HP ANI23

(

APPLICATION NOTE 123

Floating Measurements and Guarding

HEWLETT ﬁ PACKARD



Floating Measurements
and
Guarding

Copyright 1970 by HEWLETT-PACKARD COMPANY

June 20, 1970

Guarding can effectively solve the common mode problem in floating measurements
but has created a new kind of problem. Now there's a new terminal, the guard terminal.
What's it for? Where should it be connected? When does an operator have to worry
about it? Just what is guarding? .. ... This Application Note explains what floating
measurements are, where common mode voltages come from, how guarding can solve
the problem, and most important, how to use the guard connections.

The best place to start is with a brief discussion of floating measurements and
what they are. First, look at the simple grounded measurement in Figure 1. Ei, repre-
sents the source being measured together with any noise associated with it and is general-
ly called the “normal mode source”. R, represents both the source resistance of the
normal mode source and the lead resistance of the high lead; R, is called the “high
source resistance”. R, is the lead resistance of the ground lead. Current from E,,
normal mode current, flows through R, and Z; and the instrument responds to the
drop across Z;. As long as both grounds are alike both sides of R, will be at the same
voltage and no current will flow through it.
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FIGURE 1. Simple Grounded Measurement




The Floating Voltmeter

The grounded voltmeter in Figure 2 can be made into a floating voltmeter by adding
a shield between the inner circuits and the outer chassis or cabinet. The resulting instru-
ment is shown in Figure 4. It has three input connections, called “high”, “low”, and
“ground”. “High” is the same as the high terminal in Figure 2; “low” is the inner
chassis; and “ground” is the same as the ground in Figure 2. It also has two important
internal impedances, Z, the isolation impedance between low and ground, and Z;, the
isolation impedance between high and ground.
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FIGURE 4. Inside an Ideal Floating Voltmeter

If Z; and Z, were equal and much larger than R, and R,, the common mode current
would divide between the two loops shown in Figure 4 in about equal amounts. If R,
and R, were also equal the voltage drop across Zs, applied at the top of Z;, would equal
the drop across Z., applied at the bottom of Z,. There would be no difference of
potential across Z;, and therefore no normal mode offset due to common mode voltages —
no common mode error. Such a floating voltmeter is called a “balanced” floating volt-
meter. If R, and R, werent equal the voltages at the top and bottom of Z; would no
longer be equal, and there would be a net difference of potential across Z;. The result
would be a normal mode offset proportional to the difference between R, and R,.

In most floating instruments Z, and Z; are far from equal. Usually Z; is much larger
than Z., so much larger that its effects on common mode are negligible . . . Z; practically
amounts to an open circuit; then the instrument looks more like the one in Figure 5.
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FIGURE 5. A More Realistive View of a Floating Voltmeter
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Common mode current flows through the two parallel paths indicated by the heavy
lines in Figure 5 and develops a voltage across R,. The same voltage will be dropped
across R, and Z,, with the largest part of it dropped across Z;, and the meter will respond
to the drop across Z;. Most of the common mode voltage dropped across Ry, will become
a normal mode offset; so the common mode errors depend almost entirely on the rela-
tionship between Z; and R,. If R, is much smaller than Z, the errors will be small.
R, is just lead resistance in most measurements and Z. is an isolation impedance be-
tween two metallic chassis, amounting to 10° — 10'°Q shunted by anywhere from a few
thousand pF to a few tenths of a uF. At de, Z; is much higher than R, but it falls off
gradually with frequency, resulting in poorer immunity to common mode signals at
higher frequencies. Also, Z; is very dependent on environment. High humidity and just
a slight amount of dust or other contamination on the chassis can cause Z; to drop by a
factor of several thousand or more, which will increase common mode effects by a factor
of several thousand.

A floating meter like the one in Figure 5 can reduce the effects of common mode
voltages by anywhere from 80 dB to 120 dB at dc or from 60 dB to 100 dB at line
frequency, if the resistance in the low lead can be kept low and the environment can
be kept both clean and dry. Such an instrument has enough common mode immunity
for analog measurements or measurements made on a three digit or perhaps four-digit
digital voltmeter. For measurements requiring higher resolution or sensitivity it may not
be adequate. As an example, consider measuring the output of a circuit like a precise
strain gage or thermocouple bridge circuit with a full scale output of less than 100 mV.
A bridge circuit inherently has a high value for Ry, as much as several k@ (more on
bridge circuits later), and also has more than one common mode source. Suppose the
circuit to be measured has a 25 millivolt full scale output and an R, value of 1 kQ,
and also suppose that the measuring instrument is a four-digit digital voltmeter with a
100 mV range and common mode rejection (CMR) of 100 dB for an R, value of 1 kQ.
And finally suppose that you need at least 195 resolution—you have to resolve at least
250 pV, with a common mode voltage of 120 V.

If the common mode voltage is 120 V and the rejection is 100 dB—a factor of
10°—the resulting normal mode offset is 1.2 mV. The DVM just described won’t make
the measurement even for full scale outputs; for small outputs like 10th scale outputs,
the signal is practically buried in common mode. The floating voltmeter has good CMR,
but not quite good enough for this measurement; and this is a fairly common type of
measurement. High resolution or high sensitivity measurements require a great deal
more CMR than the floating voltmeter can offer. The only kind of instrument with
sufficient rejection is the guarded instrument.



The Guarded Voltmeter

A guarded instrument has an additional shield between the low and ground, effec-
tively increasing the low to ground leakage impedance; the extra shield is called the
guard and may be connected to the circuit being measured through a “guard” terminal.
The extra shield divides the low-to-ground impedance into series impedances, Z, and Zs,
{See Figure 6.) increasing the resistance and decreasing the total capacitance. The re-
sulting higher impedance improves the leakage resistance and the CMR somewhat, but
the real strength of the guarded instrument comes from what the guard can do when it’s

properly connected to the circuit being measured.
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FIGURE 6. Guarded Voltmeter

Figure 6 shows how the guard works. The situation with the guard terminal dis-
connected (top of figure) is very similar to that of a floating voltmeter except that the
low-to-ground isolation impedance is larger. Common mode current from E., could
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pass through the two parallel paths shown in the figure, and again the drop across R,
results in a voltage difference across Z;, the common mode error. As in the case of the
unguarded voltmeter, the error is very small if the isolation impedance (Z.+Z3) is large
and R, is small. At de the added guard shield increases the leakage impedance drama-
tically, especially in a dry environment. But at line frequency the added shield only
increases leakage impedance slightly. The result is a marked improvement in CMR
at de and only a slight improvement at higher frequencies.

When the guard is properly connected, as shown in the bottom of Figure 6, it shunts
the common mode current around the two current paths shown at the top of the Figure
and just about eliminates R, and R, from the common mode circuit; virtually no
common mode current goes through Ry, so it can’t cause much error. Also since low
and guard are at nearly the same voltage, the voltages at the top and bottom of Z; are
nearly equal. And as long as the voltage difference across Z. is held very small, very
little current can flow through it. The guard connection improves the common mode
rejection significantly over a wider range of common mode frequencies, so that rejection
doesn’t fall off nearly as rapidly. A good guarded voltmeter will reject common mode
signals by more than 160 dB at de and more than 140 dB at line frequency. There are
two relatively simple rules to follow to connect the guard like it's connected in Figure 6.

THE GUARD CONNECTION

1. Connect guard so that it and the low terminal are at the same voltage, or
as close to the same voltage as possible.

2. Connect guard so that no common mode current, or guard current, flows
through any of the low source resistance, or more generally, so that no
common mode current flows through any resistance that determines the
input voltage.

And that’s all there is to it. So it appears that our discussion of guard and how to
use it might just end here. We've defined common mode and normal mode and floating
measurements and guard and shown how they work and how the guard should be con-
nected . . . That's only the beginning. There are very few measurements, if any at all,
where the guard can be connected as we've shown. Usually one or the other of the two
rules will be violated, sometimes both of them will. Sometimes you won’t know for
sure. Now we have to look at the tradeoffs and approximations one makes to minimize
common mode effects in a real measurement.




CONNECTING THE GUARD
A Simple Example

The Best Connection

First we’ll take a very simple but real measurement where the two rules just about
fit and then show what happens when the rules are violated. For example, consider a
guarded digital voltmeter measuring the output of a floating electronic power supply
(Figure 7). The power supply has high internal gain and good regulation, making R,
and R, in this measurement almost entirely due to lead resistance. According to the
two rules the best way to connect the guard is as shown in the top example in Figure 8;
guard is at practically the same potential as low, and no common mode current passes
through any of the high or low source impedances,

Some Alternative Connections

Figure 7 also shows the alternative guard connections. In the second example
guard is connected to low right at the voltmeter’s front panel using the guard-low short-
ing bar provided on most instruments. This is a good approximation to the first con-
nection and appears to be easier. Low and guard are at almost exactly the same voltage,
so Zo is kept very high: but all of the common mode current goes through Ry, and any
drop across R, will cause a normal mode offset and an error. In systems measurements
where the leads can be extra long R, becomes more significant and connecting guard to
low at the instrument can cause significant errors. Use this connection only when the
leads are short and when the leads are the only resistance included in R,

The third example shows what happens when guard is connected to ground. If
guard is connected to “instrument ground” at the voltmeter (dotted connection) the
guard connection shorts out Z; and puts guard and ground at the same potential and
eliminates the shunt path for common mode current. All the common mode current
goes through R, and the common mode current that goes through R, is higher than it
might be because Z; is shorted. But more important . . . . most guarded instruments
have lower breakdown voltage ratings between low and guard than they have between
low and ground, and most of the common mode is applied between low and guard.
Common mode voltages often amount to several hundred volts and the common mode
could easily be greater than the low to guard breakdown rating. So don’t connect guard
to ground at the instrument . . . . doing so may damage your instrument.

Connecting guard to ground can be a good connection if the connection is made
at the source and if most of the common mode exists between the point where the source
is grounded and the point where the meter is grounded. Then the guard connection
shunts most of the common mode around Ry, and low and guard are at nearly the same
voltage. But any common mode voltages generated within the source won’t be affected
by the gnard and their currents will go through R,.

Don’t Leave The Guard Open

Just about any connection is better than leaving the guard open. Any connection
that diverts any of the common mode current from Ry, or brings low and guard closer
to the same voltage will improve your CMR. Leaving the guard open may damage your
instrument. The breakdown rating between low and guard is lower than the one be-
tween low and ground, less than 300 V for most instruments and sometimes as low as
50 V. If the guard is left open the common mode voltage will divide between the low
to guard impedance (Z.) and the guard to ground impedance (Z3), and since they are
about the same size about half the common mode will drop between low and guard.
Large common mode voltages could easily drop enough between low and ground to
exceed the breakdown rating.
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THE BRIDGE MEASUREMENT
A More Complicated Example

The bridge measurement shown in Figure 8 is especially important in instrumenta-
tion and is a good example because it contains about every kind of common mode com-
plication a measurement can have. It gives high resolution and sensitivity for small
voltages and frees the measurement from the need of precise voltage references. But
a bridge is also especially susceptible to common mode effects. Both sides of the bridge
are operated above ground, so no matter how the voltmeter or detector is connected it’s
floating. Also, a great many bridge measurements are made with the bridge and the
voltmeter separated by large distances, resulting in common mode signals induced from
ground currents and ground differences. And some of these ground-related common
mode signals can amount to several hundred volts.

. . .. then a bridge measurement should be made with a guarded voltmeter. But
where should the guard be connected? The equivalent circuit (also in Figure 8) shows
that R,, the low source resistance, is the parallel combination of R; and Ry and that
there are two common mode sources. One is the E.y, the ground-related common mode
source, and the other is ERy, the voltage across Ry. If guard is to be connected according
to the rules, it must go to the source side of R, as shown the equivalent circuit. Then
guard and low are at the same potential and no guard current passes through any source
resistances.

WHERE DOES THE GUARD GO?
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FIGURE 8. The Bridge Measurement
But the peint where guard is connected in the equivalent circuit doesn’t exist in
the actual circuit. Guard must be connected somewhere else. There are three possible
choices, shown in Figure 9. First, it can be connected to low, right at the voltmeter
front panel, using the shorting bar. This puts low and guard at the same potential, but
lets all the common mode current from both sources flow through all the source resis-
tances and through the lead resistances, possibly causing some large offsets.
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The second possible connection is about the same as the first except that guard is
connected to low at the bridge instead of at the voltmeter, removing the effects of
common mode currents through the lead resistances. In the case where the bridge
resistors were all small and the leads were very long this might be an acceptable
solution, but common mode currents still flow through part of the source resistance.

The third connection keeps the ground-related part of the common mode current
out of the source resistance but puts low and guard at different voltages. If the ground-
related common mode source is much larger than the dc common mode source, and it
usually is, this connection removes most of the common mode current from the source
resistances. And precise instrumentation bridges, particularly strain gage bridges, are
usually operated at low voltages, so the voltage across Ry is small making the difference
between low and guard small. For most cases, then, the third connection is the best of
the three, particularly when the ground related common mode is high and the de common
mode is small.

There are some cases, though, where the bridge is operated at high voltage and
the ground-related common mode voltages are not so large; then the third connection
doesn’t work as well. There is another approach to the bridge problem that can be
particularly effective in situations where none of the other connections work too well.
It’s called driving the guard and is shown in Figure 10. It uses another circuit, a voltage
divider, to provide the proper guard potential. R; and R, are connected across the same
supply as the bridge supply and are mounted close to the bridge so that their ground is
the same as the bridge ground. Their values are selected so that the voltage at the top
of Rg is equal to the voltage at the top of Ry where low is connected, and so that the
total resistance through R; and Ry is less than a tenth of the resistance through the
bridge. Then guard and low are at the same potential and most (more than 90%) of
the common mode current flows through R; and the guard, around the source resistances.
R; and R; could be selected so that only a very small percentage of the common mode
current goes through R; and Rg; the only limitation is the amount of loading the E,
supply can stand.

GUARDED VOLTMETER

Rs + Rg <RESISTANCE THROUGH BRIDGE
DIVISION RATIO OF Rg AND Rg MAKES Eguard > Eiow

FIGURE 10. Driving the Guard in a Bridge Measurement

A SPECIAL CASE
The Balanced Guarded Voltmeter

Some guarded voltmeters are built so that the impedance from low to guard and the
impedance from high to guard are just about equal. Then the guarded voltmeter is
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similar to the ideal balanced and floating voltmeter back in Figure 3. Its common mode
errors are proportional to the difference between R, and R, rather than just on R, Mak-
ing Ry and R, equal will minimize common mode errors. The guard on a balanced
guarded instrument is connected in exactly the same manner as the guard on an ordinary
guarded voltmeter.

Such instruments are especially useful in systems where long leads are the largest
part of the source resistance, because the two leads in a given measurement are often
the same length and diameter and made of the same material, making R, and R, nearly
equal. They are also helpful in bridge measurements because the high and low source
resistances of a bridge, although high, are often nearly equal.

INJECTED CURRENTS
Another Complication

Not all common mode problems come from the circuit being measured. Some
common mode sources are within the measuring instruments, caused by currents induced
into the ground or guard shields by the power transformer windings. Internal common
mode sources are generally constant current sources and force “injected currents™ into
the circuit being measured. They appear in virtually all line-operated floating instru-
ments, between low and ground in the unguarded instruments and between low and
guard in the guarded instrument. Figure 11 shows the results.
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FIGURE 11. Internai Common Mode Sources in a Guarded and Unguarded Instrument
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In the unguarded instrument (top of Figure 11) the injected current flows out
of the low terminal, through the low source resistance, and back to ground, dropping a
voltage across R,. The result is an offset in the reading. The only thing that can be
done to cut down the effect of injected current is to install a fairly large capacitor be-
tween low and ground in the instrument. Such a capacitor would shunt the injected
current around the source resistance, but if it were too large it would degrade Z, seriously
and ruin the instrument’s ac CMR. Most unguarded floating voltmeters have a capacitor
in the 0.01 uF range already installed. The value is selected to maximize ac CMR
while minimizing the effects of injected current and results in a tradeoff between the two.

In the guarded instrument the injected current goes out the low terminal, through
Ry, and back into the guard terminal, again causing an offset in the reading. But note
that the injected current only goes through R,, if the guard is properly connected. If the
guard were connected someplace else, to the low terminal right at the front panel, for
example, the injected currents would not go through R,. So connecting guard to maxi-
mize CMR also maximizes the effects of injected current. And connecting it to minimize
injected current effects cuts down on the CMR.

The situation isn’t as bad as it looks, First, guarded voltmeters have much less
injected current than unguarded ones, usually only 50 to 100 pA. Then, injected cur-
rents are always at line frequency where most voltmeters have very good normal mode
rejection. So the voltmeter’s response to injected currents will be low, especially if the
voltmeter is an integrating DVM with nearly infinite noise rejection at line frequency.
Also, if Ry, is small, the low and guard terminals can be connected right at the instrument
without much loss in CMR. And then, if the input voltage can be set to zero or shorted
out while the guard is connected properly, the offset due to injected currents can be read
on the voltmeter’s display and used as correction, or perhaps eliminated altogether with
a zero adjustment. And finally, injected current can be measured directly by connecting
a small-valued resistor between low and guard and measuring the voltage across it. The
measured value can then be used to estimate the resulting offset if R, can be estimated.

A FEW WORDS ABOUT SPECIFICATIONS

CMR specifications are figures of merit; they are useful for comparing the CMR
capabilities of two instruments; but they won’t predict how much common mode error a
given measurement will have. And they won't tell if a given instrument meets the
requirements of a given measurement unless a great deal is already known about the
measurement, because common mode errors are so dependent upon the characteristics
of the measurement and on how the instrument is connected. Fortunately there is some
uniformity among manufacturers and there are only two basic ways of specifying CMR.
One is to specify “true” common mode rejection, and the other is to specify “effective”
common mode rejection.

Both methods have two things in common. First, CMR is specified with the guard
connected properly, according to the two rules on page 7; and second, CMR is
specified with a given value of either R, or the difference between R, and R,, usually
1 kQ. Most manufacturers do not explicitly state whether or not the voltmeter is
balanced, and the CMR is specified “with a 1 kQ unbalance in either lead”. This ex-
pression means that if the instrument is balanced, the CMR is specified with 1 kQ differ-
ence between R, and Ry, regardless of which is larger, and if the instrument is unbalanced
the CMR is specified with 1 kQ in the low lead since that’s the worst case. Since the
specifications don’t tell if the instrument is balanced, the CMR should be checked with
a 1 kQ resistor in the low lead (more on checking CMR later).

True CMR, or “pure” CMR, is the ratio (in dB) of the common mode signal to
the normal mode signal it produces with a 1 k@ unbalance in either the high or low lead.
It is an indication of the inherent rejection ability of the basic instrument and does not
include the effects of any noise rejection capabilities of the measuring circuits. It is
especially important when the input is to be connected to other instruments. For ex-
ample, if the input must go to an amplifier in parallel, the true CMR gives an idea of
how much common mode offset will appear on the amplifier input.
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Effective CMR is the ratio (in dB) of the common mode signal to its resulting
effect on the measured value or readout with a 1 kQ unbalance. It combines the true
CMR effects with the instrument’s noise rejection capabilities, and is usually the most
important specification, because it directly indicates how common mode signals affect
the measured value. Figure 12 shows how true CMR and noise rejection combine to
make an effective CMR specification. The instrument used is an integrating dc digital
voltmeter so it has points of extremely high noise rejection whenever the noise period
is the same as the integration period. Notice that at de the true and effective CMR are
the same; the instrument has no noise rejection at low frequencies, so effective CMR
falls off the same as the true CMR until about 2 Hz when the voltmeter’s noise rejection
takes effect. After that the effective CMR is the sum of the two effects. If one CMR
specification and the noise rejection specification are known, then the other CMR speci-
fication can be derived by addition or subtraction.

FIGURE 12. Relationship Between True CMR and Effective CMR
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Both true and effective CMR are generally specified with a 1 kQ unbalance; this
is just an accepted convention . . . any value could have been used. But a different
value of unbalance will result in a different value of CMR; the larger the unbalance
the worse the CMR and vice versa. And the relationship is linear. So an instrument
specified as having CMR of 180 dB with 100 © unbalance is the same as an instrument
specified as 160 dB with 1 kQ unbalance.

The amount of common mode voltage an instrument can accommodate is not often
specified, but is very important, because exceeding recommended levels may damage
the instrument. Most instruments can operate with 500 to 700 volts between guard and
ground and with anywhere from 50 to 300 volts between low and guard. The low-to-
guard voltage isn’t as critical because the instrument, when connected properly, should
have low and guard at the same potential.

MEASURING COMMON MODE REJECTION

Figure 13 shows effective CMR checks and true CMR checks for both a floating
unguarded voltmeter and a guarded voltmeter. In each case the measurements are made
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FIGURE 13. Common Mode Rejection Checks
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with a 1 kQ unbalance resistor and with the resistor placed in the low lead. These
checks can be used to determine if the instrument is balanced by doing the check with
the unbalance in the low lead and then with the unbalance in the high lead and noting
any differences. If the two CMR values are equal the instrument is balanced.

The effective CMR check is the simplest and the most usable because it uses the
instrument’s readout to indicate CMR errors. The source is first a dc supply and then
a variable frequency oscillator with a frequency range up to about 1 kHz. When check-
ing instruments with very high CMR (~160 dB) it’s hard to get an indication on the
meter readout without using dangerously high voltages. Then it’s a good idea to in-
crease the value of the unbalance resistor in order to get greater CMR errors. Remember
that CMR varies inversely with the value of the resistor.

The true CMR check is somewhat more difficult because an additional “error indi-
cating meter” must be used to directly measure the normal mode offset generated by
the common mode source. The meter used must be floating, preferably battery-operated,
and should have enough sensitivity to read the normal mode offsets. If it hasn’t enough
sensitivity, the normal mode offset can be made larger by increasing the unbalance re-
sistor. Try to make true CMR checks with the voltmeter turned off in order to completely
eliminate any effects of its normal mode rejection. This isn’t always possible, though,
because some instruments have their inputs disconnected when they’re turned off.

AND IN CONCLUSION

Guarded instruments will solve most common mode problems if they are connected
according to the two basic rules . . . .. (1) always have guard and low at the same
voltage, and (2), make sure that no common mode current passes through any source
resistance. You'll find in many cases it’s impractical or impossible to satisfy both rules.
It’s not as easy as it seems. But, look your measurement over and come as close as
possible. Remember that the effectiveness of a guarded instrument depends on how it’s
connected . . . so use the guard . . . improve your common mode rejection.
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P.0. Box 4207

2003 Byrd Spring Road S.W.
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4475 S.W. Scholls Ferry Road
Portland 97225

Tel: (503) 292.8121

TWX: 910-464-6103

PENNSYLVANIA
2500 Moss Side Boulevard
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est you: Atlanta, Georgia...
Notth Hollywoed, California. . .
Paramus, New Jersey . . . Skokie,
INineis. Their complete ad-
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CANADA

ALBERTA
Hewlett-Packard (Canada) Ltd.
11745 lasper Ave.

Tel: {403) 482-5561
TWX: 610-831-2431

BRITISH COLUMBIA

Hewlett-Packard (Canada) Ltd.

1037 West Broadway
Yancouver 12

Tel: (604) 731-5301
TWX: 610-922-5059

MANITOBA
Hewlett-Packard (Canada; Ltd
$11 Bradford Ct.

$t. James

Tel: (204) 786.7581

TWX: 610-671-3531

NOVA SCOTIA
Hewlett-Packard (Canada) Lid.
2745 Dutch Village Rd.

Suite 203

Hallfax

Tel: (902) 455-0511

TWX: 610-271-4482

ONTARIO

Hewlett-Packard (Canada) Lid.
880 Lady Ellen Place

Ottawa 3

Tel: (813) 722-4223

TWX: 610-562-1952

Hewlett-Packard (Canada) Ltd.
SO Galaxy Bivd.

Rexdaie

Tel: (416) 677-9611

QUEBEC

Hewlett-Packard (Canada) Ltd.
275 Hymus Boulevard

Pointe Claire

Tel: (514) 697-4232

TWX: 610-422-3022

Telex: 01-20607

FOR CANADIAN AREAS NOT
LISTED:
Contact Hewlett-Packard (Can-

CENTRAL AND SOUTH AMERICA

ARGENTINA

Hewlett-Packard Argentina
SA.Ce.l

Lavalle 1171 -3°

Buenos Aires

Tel: 35-0436, 35-0627, 35-0431
Telex: 012-1009

Cahle: HEWPACKARG

BRAZIL

Hewlett-Packard Do Brasil
l.e.C Ltda.

Rua Coronel: Qscar Porto, §91
$a0 Paulo - 8, S

Tel: 288-7111

Cable: HEWPACK Sao Paulo

Hewlett-Packard Do Brasil
l.e.C. Ltda

Avenida Franklin Rogseveit 84.
grupo 203

Rlo de Janeiro, 2C-39, GB

Tel: 232.9733

Cable: HEWPACK Rio de Janeiro

TWX: 610-492-4246 ada) Ltd. in Painte Claire, at
the complete address listed
above.
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Héctor Calcagni y Cia, Ltda. Laboraterios de Radio-Ingenieria General Engineering Services, tlectranzea Balboa, S.A. Pablo Ferrando S.A.
Bustos, 1932-3er Piso Calle Guayaquil 1246 Lid. P.0. Box 4! Comercial e industrial
Casilla 13942 Post Office Box 3199 27 Dunrahin Ave. Ave. umuat Espinosa No. 13-50  Avenida [talia 2877
Santiago Quite Kingstan Bldg. Alina Casilla de Correo 370
B e RS- e pee
M i i Cable: YATH Quito able: (3 el:
o= o Beciiiasis S 2 Cable: !L[CTRON Panama City Cable: RADIUM Montevideo
COLOMBIA EL SALVADOR MEXICO )
instrumentaclon Electrénica Hewlett-Packard Mexicanz, S.A. PERU VENEZUELA
Henrik A. Langehaek & Kies Apartado Postal 1589 de C.V. Fernando Ezeta B. Hewlett-Packard De Venezuela
ibda. 27 Avenida Norte 1133 Maras 439 Avenida Petit Thouars 4719  C.A.
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Bogota, 1 D.E. Ca'g": g:}:g}nomcxx Tel: 5-75-46-49 ;Iu?acs-zazs Tel: 71.88.05, 71.88.69, 71.99.30
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obile; ALRIS Bqgols GUATEMALA Roberto Terdn 6. FOR AREAS NOT LISTED,
Telex: 044-400 Qlander Associates Latin America Apartado Postal 689 PUERTO RICO CONTACT:
Apartado Postal 1226 Edificio Terdn San Juan Electronics, inc. Hewlett-Packard
COSTA RICA Ruta 4, 6-53, Zona 4 Managua P.0. Box $167 INTERCONTINENTAL
Lic. Alfredo Gallegos Gurdidn Guatemala City Tel; 3451, 3452 Ponce de Leon 154 3200 Hillview Ave.
Apartado 3243 Tel: 63958 Cable: ROTERAN Managua Pda. 3-Pta. de Tierra

San José
Tel: 21-86-1
Cable: GALGUI San losé

Cable: OLALA Guatemala City

$an Juan 00906

Tel: (809) 725-3342

Cable: SATRONICS San Juan
Telex: SATRON 3450 332

Palo Alte, California 84304
Tel: (415) 326-7000

TWX: 910-373-1267
Cable: HEWPACK Palo Alto
Telex: 034-8461
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EUROPE

AUSTRIA

Unilabor GmbH
Wissenschaitliche Instrumente
RKummelhardtgasse 6/3

P.0. Box 33

Vieana A-1095

Tel: (222) 42 61 81, 43 13 84
Cable: LABORINSTRUMENT

¥ienna
Telex: 75 762

BELGIUM

Hewlett-Packard Benelux SA.
348 Boulevard du Souverain
Brussels 1160

Tei: 72 22 40

Cable: PALOBEN Brussels
Telex: 23 494

DENMARK (May 70)
Hewlett-Packard A/S
Datavej 38

DK-3460 Birkeroed
Tel: (01) 81 66 40
Cable: HEWPACK AS
Telex: 66 40

EASTERN EUROPE

Hewlett-Packard S.A. Genf.

Korrespondenz Biiro Fisr Ost-
Europa

{Czechoslovakia, Hungary,
Poland, DDR, Rumania,
Bulgarta)

Iinnstrasse 23

Postfach

A-1204 Vienna, Austria

Tel: (222) 33 66 08

Cable: HEWPACK Vienna

FRANCE
Hewlett-Packard France
Quartier de Courtaboeuf
Boite Postale No. 6

91 Orsay

Tel: 920 88 01

Cable: HEWPACK Orsay
Telex: 60048

Hewlett-Packard France
4 Quai des Etraits

69 Lyon Séme

Tel: 42 63 45

Cable: HEWPACK Lyon
Telex: 31617

GERMANY

Hewlett-Packard Vertriebs-GmbH
Lietzenburgerstrasse 30

1 Berlin 30

Tel: (0811) 211 60 16

Telex: 18 34 05

Hewlett-Packard Vertriebs-GmbH
Herrenbergerstrasse 110

703 Bablingsn, Wirttemberg
Tel: 07031-6671

Cable: HEPAG Boblingen

Telex: 72 65 739

Hewlett-Packard Vertriebs-GmbH
Achenbachstrasse 15

4 Ddsseidart 1

Tel: 68 52 58/59

Telex: 85 86 533

Hewlett-Packard Vertriebs-GmbH
Berliner Strasse 117

6 Nieder-Eschbach/Frankfurt 56
Tel: (0611) 50 10 64

Cable: HEWPACKSA Frankfurt
Telex: 41 32 49

Hewlett-Packard Vertriebs-GmbH
Reginfriedstrasse 13

8 Miinchen 3

Tel: 0811 69 59 71/75

Cable: HEWPACKSA Miunchen
Teilex: 52 48 85

GREECE

Kostas Karayannis

18, Ermou Street

Athens 126

Tel: 230301,3.5

Cable: RAKAR Athens
Telex: 21 59 62 RKAR GR

IRELAND
Hewlett-Packard Lid.
224 Bath Road

Slough, Bucks, England
Tel: Slough 753-33341
Cable: HEWPIE Slough
Telex: 84413

ITALY

Hewlett-Packard Italiana S.p.A.
¥ia Amerzigo Vespucci 2

20124 Milano

Tel: 6251 (10 lines)

Cable: HEWPACKIT Milan
Telex: 32046

Hewlett-Packard itatiana S.p.A.
Palazzo italia

Piazza Marconi 25

00144 Reme - Eur

Tel: 591 2544

Cable: HEWPACKIT Rome
Telex: 61514

NETHERLANDS
Hewlett-Packard Benelux, N.V.
Weerdestein 117

P.0. Box 7825

Amsterdam, 2 11

Tel: 02042 7777

Cable: PALOBEN Amsterdam
Telex: 13 216

NORWAY
Hewlett-Packard Norge A/S
Box 149

Nesveien 13

N-1344 Haslum

Tel: 53 83 60

Cable: HEWPACK Osio
Telex: 6621

PORTUGAL

Telectra

Empresa Tecnica de
Equipamentos

Electricos, S.a.r.l.

Rua Rodrige da Fonseca 103

P.0. Box 2531

Lisben 1

Tel: 68 60 72

Cable: TELECTRA Lisbon

Telex: 1538

SPAIN

Ataio Ingenieros SA
Ganduxer 76

Barcelona 6

Tel: 211-44-66

Cable: TELEATAIO BARCELONA

Ataio Ingenieros SA
Enrique Larreta 12
Madrid, 16

Tel: 215 35 43

Cable: TELEATAIO Madrid
Telex: 2749E

SWEDEN

Hewlett-Packard (Sverige) AB
Hagakersgatan 9C

$ 431 04 Maindal 4

Tel: 031 - 27 68 00

Hewlett-Packard (Sverige) AB

Svetsarvagen 7

$171 20 Soina 1

Tel: (08) 98 12 50

Cable: MEASUREMENTS
Stockhoim

Telex: 10721

SWITZERLAND

Hewlett Packard (Schweiz) AG
Zurcherstrasse 20

8952 Schlieren

Turick

Tel: (051) 98 18 21/24

Cable: HEWPACKAG 2urich
Telex: 53933

Hewiett Packard (Schweiz) A.G.
Rue du Bois-du-Lan 7

1217 Meyrin 2 Geneva

Tel: (022) 41 54 00

Cable: HEWPACKSA Geneva
Telex: 2 24 86

TURKEY

Telekom Engineering Bureau
P.0. Box 376 - Galata
Istanbul

Tel: 49 40 40

Cable: TELEMATION Istanbul

UNITED KINGDOM
Hewlett-Packard Ltd.
224 Bath Read
Slough, Bucks

Tei: Slough 33341
Cabie: HEWPIE Slough
Telex: 84413

Hewiett-Packard Ltd.
The Graftons
Stamford New Road
Altrincham, Cheshire
Tel: 061 258-8626

USSR

Please Contact

Hewlett-Packard S.A.

Rue du Bois-du-Lan 7

1217 Meyrin 2 Geneva

Tel: (022) 41 54 00

Cable: HEWPACKSA Geneva
Switzerland

Telex: 2.24.86

YUGOSLAVIA

Belram S.A.

83 avenue des Mimosas
Brussels 15, Belgium

Tel: 34 33 32, 34 26 19
Cable: BELRAMEL Brussels
Telex: 21790

FOR AREAS NOT LISTED,
CONTACT:

FINLAND Hewlett-Packard S.A.
Hewleti-Packard Oy Hewlett-Packard Vertriebs-GmbH Rue du Bois-du-Lan 7
Bulevardi 26 8eim Strohhause 26 1217 Meyrin 2 Geneva
P.0. Box 12185 2 Hamburg 1 Switzertand
Helsinki 12 Tel: 24 05 51/52 Tel: (022) 41 54 00
Tel: 13-730 Cable: HEWPACKSA Hamburg Cable: HEWPACKSA Geneva
Cadle: HEWPACKOY-Helsinkl Telex: 215332 Telex: 2.24.86
Telex: 12-1563
AFRICA, ASIA, AUSTRALIA
ANGOLA CYPRUS Blue Star, Ltd. Yokogawa-Hewlett-Packard Ltd.  PAKISTAN (WEST) TANZANIA
Telectra Empresa Técnica Kypronics 96 Park Lane Ohashi Building Mushko & Company, Ltd. R. J. Tilbury Ltd.
de Equipamentos Eléctricos  19-19D0 Hommer Avenue Secunderabad 3, India 59 Yoyogi 1-chrome QOosman Chambers P.0. Box 2754
SAR P.0. Box 752 Tel: 7 63 51 Shibuya-ku, Tokyo Victorta Road Suite 517/518
Rua de Barbosa Rodrigues Nicasia Cable: BLUEFROST Tel: 370-2281/7 Karachi 3 Hotel Ambassadeur
.10 Tel: 6282-75628 fus Star: (o Telex: 232-2024YHP Tel: 511027, 512927 Nairobi
Sox 6487 Cable: HE-1-NAMI 2324 Secand Line Beach Cable: YHPMARKET TOK 23-724  Cable: COOPERATOR Karachi Tel: 25670, 26803, 68206, 58196
Luanda Hidus 1. ladia KENYA Cable: ARJAYTEE Nairobi
Cable: TELECTRA Luanda ETHIOPIA Tel: 2 3955 R. J. Tilbury Ltd PHILIPPINES
African Salespower & Agency ¥ - 4 lilbury Lid. Electromex Inc. THAILAND
AUSTRALIA Private Ltd., Co. Telex: 379 P. 0. Box 2754 Makati Commercial Center The International
Hewlett-Packard Australia P. 0. Box 713 Cable: BLUESTAR :“;‘el m{m 2129 Pasong Tamo Engineering Co., Ltd.
Pty. Ltd, $8/59 Cunningham St. Blue Star, Ltd. °i°." assadeur Makati, Rizal D 708 P. 0. Box 39
22:26 Welr Street Addis Ababa 1B Kaiser Bungalow Nair P.0. Box 1028 614 Sukhumvit Read
Glen Irls, 3146 Tel: 12285 Dindli Road Tel: 25670, 68206, 58196 Maniia Bangkok
victoria Cable: ASACO Addi . India Cable: ARJAYTEE Nairobi Tel: 89-85-01 Tel: 910722 (7 lines)
Tel: 20.1371 (6 lines) Tel: 38 04 KOREA Cable: ELEMEX Manila Cable: GYSOM
Cable: HEWPARD Melbourne HONG KONG Cable: BLUESTAR American Trading Co., Korea, Ltd TLX INTENCO BK-226 Bangkok
Telex: 31024 Schmidt & Co. (Hong Kong) Lt¢. 2.0, Box 1103 SINGAPORE
. P.0. Box 297 INDONESIA Dae Kyung Bldg Mechanical and Combustion UGANDA
Hewlett-Pachard Australia 1511, Prince's Building Bah Bolon Trading Coy. N.V. 107 Sejong Re . Engineering Company Ltd. R. J. Tilbury Ltd.
Pty. Ltd. 10, Chater Road Djalah Merdeka 29 hiamen A0 9, Jalan Kilang P.0. Box 2754
61 Alexander Street Hong Keng Bandung s“‘“‘ Singapore, 3 Suite 517/518
New South ale R Tel: 4915 51560 Tel: 75:5841 (4 lines) Cable: MEGOMS i e
w South Wales Cable: SCHMIDTCO Hong Kon E i e: ingapore i
Tel: 43.7866 DR G L Gahla; AMTRACO Seoul Tel: 25670, 26803, 68206, 58196
Cable: HEWPARD Sydney INDIA o LEBANON SOUTH AFRICA Cable: ARJAYTEE Nalrobi
Telex: 21561 Blue Star Ltd IRAN Constantin €. Macridis Hevg:ﬂ) P:t%hrd South Africa VIETNAM
E Kasturi Builcings Clemenceau Str (Pty.), Ltd.
Newlyelt~Pa:kard Australia Jamehsdli Tatagﬂd. ;"gcg:‘l 'i'Bdlz P.0. Box 72153 el Breecastie House :egln;:):aur ;radlne Inc.
97 Churchill Road ?:I'g;'sg'):l“ lodia ?:2' :(.h. Saba Shomali ::IIFU;ZOMS :;e': ?:r::t 216 Hien-Vuong
g‘g‘:‘ e Telex: 2396 Tel: 43850, 48111 Cable: ELECTRONUCLEAR Beirut Tel: 3-6019, 3-6545 Saigon
uth Australia Cable: BLUEFROST Cable: BASCOM Teh Cable: HEWPACK Cape Town Tel: 20.805 :
Tel: 65.2366 . liscan MALAYSIA Telex: 5-0006 Cable: PENINSULA Saigon
Cable: HEWPARD Adelaide Blue Star Ltd. MECOMB Malaysia Ltd.
Band Box House ISRAEL . 2 Lorong 13/64 Hewlett Packard South Africa ZAMBIA
Hewlett Packard Australia Prabhadevi Electronics & Engineering Section 13 (Pty.), Ltd. R. . Tilbury (Zambia) Lid.
Pty. Ltd. Bambay 2500, India Dlv..o' Motorola Israel Ltd. Petaling Jaya, Selangor P.0. Bax 31716 P.0. Box 2792
2nd Floor, Suite 13 Tel: 45 73 01 17 Aminadav Street Cable: MECOMB Kuala Lumpur 30 De Beer Street Lusaka
Casablanca Buildings Telex: 2396 Tel-aviv Braamfontein, Johannesburg Zambia, Central Africa

196 Adelaide Terrace
Perth, W.A. 6000
Tel: 21-3330

Hewlett-Packard Australia
Ltd

Pty. Ltd.
10 Woolley Street
P.O. Box 191
Dicksen A.C.T. 2602
Tel: 49-8194
Cable: HEWPARD Canberra ACT

CEYLON

United Electricals Ltd.
P.0.' Box 681

Yahala 8uilding
Stapies Street
Calamdo 2

Tel: 5496
Cable: HOTPOINT Colombdo

Cable: BLUESTAR

Biye Star Ltd.
14740 Civil Lines
Kanpur, India
Tel: 6 88 82
Cable: BLUESTAR

Blue Star, Lid.

7 Mare Street
P.0. Box 506
Calcutta 1, India
Tel: 23-0131
Teiex: 655
Cable: BLUESTAR
8lue Star Ltd.
Biue Star House,
34 Ring Road
Lajpat Nagar
New Delhi 24, India
Tel: 62 32 76
Telex; 483
Cable; BLUESTAR

Tel: 36941 (3 lines)
Cable: BASTEL Tel-Aviv
Telex: Bastel Tv 033-569

JAPAN
Yokogawa-Hewlett-Packard Ltd.
Nisei Ibaragi Bldg.

2-2-8 Kasuga

ibaragi-Shi

Osaka

Tel: 23-164)

Yokogawa-Hewlett-Packard Lld.
ito Building

No. 59, Katari-cho
Nakamura-ku, Nageya City
Tel: 551-021%

MOZAMBIQUE

A. N. Goncalves, LDA.
4.1 Apt. 14 Av. . Luis
P.0. Box 107
Lourenco Marques
Cable: NEGON

NEW ZEALAND
Hewiett-Packard (N.2.) Ltd.
32-23 Kent Terrace

P.0. Box 3443

wallington, N.2.

Tel: 56-559

Cable: HEWPACK Wellington

PAKISTAN (EAST)
Mushko & Company, Lid.
Zirat Chambers

31, Jinnah Avenue

Dacca

Tei: 280058

Cable: NEWDEAL Dacca

Tel: 724-4172 724-4185
Telex: 0226 JH
Cable: BEWPACK Johannesburg

TAIWAN REP. OF CHINA
Hwa Sheng Electronic Co., Lid.
P. 0. Box 1558
Room 404
Chia Hsin Building
No. 96 Chung Shan
North Road, Sec. 2
Talpei
Tel: 555211 Ext. 532-539
545936, 546076, 548661
Cable: VICTRONIX Taipei

FOR AREAS NOT LISTED,

CONTACT:

Hewlett-Packard
INTERCONTINENTAL

3200 Hillview Ave.

Palo Alto, California 94304

Tel: {415) 326-7000

TWX: 910-373-1267

Cabie: HEWPACK Palo Alte

Telex: 034-8461
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