} 7-2

SMA connectors B-1 .B-22

Source for Store key (Waveform Save menu!
9.5..946

Source Is Channel 1/2/3/4 key (Histogram
menu) 15-5

source-to-source time interval exercise
11.7...11.10

source-to-source voltage measurement
exercise 10-8...10-10

specifications
Channels 19-2
Horizontal 19-3
TDR System 19-3
Timehase '19-3
Vertical 19-3

Start Acquiring key (Histogram menu) 15-7

START MARKER 112

START ON EDGE key (Delta t menu)
11-3...114

Step & Chan 1/3 key (Network menu) 13-16

Step & Chan 4 key (Netwerk menu) 14-28

Stop Acquiring key (Histogram menu) 15-8

STOP tsystem key) 4-3

STOP MARKER 11-2

STOP ON EDGE key (Delta t menu!
11-3...114

Store key (Waveform Save menu} 9-8

subtracting waveforms algebraically 3-7

subtract operation 12.1, 12-3

system control keys 4-1
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T

Talk/Listen mode 1810

Talk Only mode 18-10

TDR exercise 14-19. .14-22

TDR measurement, making a 3-9...3-10,
14-6...14-7

TDR (time domain reflection) 14-2

TDT itime domain transmission) 14-2

temperature, operating 2-2, 19-12

Test menu (Utlity menu) 18-2

Timebase menu 6-1...6-5

TIME/DIV (Utility menu) 18-5

TIME/DIV key (Timebase menu) 6.2

time histogram exercige 15-16...15-17

time histograms 19-11

time interval measurement exercise
11-5...11-.7

time jitter exercise 8-5...8-7

time markers 11-1...11-2, 18-7

time measurement, making a 34...3-5

Time/Voltage Histogram key 15-5

Trans Cal key (Network menul 14-10

Trans submenu (Network menu} 14-26..14-30

transmission measurements 14-3,
12-10...19-11
transmission (TDT) exercise 14-30...14-33

transmission (TDT} measurement 3-9...3-10,

14-26
TRIGGER LEVEL key 7-2
Trigger menu 7-1...7-3

triggered sweep menu (timebase menu) 8-1

1]

umbilical cable 24
UPPER DIST LIMIT key 15-9
Utility menu 18.1...18-14

v

VARIABLE LEVELS key 10-4
variable persistence mode 8-3

Velocity/Dielectric Constant key (Network

menu} 14-11...14-14

vertical sensitivity (VOLTS/DIV) 5-2
Versus operation 12.1..12-.2, 124
vibration, operating 19-12

voltage histograms 19-11

voltage marker exercise 10-5...10-7
voltage markers 10-2...10-5, 114, 19-7
voltage measurement, making a 34
voltage, RMS 13-5

VOLTS/DIV key (Channels menu) 5-2
voltage ratio versus 4B 5.3

w

waveform
acquiring 3-1...3-2
adding 3.7
inverting 3-7
measuring distribution of 3-10
plotting 3-6
printing 3-6
saving 3-5
subtracting 3-7
waveform math exercise 12-5...12-7
Waveform Math menu 12-1.,.12-7
waveform memories 8-4
waveform memory selection 9-2
WAVEFORM/PIXEL MEMORY key
{(Waveform Save menu) 8-2
Waveform Save menu 9-1...9-6
weight 19-13
WINDOW MARKER 1 key (Histogram
menu) 16-5
WINDOW MARKER 2 key (Histopram
menu) 15-5
Window submenu (Histogram menu)
154,..15-5
wrist strap (antistatic) 2.2

Z
2, impedance 14-18

0%-100% Set At Limits key (Histogram
menu) 15-9





