Application Note 47

APPENDIX A

ABC's of Probes — Tektronix, Inc.

This appendix, guest written by the engineering staff of
Tektronix, Inc., is a distillation of their booklet, "ABC's of
Probes”. The complete booklet is available, at no charge,

PART I: UNDERSTANDING PROBES

The vital link in your
measurement system

Probes connect the measurament
test points in a DUT (device under
test) to the inputs of an oscilloscope
Achieving optimized system per-
formance depends on selecting the
proper probe for your measurement
needs.

Though you could connect a
scope and DUT with just a wire, this
s mplest of connections would not let
you realize the full capabilities of your
scope. By the same token, a probe
that is not right for your application
can mean a significant Ioss in mea-
surerneant results, plus costly delays
and errors

Why not use a piece of wire?

Good question: There are legiti-
mate reasons for using a piece of
wire or, more correctly, two pieces of
wire; some low bandwidth scopes
and special purpose plug-in
amplifiers only provide binding post
input terminals, so they offer a con-
vanient means of attaching wires of
various lengths.

DC levels associated with ballery
operated equipmert could be mea-
sured. Low frequency (audio) signals
from the same equipment could also
be examined. Some high output
transducers could also be moni-
tored. However, this type of connec-
tion should be kept away from line-
operated e?ulpmenl tor two basic
reasons, safety and risk of equip-
ment damage.

Safety: Attachment of hookup
wires to line-operated equipment
could impose a health hazard, either
because the "hot" side of the line
itself could be accessed, or because
internally generated high voltages
could be contacted. In both cases,
the hookup wire offers virtually no
operator protection, ether at the
equipment source or at the scope’s
binding posts.

Risk of Equipment Damage:
Two unidentified hookup wires, one
signal lead and one ground,
could cause havoc in line-operated
equipment. |f the "ground” wire is
attached o any elevated signal in
ling-operated equipment, vanous
degreas of damage will result simply
because both the scope and the
equipmeant are (or should be) on the
same three-wire outlet system, and
short-circuit continuity is completed
through one common ground,

Performance Considerations:
In addition to the hazards just men-
tioned, there are two major perform-
ance limitations associated with
using hookup wires o transler the
signal to the scope: circuit loading
and susceptibility to external pickup

Circuit Loading: This subject will
be discussed in detail Iater, but cir-
cuil loading by the test equipment
(scope-probe) is a combination of
resistance and capacitance. Withou!
the benefit of using an attenuator
(10X) probe, the lpading on the de-
vice under test (DUT) will be 1M ohm
({the scope input resistance) and
more than 15 picofarad (15pF),
which is the typical scope inpul
capacilance plus the stray
capacitance of the hookup wire,

Figure 1-1

Figure 1-1 shows what a "real
world” signal from a 500 ohm
impedance source looks ke when
lpaded by a 10M ohm, 10 pF probe

through any Tektronix sales office or call 800-835-9433
ext. 170. For excellent technical background on probe
theory see Reference 42,

the scope-probe system is 300MHz
Observed risetime is 6 nSec.

Figure 1-2

Figure 1-2 shows whal happens (o
the same signal when it is accessed
by two 2-meter lengths of hookup
wire: loading is 1M ohm (the scope
input resistance) and about 20 pF
(the scope input capacitance, plus
the stray capacitance of the wiras)
Observed nsetime has slowed to 10
nSec and the transient response of
the systerm has become unusable.

Susceptibility to External Pick-
up: An unshielded piece of wire
acts as an antenna for the pickup of
external fields, such as line frequency
interference, electrical noise from
fluorescent lamps, radio slations and
signals from nearby eguipment
These signals are not only injected
into the scope along with the wanted
signal, but can also be injected into
the device under test (DUT) itself

The source impedance of the DUT
has a major effect on the level of
interference signals developed in the
wirg. A vary low source impedance
would tend to shunt any induced
voliages to ground, but high fre-
quency signals could stll appear
al the scope input and mask the
wanted signal. The answer, of
course, s to use a probe which, in
addition to its other features, pro-
vides ceaxial shielding of the center
conductor and virtual elimination of
external field pickup.
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Figure 1-3

Figure 1-3 shows what a low level
signal fram a high impedance
source (100mV from 100K ohm) looks
ike when accessed by a 300MHz
scope-probe system. Loading is
10M ohim and 10 pE This is a lrue
representation of the signal, excepl
that probe resistive loading has re-
duced the amplitude by about 1%,
the observed high frequency noise is
part of the signal at the high impe-
dance test point and would normally
be removed by using the BW
{bandwidth) limit button on the
scope. (See FHgure 1-4.)

Figure 1-4

It we look at the same test point
with our pieces of wire, two things
happen. The amplitude drops due to
the increased resistive and capaci-
tive loading, and noise is added to
the signal because the hookup wire
is completely unshielded. (See
Figure 1-5)

Most of the chsaerved noise is ling
frequency interference from fluores-
cent lamps in the: lest area.

Frobably the most annoying effect
of using hookup wire to observe high
frequency signals is its unpredicta-
bility. Any louching or rearrangement
of the leads can produce different
and nonrepeatable effects on the
observed display,

Figure 1-5

Benefits of using probes

Mot all probes are alike and, for
any specific application, there is no
one ideal probe; but they share
common features and functions thal
are often taken for granted

are convenient. Thay
bring a scope's vertical amplifierto a
circuit. Without a probe, you would
either need 1o pick up a scope and
attach it to a circuit, or pick up the
circuit and attach it 1o the scope
Properly used, probes are conven-
ient, flexible and safe extensions
of & scope.

Probes provide a solid
mechanical connection. A probe
tip, whether it's a clip or a fina solid
point, makes contact at just the
place you want to examineg.

Probes help minimize loading. To
acertain extent, all probes load the
DUT —the source of the signal you
are measuring. Still, probes offer the
best means of making the connec-
tiors needed. A simple piece of wire,
as we have just seen, would severely
load the DUT, in fact, the DUT might
stop functioning altogether,

Probes are designed to minimize
loading. Passive, non-attenuating 1X
probes offer the highest capacitive
loading of any probe type —even
these, howswver, are designed to
keep lpading as low as possible.

Probes protect a signal from
external interference. A wire con-
nection, as described earlier, in
additon 1o loading the circuit, would
act as an antenna and pick up stray
signals such as 60Hz power, CBers,
radio and TV stations. The scope
would display these stray signals as
well as the signal of interest from the
DuT

Probes extend a scope's signal
amplitude-handling ability. Be-
sides reducing capacitive and resis-
tive loading, a standard passive 10X

(ten times attenualion) probe ex-
tends the on-screen viewability of
signal amplitudes by a factor of ten
A typical scope minimum sensi-
tivity is 5V/division. Assuming an
eight-division vertical graticule, a 1%
probe {(or a direct connection) would
allow on-screen viewing of 40V p-p
maximum. The standard 10X passive
Egjbe provides 400V p-p viewing.
llowing the same line, a 100X
probe should allow 4kV on-screen
viewing. However, most 100X probes
are rated at 1.5kV to limit power
dissipation in the probe itsell.
Check the specs. Bandwdth is
the probe specification mosl users
look at first, but plenty of other fea-
tures also help to determine which
probe is right for your application.
Circuit loading, signal aberrations,
probe dynamic range, probe dimen-
sions, environmental degradation
and ground-path effects will all im-
pact the probe selection process, as
discussed in the pages that follow.
By giving due consideration to
probe characteristics that your ap-
plication reguires, you will achieve
successiul measurements and de-
rive full banefit from tha instrument
capabilities you have at hand

How probes affect your
measurements
Prabes affect r measurements

by loading the circuit you are exarm-
ining. The loading effect is generally
stated in terms of impedance af
some specific frequency, and is
made up of a combination of resis-
tance and capacitance

Source Impedance. Obwviously,
gource impedance will have a large
impact on the net attect of any
specfic probe loading. For example,
a device under test with a near zero
output impadance would nct be
aftected in terms of amplitude or
riselime to any significant degree by
the use of a typical 10X passive
probe. However, the same probe
connected to a high impedance tes!
point, such as the collector of a
transistor, could affect the signal in
terms of nisetime and amplitude

Capacitive Loading. To illustrate
this eftect, lets take a pulse
generalor with a very fast risetime. If
the initial risetime was assumed (o
be zero (Ir = 0), the oulput tr of the
generator would be limited by the
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associated resistance and capa-
citance of the generator, This
integration network produces an
outpul rise ime equal to 2.2 RC. This
limitation is derived from the univer
sal time-constant curve of a
capacitor.

Figure 1-6 shows the effect of
internal source resistance and
capacitance on the equivalent
circuit. At no time can the output
riselime be fasterthan 2.2 A
or 2.2 nSec

If a typical probe is used to mea-
sure this signal, the probe’s specitied
input capacitance and resistance is
added to the circuit as shown in
Figure 1-7.

ecause he probe’s 10M ohm
resistance is much greater than the
generator's 50 ohm output resis-
lance, it can be ignored.

Figure 1-8 shows the equivalent
circuit of the generator and probe,
appling the 2 2 RC formula again.
The actual risetime has slowad from
2.2nSec t03.4nSec.

Percentage change in risetime
due to the added probe tip
capacitance:

%, .;nang.g”?_"" %100 =
ey

Another way of estimating the
affect of probe tip capacitance on a
source is to take the ratio of probe tip
capacitance {(marked on the probe
compensation box) 1o the known or
estimated source capacitance.

Using the same values:
_probelipy yan 10F  yap0 - sE

st 20pF

To summarize, any added
capacitance slows the source rise-
time when using high impedance
passive probes. In general, the
greater the attenuation ratio, the
lower the tip capacitance. Here are
some examples:

34-22 yipo- 5%
2.8

Probe Attenuation Tip Capacitance
Tekironix PE1014 X1 54 pF
Tektronix PE105A X110 11.2 pF
Tektronix PE00T X100 2pF

Capacitive Loading: Sinewave.
When probing continuous wave (CW)
signals, the probe's capacitive reac-
tance at the operating frequency
rmust be taken into account.

The total impedance, as seen at
the probe tip, is designated Rp and
is & function of frequency. In addition
o the capacitive and rasistive aie-
ments, designed-in inductive ela-
ments serve to offset the pure
capacitive loading to some degree.

Figure 1-6 ty = 22R1CT = 2.2 e
Figure 1-7
A1
301
0%
€ -I-Cp'.i i
’J; 3pF ':
1
10% :
b
P
1(2 = 2.2 A1 tctﬂ;'I = 3.4 ns
Figure1-8

Curves showing typical input im-
pedance vs frequency, or typical Xp
and Rp vs frequency are included in
most Tektronix probe instruction
manuals. Figure 1-94 shows the
typical input impedance and phase
relatonship vs frequency of the Tek-
tronix PE203 Active Probe. Note that
the 10 KQ input impedance is main-
tained to almost 10 MHz by careful
design of the associated resistive,
capacitive and inductive elements.

Figure 1-98 shows a plot of Xp and
Rp vs freauency for a typical 10 MO
passive probe. The dotted line (Xp)
shows capacitive reactance vs fre-
quency. The total loading is again
offset bF‘{ careful design of the asso-
ciated R, C and L elements.

If you do not have ready access to
the information and need a worst-
case guide to probe loading, use the
following formula:

1
¥o =
P 2aFC
Xp= Capacitive reactance (ohms)
F = Dperating frequency
C = Probe tip capacilance
(marked on the probe body
of compensaton o)

For example, a standard passive
10M ohm probe with a tip capaci-
tance of 11 pF will have a capacitive
reactance (Xp) of about 290 ohm at
S0MHz

Depending, of course, on the
source impedance, this lnading
could have a major effect on the
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Figure 1-98. Xp and Ap vs Frequency fora
Typical 10 Mi! Passive Probe

gignal amplitude (by simple divider
action), and even on the operation of
the circuit itself,

Resistive Loading. For all prac-
tical purposes, a 10X, 10M ohm
passive probe has little eftect on 1o-
day’s crcuitry in terms of resistive
leading. however, they do carry a
trade-off in terms of relatively high
capacitive loading as we have
previously discussed,

Low Z Passive Probes. A "Low £
passive probe offers very low tip
capacilance at the expense of rela-
tively high resistive loading. A typical
10X 50 ohm” probe has an input C
of about 1 pF and a resistive loading
of 500 ohm: Figure 1-10 shows the
circuit and equivalent mode! of this
lype of probe.

This configuration forms a high
frequency 10X voltage divider be-
causea, from transmission line theary,
all that the 450 chm lip resistor
“sees” looking into the cable is a
pure 50 ohm resistance, no Cor L
componeant. No low frequency com-
pensation is necessary because itis
not a capacitive divider. Low Z probes
are typically high bandwidth (up
to 3.5GHz and risetimes to 100 pS)
and are best suited for making rse-
time and transil-lime measurements.
They can, however, affect the pulse
amplitude by simple resistive divider
action between the source and the
load (probe). Because of its resistive
Inading effects, this type of prabe

performs bast on 50 ohm or lower
impedance circuils under test.

Note also that these probes oper-
ate into 50 chm scope inputs only.
They are typically teamed up with
fast (S00MHz 10 1GHz) real time
scopes or with scopes employing
the sampling principle.

Bias-Offset Probes. A Eias/
Ofiset probe is a special kind of Low
Z design with the capability of pro-
viding a variable bias or offset vol-
tage at the probe tip.

Bias/Ofisel probes like the Tek-
tronix P6230 or P6231 are useful for
probing high speed ECL circuitry,
where resistive loading could upsel
the operating point. These special
probes are fully described in
Part 3, under Advanced Probing
Technigues

The Best of Both Worlds. From
the foregoing, it can be seen that the
lotally “non-invasive” probe does not
exisl. Howaver, one type of probe
comes close—the active probe.

Active probes are discussed
in the Tutorial section, butin
general, Ihey provide low resistance
loading (10M ohm) with vary law
capacilive loading (110 2 pF).

They do have trade-offs in terms of
lirnited dynarmic range, but under
the right conditions, do indeed
offer the best of both worlds,

Bandwidth. Bandwidth is the
point on an amplitude versus fre-
guency curve where the measure-
ment system s down 3dB from a
starting (reference) level. Figure 1-11
shows a typical responsea curve of an
oscilloscope system.

Scope vertical amplifiers are de-
signed for a Gaussian roll-off at the
high end (a discussion of Gaussian
responsa 18 beyond the scope of this
primer). With this type of response,
nsetime is approximalely related to
bandwidth by the following eguation:

Tr = 28 or, for convenience
BwW
Hisetime (nanosoconds) = 350

Bandwidin {(MHz)

Itis important to note that the
measurement system is —3dB (30%:)
down in amphlude al the specified
banawidth lirmit,

Figure 1-12 shows an expanded
portion of the —3dB area. The hori-
zontal scale shows the input fre-
quency deraling factor necessary o
obtain accuracies better than 3
for a specific bandwidth scope. For
axample, with no derating, a
“100MHz" scope will have up to a
30% amplitude error at 100MHz (10
on the graph). If this scope is to have
an amplitude accuracy better than
3%, the input frequency must be
limited to about 30MHz (100MHz X 3).

1 pF
[;)I_ LOSSLESS CABLE
2o - 500
PROBE TP
40D L} 50 i
sou
EQUIVALENT MODEL
SCOPE
A50 1) 50
Figure 1-10
lI'.ll.lt
[}
100% —
70.7% -~
s
Figura 1-11 oc
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For making amplitude measure-
ments within 3% al a specific fre-
quency, choose a scope wilh at least
four times the specified bandwidth
as a general rule of thumb

Probe Bandwidth. All probes are
ranked by bandwidth. In this respect,
they are like scopes or other
ampliiers that are ranked by band-
width. In these cases we apply the
sguare root of the sum of the squares
formula to obtain the "systern rise-
lime” This formula stales thal;

Risetime system =% Tri? disprayed — Tri2 source

Passive probes do not Toliow this
rule and shoula not beincluded in
the sguare root of the sum of the
squares formula.

Tektronix provides a probe band-
width ranking system thal specifies
“the bandwidih (frequency range) in
which the probe performs within its
specified imits. Thase limits include:
total abbearrations, risetime and
swept bandwidth”

Both the source and the
rmeasurement system shall be
specilied when checkinﬁapmbe
specifications (see Test Mathods,
this page).

In general, a Tektronix "100MHz"
probe provides 100MHz perform-
ance (—3dB) when used on a com-
patible 100MHz scope. In olher
words, it provides full scope band-
width at the probe tip.

However, not all probe/scope
systems can follow this general rule.
Fefer to the sidebar, "Scope
Bandwidth at the Probe Tip?.”

Figure 1-13 shows examples of
Tekironix scopes and their recom-
mended passive probes.

Test Methods: As with all specifi-
catlions, matching test methods must
be employed o obtain specified
periommance. In the case of band-
width and risetime measurernean:s, it
is essential lo connect the probe to a
properly terminated source. Tektronix
specifies a 50 ohm source lermi-
nated in 50 ohm, making this a 25
ohm source impedance. Further-
morg, the probe must be connected
to the source via a proper probe tip
to BNC adapior. (Figure 1-14).

Figure 1-14 shows an equivalent
circuit of a typical setup. The dis-
played risetime should be a 3.5 nSec
or {asler.

Figure 1-15 shows an equivalent cir-
cuil of a lypical passive probe con-
rnected (o a source,
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100%
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Figure 1-12
SCOPE BwW PROBE BwW SYSTEM
{1 Ml input)
2235 100 FE109 150 ey
22454 100 P&109 150 100
22484 100 PE109 120 100
24458 120 P&133 150 120
Opt 25
485 350 PE106A 230 250
24658 400 PE137 400 400
24678 400 PG137 400 400
Figure 1-13
CRT
250
PROBE DSCILLOSCOPE Emm
1nS 100 MHz 100 MHz = 3.5ns
displayed
Figure 1-14
Voource
Ria €, (spprox 11pF)
0m ’|‘
YTy
GROUND LEAD
Figure 1-15

LY AR

AN47-73



Application Note 47

SI:nr Bandwidth at the
Probe Tip ?

Most manufacturers of general-
purpose oscilloscopes that include
standard accessory probes in the
package, promise and deliver the
aclvertised scope bandwidth at the
probe tip.

Far example, the Tektronix 24658
400 MHz Portable Oscilloscope
and its standard sccessory PE137
Passive Probes deliver 400 MHz
(—3dhb) at the probe tip.

However, not all high performance
scopes can offer this feature, even
when used with their recommended
passive probes. For exampla, the
Tektronix 11432 400 MHz plug-in has
a system bandwidth of 300 MHz
when used with its recommended
FE134 passive probe. This is simply
because even the highest impe-
dance passive probes are limited to
about 300 to 350 MHz, while still
meeting their other specifications.

Itis important to nole that the
above performance is only oblain-
able under strictly controlled, and in-
dustry recognized conditions; which
states that the signal must originate
from a 50 £} back-terminated source
(25 {1), and that the probe must be
connecled to the source by means
of a probe tip to BNC (for other)
adaptor.

This method ensures the shortest
ground path and necessary low im-
pedance to drive the probe’s input
capacitance, and to provide the
specilied bandwidth at the signal
acquisition point, the probe tip,

Real-world sigrals rarely originate
from 25 (1 sources, so less than op-
timum transient response and
bandwidih should be expected
when measuring higher impedance
circuits.

How ground leads affect
measurements

A ground lead 15 a wire that pro-
vides a local ground-return path
when you are measuring any signal,
Aninadequate ground lead (one that
is too long or too high in inductance)
can raeduce the fidelity of the high
frequency portion of the displayed
signal

What grounding system to use.
When making any measurament,
some form of ground path is required
o make a basic two-lerminal con-
nection to the DUT. If you want to
check the presence or absence of
signals frorm low-frequency equip-
ment, and if the equipment is line-
powered and plugged into the same
oullel system as the scope, then the
common 3-wire ground system pro-
vides the signal ground raturn, How-
ever, this indirect route acds in-
ductance in the signal path—it can
also produce ringing and noise on
the displayed signal and is not
recommended.

When making any kind of absolute
measurement, such as amplitude,
risetime or time delay measure-
ments, you should use the shortest
grounding path possible, consistent
with the need to move the probe
among adjacent test points. The
ultimate gmunding systemis anin-
circuit ECB (etched circuit board) to
probe lip adaptor. Tektronix can
supply these for either miniature,
compact or subminiature probe
configurations

Figure 1-15 shows an equivalert
circuit of a typical passive probe
connecled to a source. The ground
lead L and C, form a series resonant
circuit with only 10M ohm for damp-
ing. When hit with a pulse, it will ring.
Also, excessive L in the ground lead
will limit the changing currentto C .,
limiting the nsetime

Without going into the mathe-
matics, an 11pF passive probe with a
B-inch ground lead will ring at about
140MHz when excited by a fast
pulse. As the ring frequency in-
creases, it tends to get autside the
passband of the scope and is

reatly attenuated. So to increase
the nng frequency, use the shorlest
ground lead possible and use a
probe with the lowest input C.

Probe Ground Lead Effects. The
affect of inapproprate grounding
methods can be demonstrated sev-
eral ways. Figs. 1-16A, B and C show
the effect of a 12-inch ground lead
when used on various bandwidth
SCOpEs.

In Figure 1-164, the display on the
15MHz scope looks OK because the
ringing abberations are beyond the
passband of the instrument and are
greatly attenwated. Figs. 1-16Band C
show what the same signal looks like
on 50MHz and 100MHz scopes,

Even wilh the shortest ground
lead, the probe-DUT interface has
tha potential to ring. The potential to
ring depends on the speed of the
step function. The ability to see the
resultant ringing oscillation depends
on the scope system bancwidth,
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Figs. 1-174 through F show the
effects of various grounding
methods and ground iead lengths on
the display of a very [ast pulse. This
is the most critical way of looking at
ground lead effects: we used a fast
pulse, with a risetime of about 70
pico seconds and a fast (400 MHz)
scope with a matching PE137 probe.,

Fig. 1-17A shows the input pulse
under the most optimum conditions
when using 50 chm coax cable
Scope; the Tekironix 24658 with 50
ohm input and 50 chim cable from a
50 ohm source. Displayed nisetimais
< 1 nSec.

Fig. 1-178 shows the same signal
when using the scope-probe comby-
nation under the most optimum con-
ditions. A BNC to probe adaptor or
an in-circuit {est jack provides a
coaxial ground that surrounds the
probe ground ring. This sytem pro-
vides the shortest probe ground
connection available. Displayed
risatimeis < 1nSec.

Figures 1-17C through E show the
effects of longer ground leads on the
displayed signal. Fig. 1-17C shows
the effect of a shorl semi-flexible

ground connection, called a "Z"
lead. Finally, Fig. 1-17F shows what
happens when no probe ground
lead is used.

How probe design affects
your measurements

Probes are available in a variety of
sizes, shapes and functions, but they
cin share several main features: a
probe head, coaxial cable and eithar
a compensation box or a termination.

The prabe head contains the
signal-sensing circuitry. This circuitry
may be passive (such as a 9-M ochm
resistor shunted by an 11 pF
capacitor in a passive voltage probe
or a 125-turn transformar secondary
in a current probe); or active (such
as a source follower or Hall
generator) in a current probe or
aclive voltage probe

The coaxial cable couples the
probe head ocutput to the termination.
Cable types vary with probe types.

The termination has bwo funclions:

® [0 terminale the cable in its char-

actenstic impedance.

* to malch the input impedance of

the scope.

The termination may be passive or
active circuilry. For easy connection
o various test points, many probes
feature interchangeable tips and
ground leads.

A unique feature of most Tekironix
probes is the Teklronix-patented
coaxial cable that has a resistance-
wire center conductor, This distrib-
uted resistance suppresses nnging
caused by impedance mismaiches
between the cable and its termina-
tions when you're viewing fasl pulses
on wideband scopes.
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PART II: EFFECTS OF PROBE COMPENSATION — UNDERSTANDING PROBES

Compensated

1 ms/div

Over Compensated

1 ms/div

Under Compensated

1 ms/div

Figure 2-1, Shows the display associated wilh correctly and incorectly compensated probes

500 ns/div

10 ps/div

(50 KHz signal)

500 ns/div

10 ps/div

Under Compensated

500 ns/div

10 ps/div

Figure 2-2. Shows the eflects on faster pulses and sinewaves when anincorrecily
compensated probe s used. Note thal the much lastar sweep rales used 10 coractly view
these wavelormns doas not wam the wser of an adustiment problem

Tips on using probes

Compensating the probe. The
most common mistake in making
scope measurements is forgetting 1o
compensate the probe. Improperly
compensated probes can distort the
waveforms displayed on the scope
The probe should be compensated
as it will be used when you make the
measurement.

The basic low frequency compen-
sation {L.F. comp.) procedure is
simple:

* Caonnect the probe tip to the
scope CALIBRATOR (refer to
Scope Calibrator Qutputs.)

= Switch the channel 1 input
coupling to de.

e Turn on the scope and move the
CH1 VOLTS/DIV switch to pro-

duce about four divisions of
vertical display.

e Set the sweep rate to ImSec/div
(for line-driven calibrators ses
Scope Calibrators Outputs.)

* Uise a non-metalic alignment
ool to turn the compensation
adjust until the tops and bot-
toms of the square-wave are flat

AN47-76
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PART Ili: ADVANCED PROBING TECHNIQUES

Introduction:

In Part 11l we will examine some of
the more advanced probing lech-
niques associated with accessing
high 1reqruenc3,r and complex signals,
such as fast ECL, waveforms offset
from ground, and true differential
signals

Mast of the techniques to be
described follow recommended
practices outlinec throughout this
Booklet, and to a large extent involve
proper grounding technigues.

Workers in the audio and relatively
low frequency fields may wonder
what all the fuss is about, and may
comment I don't have any of these
problems,’ or "l can't see any dif-
terence when | use different ground
lead lengths, or even when | leave
the ground lead completely oft?”

In order to see abberrations
caused by poor grounding tech-
rigues, two conditions musl exist;

1. The scope system bandwidth
mus! be great enough to handle
the high frequency content
axisting at the probe lip.

2. The inpul signal must contain
enough high frequency informa-
tion (fast risetime) in order to
cause ringing and aberrations
dlue 1o poor grounding tech-
nigues.

To llustrate these points, a 20 MHz
scopewasusedtoaccessa 1.7 nS
pulse by using a standara passive
probe with a 6” ground lead.

NOTE: A fast scope can be made
into a siow scope simply by pushing
the Bandwidth Limit (B/W Lirmit)
button ?.

We used a 350 MHz scope with a
20 MHz B/W Limit function

Figure 3-1 shows the resultant
clean displayed pulse with a risetimea
of about 20 1S (17.5 MHz).

This display does not reprasent
conditions actually existing at the
probe tip, because the 20 MHz mea-
surement system cannot "see” what'’s
really happening

Figure 3-2 shows what the probe
tip signal really looks like when a 350
MHz scope is used under the same
conditions (B/W Limit off)

The observed risetime has im-
proved to about 2 nS, but we have
serious problems waith ringing and
aberrations, caused by incorrect
grounding technigues.

Figure 3-1. Resultant clean, but incorrect
display caused by inadequate scope
system bandwrdth

?ura 32 The same input signal as shown
in Tigure 3-1, bul accessed by a 350 MHz
Syslem Dan erud.h scope (same & ground
lead)

The problem can now be seen
because the scope system
bandwidth is great enough to pass
and display all the frequency content
existing at the probe tip

To further stress the points about
high freguency content and scope
system bandwidth, lel’s assume an
input pulse with a risetime of about
20nS. If the signal is accessed by
the same probe /8" ground lead
{350 MHz systemn, it would look very
much ke the display in figure 3-1

There would be no frequency
content higher than 17.5 MHz (20 nS
Tr). The &" ground lead would not
ring, and would therefore be the
correct choice for accessing this
relatively slow signal.

In the following sections we dis-
cuss how to recognize signal ac-
quisition problerms, and how to avoid
them.

Techniques for probing ECL, high
speed 50 ) environments, and ac-
cessing true differential signals are
also discussed.

ure 3-3. 1 nS Tr pulse accessed viaan
ECB io Prooe Tip Adaptor (fest point)

Figure 3-4. Typical ECE 10 Probe Tip
Adaptor installation

Probe Ground Lead Effects. In
Part | we discussed the basic need
tor probe grmmding, and showed
several different ways of looking at
the effects of correct, and incorrect
probe grounding

In this section, we will expand
upon these technigques and show
how to identify problem areas.

When a probe (high Z, low Z,
passive or active) is connected to the
circuit under test via an ECB to Proba
Tip Adaplor (test point), the coaxial
environrment existing at the probe tip
is extendad 1hr|::u[gh the adaplor to
the signal pick-off paint, and to the
ECB ground plane (or device
ground)

Figure 3-3 shows what a lypical
1nS Tr puise looks like when a suil-
able probe is connected 1o the cirguit
via an ECB 1o Probe Tip Adaptor

Figure 3-4 shows a typical ECB
to Probe Tip Adaplor (test point)
installation

These test points are available in
three sizes lo accept miniature, com-
pact or sub-miniature series probes

LT IR
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If a flexible ground lead is used
in place of the ECB to Probe Tip
Adaptor, the 1 nS Trinput step (with
high frequency content up to 350
MHz) will cause the ground lead to
ring at a frequency determined by
the ground lead inductance and the
probe fip and source capacitance.

Figure 3-5 shows the effect of
using a 6" ground lead to make the
ground connection.

The ring frequency for the "
ground lead/probe tip C combina-
tion is B7.5 MHz. This signal is in-
jizcted in series with the wanted sig-
nal and appears at the probe tip, as
shown in figure 3-8

Unfortunately, the problem is not
this simple

The probe’s coaxial ervironment
has been disrupted at the signal ac-
quisition point by ground lead in-
ductance, and is no longer correctly
terrminated (for high speed signal
acquisition)

This abrupt transition leaves the
probe's outer shield susceplible lo
ring frequency injection (the ground
lead inductance Is in senes with the
outer braid)

ra 3-5. Elfect ol a & ground lead ona 1
Trinput step

Figure 3-7. The sama satup as in figure 3-5
except that the probe cable has been
repositoned, and a hand has been placed
over part of the probe cable

R sourca

%

E source

f'\a.n.-..~

oM

10 pF

Figura 36 GROUND LEAD

Figure 3-6. Equivalent circuil, ground lead inductance (excess inductance),

The now unterminated probe
cable system develops reflections,
which intermix with the ring fre-
quency and the signal to produce a
multitude of problems and unpre-
dictable resulls.

Herein lies the key 1o the identifi-
cation of ground lead problems.

Figure 3-7 shows exaclly the same
setup as in figure 3-5, except that the
probe cable has been moved, and a
hand has been placed over part of
the probe cable.

KEY: If touching or moving the
probe cable produces changes in
the display, you have a probe
grounding problem

A correctly grounded (terminated)
probe should be completely insensi-
tive to cable positioning or touch

Ground Lead . All things
being equal, the shortest ground
lzad produces the nighest ring
frequency

If the lead is very short, the ring
frequency might be high encugh to
be outside the passband ol the
scope, and/or the input frequency
content may not be high enough to
stimulate the ground lead's resonant
circuit.

In all cases, the shortest ground
lead should be used, consistant with
the reed for probe mobility, =

It possible, use 3" or shorter
ground leads, such as the Low Im-
pedance Contact (£ Lead). These
are supplied with the Tektronix PE13X
and P623X family or probes.

One final note. The correct probe
grounding method depends on the
signal’s high frequency content, the
scope syslem bandwidth, and the
need for mobility between test
points,

412" ground lead may be perfect
tor many lower frequency applica-

tions. It will provide you with extra
mobility, and nothing will be gained
by using shorter leads.

It in doubt, apply the cable touch
test cutlined previously

Ground Loop Moise Injection.
Another form of signal distortion can
be caused by signal injection inlo
the grounding system

This can be caused by unwanied
current flow in the ground loop exist-
ing between the common scope and
test circuit power ling grounds, and
the probe ground lead and cable.

Mormally, all these points are, or
should be at zero volts, and no
ground current will flow.

However, if the scope and test cir-
cuit are on different building system
grounds, there could be small vol-
tage differences, or noise on one of
the building ground systems.

The resulting current fiow (at line
frequency or noise frequency) will
develop a voltage drop across the
probe cable’s cuter shield, and be
injected into the scope in series with
the desired signal

Inductive Pickup in Ground
Loops. MNoise can enter a commaon
ground system by induction into lang
504} signal acquisition cabies, or
into standard probe cables.

Proximity 10 power lines or other
current-carrying conductars can in-
duce current flow in the probe's outer
cable, orin standard 50 {1 coax The
circuit is completed through the
building system common ground.

Prevention of Ground Loop
MNoise Problems. Keeap all signal
acquisition probes and/or cables
away from sources of potential
interference

Verify the integrity of the building
system ground.

AN47-78
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If the problem persists, open the
ground loop:

1. By using a Ground Isolation
Moritor like the Tektronix AG901

2 By using a power line isolation
rransformer an either the test
circuit or on the scope.

3. By usin%_an Isolation Amplifier
like the Tekironix AG9028.

4. By using differential probes (see
Difterential Measurements)

MOTE: Never defeat the safety
J-wire ground system on either the
scope or on the test circuit,

Do not “float” the scope, except by
using an approved isolation
transtormer, or oreterably, by using
the Tektronix AGS01 Ground Isolation
Manitor,

The AB901 autornatically
reconnects the ground if scope
ground vollages exceed = 40V,

Induced Noise in Probe Ground
Leads. The typical probe ground
lead resembiles a single-turn loop
antenna when it is connected to the
test circuit.

The relatively low impedance of
Ihe test circult can couple any
induced voltages into the probe, as
shown in figure 3-B

High speed logic circuits can
produce significant electro-magnetic
(radiated) noise at close quarters.

It the probe ground lead i1s
positioned 100 close to certain areas
on the board, interference signals
could be picked up by the loop
antenna formed by the probe ground
lead, and mix with the probe tip
signal

Question; Is this whal my signal
really looks like?

Moving the probe ground lead
around will help identify the problem.
If the noise level changes, you
have a ground lead induced noise

problem.

A maore positive way of identifi-
cation is to disconnect the probe
from the signal source and clip the
ground lead to the probe tip.

Mow use the probe/ground lead
as a loop antenna and search the
beard tor radiated noise.

Figure 3-9 shows what can be
tound on a logic board, with the
m;.leﬁp shorted to the ground

Figure 3-8. Induced noise in the probe
ground loop (tip shorted to the ground clip)

This is radiated noise, induced in
the single-turn loop and fed to the
probe tip.

The significance of any induced
or injected noise increases with
reduced working signal levels,
because the signal lo notse ratio will
be degraded. This is especially true
with ECL, where signal levels are 1V
or less.

Prevention: If possible, use an ECB
to Probe Tip Adaptor (test point). If
not, use a £ Lead or short flexible
ground lead.

Also, bunch the ground lead
together to make the loop area as
small as possible.

Figura 3-8

R zource
10M
E source
\'W‘."Ih noise Wk
GROUND LEAD

Figure 3-8. Equivalent Circuit. Ground Lead Induced Noise

Bias Offset Probes. A Bias/Offset
probeis a special kind of Low £
design with the capability of
praviding a variable bias or offset
valtage at the probe tip.

Bias/Offzet probes like the
Tektronix PE230 and P6231 are useful
for probing high speed ECL circuilry,
where resistive loading could upset
the operating point,

They are also useful for probing
higher amplitude signals (uplo = 5
V). where resistive loading could
aftect the DC leve! at some point an
the waveform

Bias/Otfset probes are designed
with a tip resistance of 450 ) (10X),
When these probes are connected
info a 50 {1 ervironment, this loading
results in a 10% reduction in peak lo
peak source amplitude. This
round-figure loading is more
convenient to handle than that
procuced by a standard 50001
(10 X) Low Z probe, which would
work out at 9.09% under the same
conditions.

It is imporlant (o note thal
bias/offset probes always present a
450 () resistive load to the source,
regardless of the bias/offset voltage
selecled.

The difference between
bias/offset and standard Low £
probes lies in their ability to null
current flow at some specific and
selectable point on the input
waveform (within + 5V)

To see how bias/offset probes
work, let's take a typical 10 x 500}
Low Z probe and connect il in the
circuit shown in figure 3-10

By taking a current flow approach
we find that at one paint on the
waveform the source vollageis — 4
V, therefore the load current will be;

i= ER~ 4/Rs + Rp + R soopa — 41550 = 727 mA

Therefore the vollage drop across
the 50 £} source resistance (Rs) will
be;

Ewifi= 727 n 1073 « 50 = 0363V

And the measured pulse
amplitude will be —4 —0.363 =
3.637 V (E dut), or about 9% down
from its unloaded state,

If we substitute the 500 ) Low 7
probe with 2 450 () bias/oifset
probe, the circuit will look like figure
3-11
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1=7.27mA
50 1 N 450 11
W <
F -
Rs Rp
. © ©
Ay R scope
Figure 3-10

Figure 3-10. Low £ 10X 500 £1 probe connected to a 50 0 source

50N 400 1t
WW—> < (&)
ry <
As T Ap
® ®
Tip Fl scope
ar

Figure 3-11

Figure 3-11. A4 450 () Baas/Ofse! probe connected 1oa 5011 source

With the bias/offset adjusted for 0
Y the effect on the circuit will be
similiar to a 500 £} Low £ probe, ex-
cept tor the amall resistive change

Figure 3-12 shows the source

Figure 3-15 shows the effect of
adjusting the bias/clfsetto -2V
Current fiow will be the same for
both signal swings, and they will
be equally down by 5% for a

wavelorm acquired by a 10 M £ total of 10%%.
prooe. Summary:
Figure 3-13 shows the effect on the 1. Bias/Offset probes can be ad-

waveform when the 450 Q probe is justed {within = 5 V) to provide

added zero resistive (effective) loading

As expecled, the pulse amplitude

al one selecled point on the
has reduced from —4 V10360V, or

input waveform

exactly 10% down. 2. Bias/Offzel probes can be used

Figure 3-14 shows the effect of

| 1o simulate the effect of pull-up
adjusting the offset to —4 V. The —4

or pull-down voltages (wilhin =

V bias opposes the signal at the —4 5 ‘-.-? on the circuil under test

V level and results in zero current (voltage source impedance is
flow, and the source is effectively 450 1),

unicaded at this point. 3. Bias/Offset probes always pre-

However, when the signal retums
to ground level, there is a 4 V dif-
ferential betwsen the iop of the pulse amplitude of 50 ) sources by
and the bias/offset source. Current 10%.
will fliow, and Ohms Law will dictate 4. For simplicity, we have ignored
that the top of the pulse will go nega-
tive by —40 mV (10%)

Sometimes it is desirable lo adjust
the offset mid-way between the peak
to peak excursions. This distributes
the effect of resistive loading be-
tween Ihe two voliage swings.

Typically, Bias/Offset probes
have less than 2 pFtip C

sent a Iotal resistive load of 450
{1, and reduce the peak to peak

the effecis of capacitive loading

Figure 3-12. Lininaded nagative-going 4 W
pulse acguired by a 10 M1l probe.

Figure 3-13, Effect of connecting a 450101
Bias'Offset probe (offset = 0V). Minus level
has peen reduced by 10%

Figure 3-14, Bias/Otfset adjusted for =4 W
Signal current al the —4 V level is zerm
Currant flow at ground leveld is maximum.
Peak 1o peak amplilude remains the same
{10% down)

OVREF _somy

Figure 3-15. Bias/ Offset adjusted for -2V
Load current distribuled between the
negalive and posilive-going swngs Peak 1o
peak amplitude remains tha same (10%

down)
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Bias/Offsel probes like the Tek-
tronix P6230 or PE231 have
bandwidihs 1o 1.5 GHz, 450 £ input
R, and 1.3 pF (P5230), or 1.6 pF
(PE231) input

They provide offset volta N?es of =
WV DC, and function with 1 M £ or EU
{1 input systems (PE231, 50 £ only).

The P6230 obtains operating
power, either from the scope itself, or
from the Tektronix 1101A or 1102
Power Supply

The P6231 is designed to operate
with the Tektronix 11000 Series
scopes. and obtains operating
power and bias/offset from the
scope. Offsel is selectable from the
mainfrarme touch screen

Differential Probing Techniques.

Accessing small signals elevated
fram ground, either at an AC level or
a combination of AC and DC, re-
guires the use of differential probes
and a difterential amplifier system

One of the problems associated
with differential measurements is the
maintenance of high common mode
rejection ratio (CMRR) at high com-
men mode frequencies

Poor common mode performance
alliows a significant porthion of the
commeon (elevated) voltage to ap-
pear across the differential probe's
inputs. If the common mode voltage
is pure DC, the result may only be a
displayed baseline shift. However, if
the commaon mode voltage is AC, or
a combination of AC and DC, a sig-
nificant portion may appear across
the differential input and will mix with
the desired signal,

Figure 3-16 shows the basic items
necassary to make a differential
maasuremeant

In thig example two similar but
un-matched passive probes are
used, The probe ground leads are
usually either remaoved or clipped to-
gether. They are never connected (o
the elevated DUT (device under
test).

CMRR depends upon accurale
matching of the probe-pair's electri-
cal charactenstics, including cable
length. System CMRR can beno
better than the differential amplifier’s
specifications, and in all cases,
CMHRR degrades as a function of
frequency.

Figure 3-17 shows a simplified
diagramof a DUT with a pulsed out-
putcf 1V p-pfioatingona5Vp-p
20 MHz sinewave.

because of the un-maltched probes.
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CMRR at 20 MHz is a poar 10:1 Figure 3-18a shows what the dis-
played wavetorm might look like

Cbserved signal. (referred to under the conditions shown in figure

probeinput) = 1V p-p pulse + 317.
(5Vp-psine/10) = 1V p-p pulse

In comparison, figures 3-18b and

+ 0.5V p-p sine. 3-1Bc show what the displayed sig-
nal might look like at CMRRA's of 100:1
and 1000:1
= @ git
Du.T. amp!
| . Oraam.lt
ground leads
E common clipped together
mode
Figure 3-16
Figure 3-18. Basic cornections o a device
under test to make a diffarental
MEasuremant
IV p-p pul
e PP pulse
DuT E si-g:nal I | = ‘J‘NL
. .—I— -
E Common _ BV p-psine
= 20MHz
J [mot 1o scale)
Figure 3-17
Figure 3-17. Simplilied dagram Elevated
DUT Common mode rejacton is 10:1a1 20
MHz
Scale: 100m\Viminor div
50m‘u’ p-g ~5mV pp
00:1 10001
Figure 3-18

Figures 3-18, a, band c. Ussplayed
waveforms from (ne circuit shown in figure
3-17 a1 CMRAR's o 10:1, 100:1 and 10001
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