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Getting Acquainted with your Scope and making some measurements | s x 11 or A4

Updated May 2004 with actual oscope waveforms

When in the course of human events, it becomes necessary to |ook at neat signal s floating around your radio, you go to a hamfest
and buy that $50 o-scope. Now what? Thistwo part articlewill attempt to explain basically how an oscilloscope works, operator
functions, basic measurements, and some advanced applications. An o-scope is a powerful tool in any shack — even a real
"cheapie" withlimited bandwidth.

HOW AN OSCILLOSCOPE WORKS

A block diagram of atypical o-scopeisshownin Fig. 1. Thetest probe usually plugs into the scope viaa BNC connector, then
passes through a switch to determine whether the input signal will be dc or ac coupled (to remove any dc component). Often this
switchwill havea"ground" position for setting the zero-voltsreference. Next istheinput attenuators. Thevertical input amplifier
isquite sensitive, designed for 20-50mV of input. For larger input voltages, the signal isapplied to attenuators comprised of sim-
plevoltagedividers. Thisisthefirst areaof concernfor cheap o-scopes, astheinput attenuators may not bevery linear or accurate.
For example, if you appy a10V pp signal onthe 10v/division setting, thesignal shouldbe 1 divisionhigh. Switchingto 1v/div.,the
signal should be 10 divisions (usualy full-scale) high. If it isnot exactly 10 divisions, the attenuator for that setting needs adjust-
ing. Somescopeshaveinternal adjustmentsfor fine-tuning each attenuator setting.
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The sawtooth ramp isamplified to high voltages, applied to the oscope tube, to deflect the beam from left to right. An important
task of an oscopeiswhen the horizontal deflection begins. Normally aswitch labeled " Trigger Source" determineswhat initiates
the sawtooth ramp. In the "Internal" position, asample of the input signal (in the vertical amplifiers) is sampled, with avariable
resistor setting the level. When the input signal exceedsthe "Trigger Level," apulseis generated to start the sawtooth ramp and
hence the horizontal sweep. The purpose of triggering is to keep the input waveform synchronized to the sweep so it appears
stationary on each sweep. Thetrigger sourceusually hasa"Line" position, which simply triggersthe sweep off of 60Hz from the
power supply. This synchronizes the sweep to the AC power frequency and is useful for checking television signals, which are
synchronized to the power mains. Also, an"External" position may be present, which connectsan external input signal (viaaBNC
connector) totrigger the sweep generator.

Other featuresyour oscope may have aretwo vertical channelsfor dual trace operation, various modesto display both waveforms
(alternate, chopped, A+B added, etc.), delayed sweep features, dual sweep timebases, builtincalibrators, etc.

CALIBRATINGYOUROSCILLOSCOPE _ _ o
Thefirst thingyou should do upon acquiring an o-scopeisto check itscalibration.

Thevertical amplfier scan be checked with aknown voltage source or 9v transistor radio battery. Measure the output voltage
of thebattery with anaccuratevoltmeter. Let'ssay it just happensto be+9v exactly. Set theinput coupling to ground (Ov) and move
the trace to the bottom division. Switch the input coupling to DC and set the attenuatorsto 1v/div. The deflection should be 9



divisions. Switching to 10v/div., deflection should be 0.9 divisions. Internal to the oscope (or perhaps accessiblefrom the outside)
are adjustments for the vertical amplifier gain. Adjust this for 9 divisions of deflection in the 1v/div. range. Procedure can be
repeated with a1.5v flashlight battery (assuming you know the exact voltagefromaDVM).

Thehorizontal amplifier sshould be checked/calibrated using asignal generator. For example, a1MHz signal hasaperiod of
1uS. Setting the sweep rateto 1.0uS/div., a1MHz signal should take exactly 1 division per cycle. Set the horizontal width control
properly to ensure the beam starts at thefirst division and ends at thelast division. If the sweep rate appearsincorrect, an internal
adjustment (Sweep gain or similar) canbeset for proper display of thetest signal.

Themain operator controlsare:

* | ntensity - controlsthebrightnessof thebeam. NOTE: Too bright abeam can damagetothe CRT tubel!
* Focus- adjuststhe beam for thethinnest and sharpest display.

*VERT & HOR Position - controlsthevertical and horizontal position of thedisplay respectively

*VERT V/div - controlsthevertical sensitivity of thedisplay, i.e., how many volts(or mV) per division.

* HOR Sweep Speed - setsthehorizontal sensitivity, i.e., how many mSor uSper division.

*VERT & HOR vernier -allowsthevertical and horizontal sensitivity settingstobevaried insmall steps.

Other adjustmentsyoumay find onyour scopeare:

Astigmatism - With the scopeintensity and focus properly set, thisadjustment compensatesfor the curvature of the CRT tube by
making it in-focusacrossthe sweep. If your traceisout-of-focusin certain areas, but in-focus el sewhere, the astigmatism needsto
beadjusted. SeeFig.2.

TraceRotation - isasmall coil around the CRT that skewsthetraceto ensureit isperfectly horizontal. On scopeswithout thisad-
justment, thetraceisleveled by physically rotatingthe CRT toalignthetracetothegraticlegrid. SeeFig. 2.

DCBAL (DC Balance) - isadcoffsetinthevertical amplifiersthat Fig. 2 — Effects of
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NOTE: Very bright trace displays can cause permanent
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LET'SMAKE SOME MEASUREMENTS I :
(+) Triggering

It is assumed you have your scope relatively calibrated and familiar with the front panel
controls. The sample o-scope displays are based on eight vertical and ten horizontal
divisions on the CRT screen, typical to most oscilloscopes. Most waveforms are actual
displaysof thesignal cited, photographed frommy trusty Tektronix 475 oscill oscope.

First...awordon TRIGGERING.

M ost oscilloscopeshaveaknob or twofor “ Triggering.” Thistellsthe oscilloscopewhento
start the sweep. When the Triggering Slopeis placed in the (+) position, the scope will S TS ER Ao
begin its trace when the input signal goes positive. Likewise, when (=) triggering is AR L 0.

selected, thetrace will begin when theinput signal goes negative, asshowninFig. 3. Often
there will be the option to chosethe Triggering Source, such as“CH.1” or “LINE.” Line
meansthe scopeistriggered off the60Hz linevoltage, and isuseful when synchronizing on
television signals or looking at 60Hz power supply noise. CH.1 or CH.2 means the scope
will trigger off thesignal onchannel 1 or 2 respectively. Trigger L evel isat what voltage of
the input signal triggering begins. For example, if set high, triggering may not begin until - ;
theinput signal reaches several volts. When set around zero, it will trigger the moment the (-) Triggering
signal goespositive (if set for (+) triggering). Thissetting can betroublesomeif noiseexists
onthesignal. Adjust for stabletriggering. S T




DC Voltages.

Say youwant to check thetransmit-receiver (T-R) switchinyour QRPrig, or other digital signal.
SeeFig. 4. Thekey lineistheinput tothe HCT 240 inverter toformthe Ov TX—on key- down and
the Ov RX—on key- up. This switches the rig between transmit and receive (T-R Switch). Itisa
logicfunction, thatis, avoltageto represent ON or OFF.

Place the scopelead on pin 13 at 10v/div. and you should see the waveform like thetop tracein
Fig. 4 ... about +6v on key-up and Ov on key down. Movethe scopelead to pin 7 and you should
see Ov on key-up and about +8v on key-down (bottom trace). If the output does not go "HI"
(+8v) on key-down, or does not go to asolid "LO" (<1v) on key-up, theinverter isnot working
properly. (It's busticated). Many shortwave receivers use similar schemes for switching filters
or attenuators.

While this test could be done with a DVM, the integration time is slow, requiring long key-
downsto get thevoltages. A scopewill also show you how cleantheswitchingis, or if thereisan
acvoltage(or RF noise) riding ontheT-R voltage.

Scopesarethusgood dc voltmeters, with about a5% reading accuracy.

AC Voltages.
Hereiswhere an oscilloscope pays for itself by making AC voltage (and frequency) measure-
ments. You must remember, AC voltages are displayed on a scope as peak-to-peak voltages,
whileavoltmeter measuresin rms. RM Svoltages are about 1/3 the p-p voltage read on ascope,
or specifically:

+8v TX-
2.2K '

Key 13| >7{J RX,'
In 1

/;l; " 74HCT240

Fig. 4 - 38-Special
T-R Switch
4 2

VERT: 10v/div DC
HOR: 500mS/div

Vrms=Y%2(.707 x Vpp) =0.354 x Vpp

For example, let's measure the output voltage and frequency from
the sidetone oscillator in your QRPrig. Place the scopelead on the
audio amplifier output. Onkey-down, you get thewaveform shown
inFig.5. Thetransmit sidetoneaudiois1.9Vpp.

AC Frequency M easurement.

With this waveform, we might as well see what frequency our
sidetone or transmit-offset frequency is. Most operators prefer the

0.5mS/div

3.8 divisions
peak-to-peak
times 0.5v/div
=1.9Vpp

= 0.67 Vrms

Fig. 5

sidetone to be about 700-750Hz. Trigger the scope for a stable
waveform and set the time-base (sweep) to display 2 or 3 cycles, as
showninFig. 6. Center thewaveform between two horizontal divi-
sions so zero voltson thewaveformison agraticleline, then move
thehorizontal position sothefirst "zero—crossing" isalso onadivi-
sionline.

Fig. 6

VERT: 0.5v/div ACV
HOR: 0.5mS/div

Ov

Measurethetimeit takesto make one complete sinewavefrom one
zero-crossingtothenext. Inthisexample, itis1.5divisions, at 1mS

per division, or 1.5mS. Frequency issimply thereciprocal of time,
suchthat thesidetonefrequencyis:

_41_ 1
f=1 = Tems ~ 067 H2

For some, this may be about right. For others, this may be alittle
low toyour liking. Toraiseit to 700Hz, cal cul ate the time period of
700Hz (/700 = 1.4mS). At 1.0mS/div, you can adjust your
sidetone or transmit offset until zero-crossings for a single
sinewaveisl.4divisions. Thiswill beabout 700 Hz. (Sidetone may
not be adjustableon somerigs).

All frequency measurements are made in this fashion, by measur-
ing the distance between zero-crossings (or from one peak to the
next) and converting the time period to frequency. This should em-
phasize theimportance of ensuring your sweep speed iscalibrated;
asany error inthetime base will cause acorresponding error inthe
accuracy of your timeor frequency measurements.

First "Zero
Crossing"

3 divisions betv_veen
"zero-crossings"

=1.5mS

=667Hz

Fig. 7
Example of

Waveform Quality

VERT: 2v/div ACV
HOR: 1.0mS/div




FIG. 8 — Full Scale
Signal Display

Quality of the wavefor m is another feature of a scope that is unsurpassed since you are
"seeing" thewaveforminreal time. Two examplesof waveform quality areshowninFig. 7.

The top trace shows the sidetone frequency with distortion, perhaps due to improper time-
constant on the coupling capacitors or improperly biased audio amplifiers. The bottom trace
would be a raspy sounding side tone, due to the amplifier being over-driven and in
compression (clipping). The o-scopeis an invaluable tool for detecting and diagnosing such
impuritiesinthesignal quality.

MORENIFTY MEASUREMENTS

TEK 475

Actual display

Amplifier Gain. Tektronix 475
The gain of an amplifier can be measured in terms of voltage or decibels
(dB). For voltage gain, it issimply Vout/Vin of the amplifier. For exam-

ple, if theinput is 1Vpp and the output is 4V pp, then the amplifier has a F|g 9— Volt vs dB relat|onsh|p
voltagegain of 4. T i AT

Gainin dB isoften moreuseful andishow thegainsof amplifiersare usu-
aly expressed. With dB's, every-timeyou doubletheA C voltage, you add
6dB of gain. It istheratio of output to the input, and thisratio iseasy to
measure on ascope.

It isoften easier to start with the output. Set the vertical amplifier gainto
display theamplifier output asafull-scalesignal asshowninFig. 8. Now
move the scope probe to the amplifier input without disturbing the scope . ¢
gain. You will of course have amuch smaller signal, and the ratio of the R S s e

input to the output will bethe gainindB. In our example of using eight

divisions for full-scale, then four divisions would be 6db, 2 divisions Crgsesri?l S

12dB, etc. as shown in Fig. 9. You may want to add your own dB scale 9

along your scopedisplay toremindyou of thisrelationship. Note: thisis .

voltage gain (Av=20log x Vout/Vin). In this example, with 4V pp output Fig. 1_0

and 1V ppinput (Av=4), thenthegainisdB=20log(4) = 20(0.602) = 12dB, Measuring

or asshown directly onthe CRT tube. Sincethisisarelative measurement, Phase

theabsoluteVin or Vout voltage doesnot need to be determined. Shifts

Insertion L oss.

In somecircuits, such asfilters or attenuators, thelossin the circuit needs

to bemeasured, and likecircuit gain—expressed indB. Thelossthrough a 1.6 divisions
circuit is called the insertion loss. It is determined in the same way as x90 =145

amplifier gain just presented, except start with the input (the highest AC

voltage) as the full-scale or reference display, then measure the output AC voltage (the . .
lowest level). Theratioistheinsertion lossin dB. Fig. 11 —Phase Shift
by imposition

For example, with asignal generator connected to your receiver, you want to measure the
insertionlossthrough the IF crystal filter. At thefilter input, you canjust barely squeek out 2
divisions of input signal on your scope at its most sensitive setting. The output from the
crystal filteris 1.5 divisions. Theinsertion losswould be 20log(1.5/2.0div.) =—-2.5dB. If the
output wereonly 1.0division (50% reduction), theinsertionlosswould be 6dB.

M easuring Phase Shifts.

Phase rel ationships between two signals at the same frequency can be measured with 2-5°
accuracy with a scope, although more suited for a dual-trace scope. The reference signal is
applied to CH. 1 and the signal to be measured to CH. 2. For proper phase measurements, VR TS
ensureyour dual tracedisplay isinthechopped mode, not alter nate modefor proper phased
referenced triggering.

Therearemany methodsto dothis. Oneistostretch out thesignal soit takes4 horizontal divisions, suchthat each division is90° of
phase, asshownin Fig. 10. By measuring from acommon point ononesignal (zero-crossing or from peak-to-peak) tothe next, the
phase can be measured. For example, say you are making a phased-array antennain which one feedline must cause a90° delay.

You caculatethe electrical lengthfor a¥d [L=(246/f) x Velocity Factor] and cut the coax to that Iength. You are now working on
blind faith that you have exactly 90°. With ascope, you can measure it fairly accurately by injecting asignal into one end with a
signal generator (at the frequency of interest) and a 50\WIload on the other. Connect the scope CH.1 to the coax (s gnal) input and
CH.2totheload end and measurethe phase. Inthe Fig. 10 example, the CH.2 signal |sdel ayedby 1.6 divisions, at 90° /divis145.

Your delay lineistoolong! Cut off aninch or two at atime until the CH.2 signal is90° from CH.1 for precisetuning of the delay



line. (While departing from o-scopes for a moment, the sharp null of a phased array is astounding when exactly 90° delay is
achieved. Morethan 10-15° in error causes avery “ mushy” null withlittledifference over asinglevertical antenna. Most errorsin
achieving exactly 90° by the" measure-and-cut" method are dueto uncertaintiesin the stated vel ocity factor of the coax).

Another method isto superimpose the two signals on top of eachother. Make onesignal larger than the other so you know which
oneiswhat, asshown in Fig. 11. In this example, the smaller signal lagsthelarger signal by about 100°, estimated by where they
cross. For more accurate determination, use the time base to measure the time period of one cycle (Tl) then thetime period one

signal lags (or leads) theother (T2). Thephaseshiftisthen O=(T2/T1)x360°.

Phase measurements can be made on asingletrace scopeaswell. First, connect thereferencesignal, uisng aBNC"T," to both the
external trigger and the normal vertical input. Adjust the trigger level so the zero-crossing occurs at the beginning of the trace
(left-hand graticle). Remove the reference from the vertical input, but not the external trigger, and apply the signal to be tested to
the vertical input —without altering thetime base or trigger level. The distance of zero-crossing of thetest signal isfrom the | eft-
hand graticle can now be measured to determinethe phase, though with dightly lessaccuracy than using adual-trace scope.

Aninteresting experiment isto measure the phase shift of theaudio signal at different frequenciesasit travel sthroughthe stagesin
aCW, SSBorAM activefilter. What isthe phase shift of thewanted vsunwanted frequencies?

MeasuringRiseand Fall Times.

Indigital circuits, itissometimesimportant to know theriseandfall timesof asignal througha Fig. 12 —

gate. In amateur radio transceivers, this same interest could be applied to how fast the T-R : 9. .
switch switches. On key-down, if thetransmitter turnson slightly beforethereceiver isturned Rise and Fall Times
off, it can produce an annoying "thump" in the receiver. Rise and fall times are measured by s N

triggering onthe edge of the signal of interest, thenincreaseto afaster sweep speed to measure
thetimeit takesthesignal to reach 90% of itsfinal level. Thesignal to be measuredisshownin
Fig. 12 on the top trace, and the expanded version on the bottom. For proper rise times, the
signal being measured should be well within the bandwidth of your scope and using alow
capacity probe.

For example, in Fig. 12 (bottom trace), therise timeis about 1/4th of adivision. If the sweep
speedis100nS/division, therisetimewoul d then be about 25nS.

USINGLIMITED BANDWIDTH SCOPES

Today's scopes have 200-500M Hz bandwidths. Likely your scope is much lessthan that. A limited bandwidth scopeisstill very
useful to the amateur or homebrewer. Say the bandwidth of your scopeis5MHz. Thisdoesnot mean you can't see 7MHz signals.
It just meansthe peak-to-peak value haslost meaning, and will likely bevery weak, sinceit isbeyond the bandwidth of the scope.
(Likeother bandwidth measurementsin el ectronics, the* bandwidth” of ascopeisusually based onthe“3dB bandwidth.” Thatis,
at the maximum bandwidth, you are already at the—3dB point, or a25% reduction in the peak-to-peak voltage display). You can
till resolve individual cycles higher than the cited bandwidth to a certain degree and make gain and phase measurements, since
they arebased onratios.

Most of the examplesin thisarticle explore many regions of acommunicationsreceiver or ham transceiver without the benefit of
any great bandwidth. Experiment with your scopetolearnitslimitations. Usea good scope probeand makemeasurementswith a
good groundto get themost out of the bandwidth you have.

For the homebrewer building circuits in the HF bands, a 50 MHz scope with good calibration will yield fairly accurate
measurements up to 30 MHz with little concern for accuracy. The old 465 or 475 series of Tektronix scopes, with 100/200 MHz
bandwidths, make an excellent oscilloscope for the amateur or experimenter. They can often be found at hamfests today for
$100-150, and tend to maintain afairly good calibration almost regardless of how much usethey have seen.

InPart2 - well probe (bad pun) into some advanced measurement techniques, even with asimple scope ... such as measuring
sideband rejection, filter responses, V CO phasenoise, etc. (and what it all means).
72, Paul NA5SN
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