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1 Overview

For anyone doing electronics - as a job, studies or a hobbg eskilloscope is an indispensable tool. You'll spend
a lot of time with your scope, so it's important to get somethihat does what you need. In this paper, we discuss
oscilloscope features and specifications, things thatsefilto know before buying an oscilloscope.

The Summarysection of the paper, page 10, lists and summarizes somtspoine aware of.

2 Analogue and Digital Oscilloscopes

The first oscilloscopes wemmnalogin nature. Figure 1 shows an example. The input voltage idiietband applied
to the vertical deflection plates of a cathode-ray tube. @hftects the electron beam vertically. At the same time, a
ramp voltage is applied to the horizontal deflection platé® overall effect is to trace out a voltage-time waveform.
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Figure 1: The Classic Tek454 Oscilloscope, the first poetaltilloscope with a 150MHz bandwidth

Analogue oscilloscopes are still available and they aré&ulisgeneral purpose instruments.

More recently, based on developments in the computer figital oscilloscopes have become available. Figure 2
shows an example of digital scope hardware — the Syscomp DBGcope in a measurement setup with the WGM-
101 waveform generator. Figure 3 shows the graphical usexface for the scope. In the case of the DSO-101, the
display appears on an attached computer. The input sigrsainipled at some rate and converted into a stream of
values, each value proportional to the input voltage at soistant. A computer of some sort then plots these values
on a display screen as a graph of voltage vs time.

Each type of scope has advantages. Here’'s a comparison:

e Cost

For a set of features and bandwidth, a digital scope will Be Expensive than an analog oscilloscope. There
are several cost centres in an analog oscilloscope: thean&eth switches on the front panel, the circuits of the
vertical amplifier, and the power supplies.

A digital oscilloscope is inherently a lower-cost devicarihan analog scope. Switches and potentiometers can

be electronic rather than mechanical. This lowers the audtsizeand provides opportunities for automatic
operation.

All analog oscilloscopes include a display. Some digitaliltmscopes include a display, others (like the DSO-
101) use a computer, so that must be taken into account far eofaparison of cost. For example, if you need

a portable oscilloscope on your travels, and you alreadg tmatake a laptop computer, then something like the
DSO0-101 adds very little to the size, weight and cost.

e Printing and Storage of Waveforms
To store an analog scope waveform you have to photograpisiioititally, this was done with a special-purpose
Polaroid film camera. These days, an inexpensive digitakcamill work, but the quality is marginal.



Figure 2: The Syscomp DSO-101 digital oscilloscope haréweith waveform generator WGM-101 in a typical
measurement setup

The digital scope has a significant advantage. The wavefaranid a stream of numbers that can be stored,
printed, manipulated and displayed as a computer file. Owtheform data can be inhaled into a spreadsheet
for further processing. This is especially important in aivarsity or college laboratory, where students need
to manipulate, record and annotate waveforms for lab report

e Display Triggering
The analog and digital oscilloscope have similar trigggdapabilities in most respects.
Analogue oscilloscopes often havdelay linein the vertical channel so that the waveform can be vieweldeat t
point of the trigger. However, it is difficult to view a wavefo much in advance of the trigger - especially if the
trigger is a non-repeditive event.

The digital scope has a significant advantage in this resftezan capture and display a wavefolmaforethe
trigger point. This can be invaluable in diagnosing whatseala trigger event to occur

e Display Storage
It can be very useful to be able to capture and store a randent.eSet the trigger mode to single shot, ensure
that the trigger level is correct, reset the trigger, andhthait. When the event occurs, it will be shown on the
display.
An oscilloscope that can do this is known astarage oscilloscopeThere are analog storage oscilloscopes.
These require a special cathode-ray tube and, at least in cases, they are tricky to set up and use successfully.
Analog storage oscilloscopes are now obsolescent.

1To do this, the scope captures samples continuously andriseres when the trigger event occurs. The time in advanteedfigger event
depends on the sample rate and the size of the waveform mef@pPSO-101 has a sliding cursor that defines the triggertpbor a pre-trigger
display, it can be moved over to the right edge of the disptag.a
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Figure 3: A Digital scope graphical user interface

A digital oscilloscope is inherently a storage oscilloseoprhe papeSingle-Shot Capture Using the DSO-
101 Oscilloscope: Measurements on a Rekyyscomp Application Note, shows the DSO-101 oscilloscop
capturing the switching transient of a relay contact.

As in the case of repetitive waveforms, this single-shotefasm can be saved as a data file for further analysis
or as an image file for documentation.

Weight, Size and Portability

Analog oscilloscopes are invariably bigger, heavier andendelicate than their digital counterparts. The analog
scope uses a cathode ray tube, a device that require filaroest po light it up and high voltage supplies to
accelerate its electrons. This inevitably confers a sigaifi size and weight penalty.

A digital scope, even one that includes its own display, bélsmaller, lighter and more rugged than an analog
oscilloscope. While battery powered analog scopes do’existtability is a much more practical proposition
for a digital oscilloscope.

Reliability
Some analog oscilloscopes are works of engineering art pedate flawlessly for decades. However, the
electromechanical devices - switches and potentiomemsntually become noisy and intermittent.

A digital oscilloscope has fewer electromechanical pdfts. example, the Syscomp DSO-101 scope contains
two electromechanical relays. All other controls are etaut. These scopes and others like them are brand
new, so their reliability has yet to be proven. However, élating switches and potentiometers is a step in the
right direction.

2A charming example of a battery-powered analog oscillosésghown in reference [1]. The CRT is 1 1/2 inches in diametml the batteries
(one of them 45 volts!) occupy half the total volume.



e Automation
Generally speaking, an analog oscilloscope is configuredgeyating various manual controls and switches.
On the other hand, the DSO-101 is configuree®ctroniccontrols and switches that are actuated from the host
PC. A script of some sort can run on the host PC to automate ¢élasumement task. In the case of the DSO-101
(and Syscomp WGM-101 waveform generator) the USB port has enfigured to appear as a high-speed
serial port. The automation script issues commands to thyges@nd generator) hardware via thgeudo-serial
port. Any programming language that can talk to a serial pantbe used to automate the instruments.

For example, figure 2 shows the Syscomp WGM-101 waveformrgémreand DSO-101 oscilloscope operating
under control of a network analyser program [2].

3 TheEffect of Oscilloscope Bandwidth on M easurements

An oscilloscope is a device that plots a waveform of voltagéime. The voltage may be derived from some sensor
that produces a voltage in response to another variableasielcceleration. So the oscilloscope is really a general
purpose device for showing the variation of some quantiti wine.

The bandwidthof an oscilloscope is the frequency range over which theicadrtimension of the display is
accurate. Early oscilloscopes were AC coupled, so the biitidwas the frequency range between the lowest useable
frequency and the highest useable frequency of operation.

Modern oscilloscopes have the option of operating down to frequency - they are said to de coupled So the
bandwidth is simply the maximum useable frequency of opmrat

As frequency increases, the gain of the vertical channaiteedly decreases, making the display less accurate.
The maximum useable frequency is traditionally taken adréguiency at which this gain has fallen by 3db (70.7%)
compared to its low-frequency or mid-frequency values. sTikia significant decrease, a 30% error in amplitude
measurement.

When one is observing a waveform with higher order harmottiesn these harmonics will extend to a much higher
frequency than the fundamental. For example, a square was/edmponents at 1, 3, 5, 7,...times the fundamental
frequency. These components become smaller at higherdneg@nd at some point, sufficiently small to be neglected.
So a 1kHz square wave will contain components at 1kHz, 3kEz5and so on. A sufficient number of these
harmonics must be present to accurately represent thissgaace.

A useful rule of thumb is that the oscilloscope bandwidthudtidoe 5 times the highest frequency in the signal.
For example, the Syscomp DSO-101 has a 2MHz bandwidth. Treehnighest frequency of operation should be in the
order of 400kHz. A 400kHz square wave would be displayed thighfirst three components intact, which is sufficient
for many applications.

Notice that theshapeof a sine wave continues to be intact right up to the maximueragng frequency of the
oscilloscope. So a measurement to simply to check that afarsmes present and to determine the frequency of
the waveform — without an accurate amplitude measuremean-be done up to the maximum bandwidth of the
instrument.

4 How Much Bandwidth Do You Need?

Oscilloscope bandwidth is a bit like car horsepower. In aitamice to have the power on tap when you need it, but
it comes with a cost. A higher-power car generally consumeerfuel and - for a given payload - weighs more. A
car that is optimized for city driving may have lower opemngtcosts and be easier to manoeuvre in traffic. It depends
on the application.

Similarly, oscilloscope bandwidth has a cost. All othentfs being equal, a higher-bandwidth oscilloscope is more
expensive, requires line power or a large battery and igtaagd heavier than a low-bandwidth scope. A moderate-



bandwidth scope like the DSO-101 is inexpensive, operabes USB power, and will fit into a jacket pocket or laptop
case.
Applications for a low-bandwidth oscilloscope include:

e Audio

Power-line related signals

Control systems

e Mechatronics and Robotics

General purpose op-amp applications

Applications for a high-bandwidth oscilloscope add thgggliaations:
e Measurement of radio frequency signals

e Observing medium and high frequency digital pulse waveform

e Video

5 How much Bandwidth Do You Get?

This area is a bit tricky, and it's important to understareldiscilloscope specification.

With an analog scope, the bandwidth is a cut-and-dried gitipn. The vertical amplifier response is down 3db
at some frequency.

With a digital scope, it's more complicated. The maximumalde frequency depends on the bandwidth of the
vertical amplifierandthe sampling rate.

The usual situation isampling rate higher than bandwidtlor example, in the DSO-101, the sampling rate is
20MSamples/sec. The bandwidth is 2MHz. This configuratiobased on a very simple idea: you need at least 10
data points to define a waveform with sufficient precision.nggmuently, this oscilloscope is not useable at much
above 2MHz, and there is no point in providing more vertiGdwidth than 2MHz.

Notice that a 20MSample/sec is not necessarily a 20MHz batdwscilloscope. The two are often confused -
sometimes deliberately.

Example

The sound card in a personal computer can be used as anssgi The bandwidth and sampling rate specifications
for one sound card are [6]: sampling rate: 44.1KS/sec, baditwl00Hz to 4KHz Over what frequency range is this
oscilloscope useful?

Answer

Using the '10 samples minimimum’ rule, the maximum usefebiuency isi4.1KS/se¢10 = 4.4KS/sec. This is a
reasonable fit to the upper bandwidth frequency, 4kHz.

Notice that the lower bandwidth limit of this scope is 100biz it cannot display the DC (zero frequency) component
of a waveform. Some audio frequencies would be visible - nspstach is in the 3kHz region, for example — but
viewing the entire audio band requires response to 20kHz.



Figure 4: Downsampled Sine Wave

6 Downsampling

There are circumstances where a digital oscilloscopedoamsamplan input waveform [4]. The principle is illus-
trated in figure 4.

The solid trace is the high frequency input signal. The didttece is the downsampled version. Circles mark each
sample point.

The samples of the input waveform are obtained in such a watyetfich sample is located slightly later in the
incoming waveform. The effect is to display the shape of tte®iming waveform, but at a much lower frequency. In
this way, the oscilloscope can display a waveform that ishmhigher than the sampling frequency.

This is exactly the same principle used in gt®mboscopg¢5], which is a device for slowing down the motion of a
mechanical device.

In figure 4 the samples are taken at each cycle of the inputfaade In practice, several cycles of the input may
elapse between each sample, in which case the divisionbatween input and display is larger. As well, figure 4
shows the input as a sine wave, but any waveshape can balttieisteay.

The requirements for this to work are as follows:

e The signal must be repetitive, that is, it cannot change eskapmplitude or timing — while being sampled.
Consequently, this technique does not work on transienéfeams.

e The vertical amplifier bandwidth must be sufficient for thpunhsignal. In other words, the vertical bandwidth
must belarger than the sampling rate.

e The A/D converter bandwidth must be larger than the sampbpuency. Some, but not all, A/D converters will
work in this mode.

e Any jitter in the sampling interval is magnified as noise ie tlisplayed waveform. Consequently, the sampling
interval must be very stable.



Some care must be taken to work backwards from the displagedfarm to determine the actual frequency of
the input waveform.

In general, then, it is much more convenientto observe higdfency waveforms directly. Sampling oscilloscopes
are still in use to view very high frequencies, but where fiadethey are being replaced by 'real time’ oscilloscopes.

7 Dynamic Rangein Digital Oscilloscopes

Thedynamic rangef the oscilloscope is the range of amplitudes that the loscibpe can display.

Many digital oscilloscopes — including the Syscomp DSO-2@&e an 8 bit A/D converter. An 8 bit converter can
output a maximum digital value @f = 256. The smallest useful value in peak-peak volts is defined éyittmber of
vertical points we'd like to see in our waveform display. A&senable choice is 100 points: more than that are difficult
to detect visually.

Then for any single setting of the vertical gain control, taege of largest possible signal amplitude to smallest
allowable signal amplitude &56,/100 = 2.5 : 1. This is very limiting.

Consider an oscilloscope where the largest allowable kigtmthe input jack is 50 volts p-p (peak-peak) and it
has only one vertical setting. Then the minimum signal, teuea that we see 100 vertical pointsji&/2.5 = 20
volts p-p. There is nothing to say that you can't apply, sayvalt peak-peak signal to this oscilloscope. However,
the vertical display will be /50 x 256 ~ 5 vertical points, ie, extremely blocky. Of course, this Soddéocky display
could be adjusted in software to be any size we Itkédt that wouldn’t improve the resolution.

By itself, then, a fixed input voltage range is not all thatfuseWhat can be done in order that the oscilloscope
can measure a wider range of inputs? There are two pods#uil{tl) put a variable gain amplifier in front of the A/D
converter, and (2) increase the resolution (number of bft&)e A/D converter.

7.1 Variable Gain Preamp

A variable gain preamplifiemoves thi®.5 : 1 dynamic range so that it can accomodate a variety of inpetdeach
vertical gain setting permits a different maximum inputdkeun this way the2.5 : 1 dynamic range is increased to a
much larger overall dynamic range. The DSO-101 uses thigapp. It has 7 preamplifier settings, in the traditional
oscilloscope 1:2:5 sequerfcd he screen is 10 divisions in height.

In the case of the DSO-101, the maximum allowable signal aiméhmam signal to display 100 vertical points, at
the various gain settings are:

Scope setting  Maximum Signal, Vp-p  Minimum Signal, Vp-p

5 volts/div 50 20

2 volts/div 20 8

1 volt/div 10 4
0.5 volts/div 5 2
0.2 volts/div 2 0.8
0.1 volts/div 1 0.4
0.05 volts/div 0.5 0.2

Consequently, the DSO-101 can display signals between I§0p/p and 0.2 volts p-p, a dynamic range of 250:1,
with a minimum vertical resolution of 100 points.

(Mathematically, the dynamic range is approximately eqo& ("’ —) whereR is the dynamic range of any given
stage andV is the number of gain settings. In the case of the DSO-R0%,2.5 andN = 7).

3This is sometimes referred to asftware magnificationr digital zoom

4Analog oscilloscopes had to deal with this problem too. Tweer limit on signal amplitude was defined by what was coraful to view on
the display screen, and the noise level of the circuitry. Matthe cost and complexity in an analog scope is associaitidtiis variable gain
requirement.



7.2 High Resolution A/D Converter

For the oscilloscope manufacturer, an 8 bit A/D convertettiactive because speedy 8 bit units are available at very
modest cost

Given the fact that the variable gain vertical preamplifsscamplicated, can this same dynamic range be provided
by increasing the number of bits on the A/D converter? Fowvargsampling speed, the price of the A/D converter
increases with number of bits, but there are cost savinge twd in eliminating the preamplifier.

For the A/D converter to provide, say, a 250:1 dynamic ramgh, a minimum resolution of 100 vertical points,
then the maximum A/D output value would B&0 x 100 = 25000. This would require a 15 bit A/D converter. High
speed 16 bit A/D converters do exist, but they are currextieenely expensive. For the time being, the most practical
approach is a variable gain preamplifier.

There is one situation where a high-resolution A/D convegemportant. When calculating the spectrum of
the waveformwhen there are large amplitude and small amplitude signahjgonents present at the same tjrttee
dynamic range of the display — between the largest and sshallaultaneously viewable signals — is established by
the number of bits in the A/D converter. As a rough rule of tiaymach A/D bit adds 6 db of resolution, so an 8 bit
converter can view spectral components that are about 4@Ildlvithe maximum signal. It may be necessary to have
a larger dynamic range in audio work where viewing small leweé harmonic distortion in the presence of a much
larger signal.

Scopes with high-resolution A/D converters are availablg,they are more expensive and/or have lower band-
width than scopes with 8 bit A/D converters.

7.3 Input Impedance

The input impedance of the oscilloscope is important bexdudetermines théoading effecton the circuit being
measured. Ideally, the input to the oscilloscope would apps an open circuit, but that's not the case.

The input of an oscilloscope is specified as something lik€Ibbkistance in parallel with 20pF capacitance. This
is allows the oscilloscope to be used with x10 probes.

Some inexpensive scopes do not have this inputimpedanbegaannot be used with a x10 probe. (For more on
oscilloscope probes, see the Syscomp application@stdloscope Probes: Theory and Practice

At low frequencies, the capacitive reactance of the 20pEggigible compared to the resistance, and the effective
input impedance is about 1M So as long as the internal resistance of the circuit beingsomed is much less than
1MQ, the scope will have little effect on the circuit. So far smdo

At high frequencies, however, the input impedance decsed&eppose the analog bandwidth of the oscilloscope
is given as 100MHz. If the circuit delivered 1 volt peak-p@ak 00MHz to the input, it would see a capacitive input
impedance of 80 ohms and be required to drive 12.5mA peals.iSlover the current limit of many op-amps.

To reduce the effect of the scope input capacitance on tleaitithe most common solution is to usexd0
scope probe to connect to the circuit. Th&0 probe attenuates the signal amplitude by a factor of temeases the
input resistance by a factor of ten, and decreases the iapaicittance by a factor of ten. This may or may not be an
acceptable capacitive load to connect into the circuit.

If high input impedance at high frequency is important, tlyen can use aactive probeo buffer the signal. An
active probe [7], [8] can present the circuit under test wittapacitance that is a fraction of a picofarad. However, the
amplitude range is typically limited to a few volts.

5The author once did a video-wall design which used 48, 8 Wit édnverters. At the time, they were $40 each, and that wasidered a
bargain. The current price of similar units is about $2.



8 Summary

e A used analog scope can be a viable option, but be aware diidgtscemings in features, size, weight and
reliability.

¢ Digital scopes are replacing analog units in the markeglse if you want features like portability, coloured-
coded traces, single-shot capture (storage scope fuhctionting waveforms or pre-trigger view, you need a
digital scope.

e Buy the scope that you need for the type of measurementd peudoing. Bandwidth costs money and increases
the size and weight.

e Itis challenging for the scope manufacturer to design aatéeigain wideband oscilloscope preamplifier. How-
ever, it's critically important for viewing a range of sigadrom large to small. When shopping for a digital
scope, read the specifications carefully to determine homynaartical gain steps are provided.

e Check that the scope has an input resistance d IMparallel with a small capacitance, typically 15 to 30pF.
Then the scope can be used with a x10 probe.

e Check the software. At a minimum, it should provide a well elmented API (applications programming
interface). Syscomp provides the instrument ARt source code, so it's possible to modify and add features.

e Check the computer platform requirements. Syscomp ingnirmode runs under Windows, Linux, Unix and
Mac® operating systems.

e Ifthe scope has a built-in screen, check the resolutione®ongaveform detail, you need something in the order
of 250 pixels in each dimension.

e Be aware of the effect of the oscilloscope input capacitantéhe circuit that is being measured. At high
frequency, it is the input capacitance that determinesaaeé bn the circuit.

The following table summarizes the features of three diffiétypes of oscilloscopes: a fully analog oscilloscope,
an inexpensive digital oscilloscope with an integral dagphand the DSO-101 USB oscilloscope. There are advantages
and disadvantages to each type of instrument, as the talidates. (Thé\nalog ScopandDigital Scope with Integral
Displayentries are representative of low-cost oscilloscopesisftyipe, but specifications vary. Check the datasheet
for a specific oscilloscope to see if these features areadolail

6Some restrictions apply. Check with us for supported ojreyatystems and harware.
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Function Analog Scope Digital Scope, Digital Scope
Integral Display ~ USB (DS0O-101)

Capture Display Image No Yes Yes

Data Capture to CSV file No Yes Yes

Programmable Operation No Yes Yes

Amplitude, Time Cursors No Yes Yes [1]

Pretrigger View No Yes Yes

Waveform Zoom Maybe [2] No Yes

Single Shot Storage Usually No Yes Yes [3]

Colour Traces No Option, extra cost Yes

Portability Poor Good Excellent

Battery Power No No Yes [4]

Electronic Controls No Yes Yes [5]

Spectrum Analysis No Yes Yes [6]

Waveform Math No No Yes

Custom Displays No No Yes [7]

Save/Restore Setups No Yes Yes

Source Code Available N/A No Yes

Analog Bandwidth 20to 150MHz  20MHz typical 2MHz

Notes

. Cursor readouts make it much easier to measure wavefaampégers such as frequency.
. Analog scope waveform zoom is knowndidayed sweet is available only on high-end analog oscilloscopes.

. Analog storage is obsolete but available on some surgkifascopes. It requires a special display tube, and is
difficult to use.

. Uses the host computer power, eg, battery-powered laptop

. Mechanical controls eventually deteriorate and canaasemote controlled. A digital oscilloscope with integral
display will have some simple mechanical controls, propatlhigher reliability than the complex mechani-
cal switches and potentiometers of the analog oscillosdgsegn. The DSO-101 USB oscilloscope has one
mechanical relay, otherwise is all-electronic control.

. The DSO-101 displays the conventional trace displayspectrum analysis, simultaneously.

. The DSO-101 can display a histogram of waveform stasistiseful in analysis of noise-like signals. This is
representative of real-time displays that may be createsifecial applications.

References

[1] A Miniature Transistorized Oscilloscope

Thomas J. Barmore
Electronics World, February 1962, pp40,41,72

[2] A Software-Based Network Analyzer

Peter Hiscocks and James Gaston, June 2006
http://ww. sysconpdesi gn. com' t ech. ht m

11



[3] Tektronix Inc
http://ww.tek.com Measur ement/ scopes/ sel ecti on/ pdf/55W 13768_2. pdf

[4] Electronic Measurements and Instrumentation
Bernard M.Oliver and John M.Cage
McGraw-Hill, 1971

[5] Stroboscope
http://en.w ki pedi a. org/ wi ki / Stroboscope

[6] Virtual Instruments for Distance Learning
G. Gerdin
Proc 2002 ASEE Convention.
http: //ww. ni . conl pdf/acadeni c/ us/journal s/|1v02_68. pdf

[7] Troubleshooting Analog Circuits
Robert.A.Pease
Butterworth-Heinemann, 1991

[8] Probes Go Active
lan Hickman
Electronics World, May, 1996, pp366-372

Revision History
28 June 2006: First release

1 April 2007: Minor correction re automation, added Mac supp
5 July 2008: Added comparison table un@ammary

12



