HEWLETT {p) PACKARD APPLICATION NOTE 60

WHICH AC VOLTMETER?

Hewlett-Packerd AC voltmeters are manufactured in each of the three basic kinds, rms-responding, peak-
responding, ond average-responding. lllustrated is one example of each: Model 3400A rms-responding
(left), Model 410C peak-responding (center), and Model 403B average-responding (right).
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Electronic ac voltmeters are classified into three broad
categories: rms-responding, peak-responding, and average-
responding. The majority of ac voltmeters, however, are either
the average-responding or peak-responding types with the meter
scale calibrated to read the rms value of a sine wave. Only a
small minority of instruments in actual use are true rms-
responding instruments. This is in spite of the fact that most
measurements are concerned with rms values. The discussion
which follows considers the reasons for the existence of the
three types, all three being manufactured by Hewlett-Packard,
and reviews the advantages and limitations of each.

BASIC CONSIDERATIONS

Electronic ac voltmeters are ac-to-dc converters which
derive a de current proportional to the ae input being measured
and use this current for meter deflection. Conversion to de
eliminates the serious errors which otherwise would result
from a meter movement's sensitivity to frequency. The
differences among the three types of electronic meters lie
in their interpretation of the value of the input signal.

RMS INDICATIONS

The rms (root-mean-square) value of a waveform usually
is the quantity of interest in ac voltage measurements. The
rms value long ago was established as equivalent to a de
voltage which generates the same amount of heat in a re-
sistive load that the ac does. For this reason, rms voltage
is synonymous with effective voltage,

The rms voltage is defined, rather imposingly, as the square
root of the average of the squares of the quantities being
measured (this concept is explored more fully in Appendix I).
Theoretically, this can be done by measuring the voltage point
by point along the waveform for one cycle, squaring the numeri-
cal value of the voltage at each point, finding the average value
of all the squared terms, and then taking the square root of the
average value. Regardless of the shape of the waveform, this
procedure leads to the rms or effective value. As is well known,
the rms value of a sine wave is 0.707 times the peak or maxi-
mum value of the voltage waveform.

AVERAGE VALUES

The average value of an ac voltage is simply the average of
the voltage values measured point by point along the waveform.
This procedure, by omitting the squaring and root extraction
needed to obtain the rms value, results in a different numerical
value.

The average value of a sine wave really is zero because the
waveform has equal positive and negative values when averaged
for one whole cycle. Since the equivalent de or energy content
in the waveform usually is the quantity of interest, the average
value of a sine wave is taken Lo mean the average rectified
value. The average value of one hali cycle of a sine wave is
0.636 times the peak value.

Actually, there are not many measurement situations where
the average value of a waveform is the desired quantity. An
average-responding ac voltmeter, however, can be constructed
more simply and at less cost than a true rms-responding
voltmeter, as shall be described later. For this reason,
average-responding voltmeters are widely-used, although the
fact that they are average-responding often receives little
consideration.
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The use of average-responding rather than rms-responding
voltmeters is a consequence of the wide use of sine waves in
electronic measurements, In calibrating an average-responding
meter, a pure sine wave with an rms amplitude of 1 volt can be
applied to the meter and the resulting pointer deflection marked
on the scale as 1 volt. Actually, the average value of this sine
wave is 0.91 volts but since pointer deflection is linearly
proportional to the input voltage, an average-responding meter
calibrated in rms volts provides reliable indications of rms
voltage as if the input is a sine wave. As a matter of fact,
this indication is not affected more than 3% by as much as
10'% harmonic content in the input waveform and useful indica-
tions are obtained on waveforms with even more distortion.
For this reason, average-reading voltmeters are widely
accepted as low-cost substitutes for true rms-responding
voltmeters.

PEAK-RESPONDING INDICATIONS

There are situations where the peak amplitude of an ac
signal is significant, such as the monitoring of a transmitter
modulating signal, or in studies of vibration components, or
in other situations where peak energy must be known. The
dominant reason for the use of peak-responding ac voltmeters,
however, lies in the nature of their circuitry. Peak-responding
circuits allow a voltmeter to serve as a multi-function meter
and, what is more important, enables it to be used at much
higher frequencies. For example, the Hewlett-Packard 410
series of peak-responding instruments retain accuracy to
hundreds of megacycles.

Here again, since the majority of measurement situations
involve sine waves, peak-responding meters usually are
calibrated in rms volts. A calibrating sine wave of 1 volt
rms amplitude actually causes a pointer deflection equivalent
to 1.414 volts, but this point can be marked as 1 volt rms on
the scale. As long as the input waveform is a sine wave, the
peak-responding indication is proportional to the rms value.
The peak-responding meter, though, is much more sensitive to
distortion in the waveform than the average-responding meter
is. This factor will be discussed in more detail later on.

PRINCIPLES OF OPERATION

AVERAGE-RESPONDING METERS

A simplified version of the cirecuit used in the -hp- 400 series
average-responding ac voltmeters is shown in Fig, 1. Circuit
operation is as follows.

The test signal is applied to the attenuator through a cathode-
follower, insuring a high-impedance input unaffected by range
switching in the attenuator. The ac amplifier has a large
amount of negative feedback thus assuring gain-stability for
measurement accuracy, as well as broadening the frequency
range of the instrument. Inclusion of the meter circuit in the
feedback path minimizes the effects of diode non-linearities
and meter coil inductance on eircuit performance.

A large feedback factor (typically 60 db) suppresses the
effects of variations in tube or transistor parameters so
that accuracy depends primarily on the passive components.
Accuracy is readily obtained with high quality resistors.
Despite the large feedback factor, the amplifiers have suffi-
cient gain to obtain high sensitivity also.
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FIG. 1-Baesic circuit arrangement of typical average-responding
voltmeter. (~hp-400D).

It should be noted that the capacitors in the meter circuit
do not serve as storage or filter capacitors for the rectifier
diodes. Rather, they are coupling capacitors for the feedback
signal, functioning as two capacitors in parallel. The diodes
act as switches to maintain a unidirectional meter current
despite changes in the instantaneous polarity of the input

voltage (Fig. 2).

FIG. 2-Arrows show current flow during positive portion of
input waveform (o) and during negative portion (b). Current
through meter is a train of unidirectional half-sinuscids.

The mechanical inertia of the meter movement prevents
the pointer from responding to the individual current pulses.
As a result, the pointer deflection corresponds to the average
value of the current pulses, rather than to the peak value.

THE PEAK-RESPONDING METER

The fundamental difference between the peak-responding
voltmeter and the average-responding voltmeter concerns the
use of a storage capacitor with the rectifying diode. The
capacitor charges through the diode to the peak value of the
applied voltage, and the meter circuit then responds to the
capacitor vollage.

Practically speaking, there are other differences. The
diode and capacitor can be placed ahead of the amplifier, as
shown in Fig, 3. The capacitor can discharge but slowly
through the high-impedance input of the amplifier so that a
negligibly small amount of current supplied by the circuit
under test keeps the capacitor charged to the ac peak voltage.

Since the capacitor charges to the total peak voltage above
ground reference, the meter reading will be affected by the
presence of de with the ac voltage, unlike the average-respond-
ing meter which has ac-coupled circuits. Furthermore, if the
measured waveform is unsymmetrieal, a different reading may
be obtained if the voltmeter leads are reversed, thereby
charging the storage capacitor to the negative peak (the so-
called turn-over effect).
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FIG. 3-Peak-responding meter circuit.

A de amplifier is used in the peak-responding meter to
develop the necessary meter current. The amplifier and
meter may then also be used for making de voltage measure-
ments, For this reason, most peak-responding ac voltmeters
also serve as dc voltmeters and, by the addition of shunt
resistors and de voltage sources, as milliammeters and
ohmmeters. The majority of the inexpensive, multi-purpose
instruments so widely used in repair shops and laboratories
use this circuit arrangement.

The primary advantage of the peak-responding voltmeter,
however, is that the rectifying diode and storage capacitor
may be taken out of the instrument and placed in the probe, as
in the -hp- series 410 voltmeters (Fig. 4). The measured ac
signal then travels no further than the diode, Rectifier diodes
designed especially for the ~hp- 410 voltmeters (Fig. 5) reduce
this distance to a practical minimum so that the series induct-
ance of the signal path is as short as possible and so that the
capacitance added to the test circuit by the probe is as low as
1.5 pf.

Instrument
I 3 D.C
| 1 amplifier

FIG. 4-Another form of peck-responding voltmeter, C1 is
charged to peok voltage through diode while C2 is merely
part of low-pass filter.

FIG. 5-Diode especiolly designed for —~hp—410 series UHF-
voltmeter probe has small, plane surfaces in diode gap for minimum
capacitance. Gap is only 0.01 inch to shorten transit time.

The peak-responding voltmeter, with rectifying diode in the
probe, therefore is able to measure frequencies up to hundreds
of megacyecles with a minimum of circuit loading. Average-
responding meters, on the other hand, must pass the ac signal
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through test leads into the instrument and then through an
amplifier before rectification. The attenuator limits frequency
response and the capacitance of the test leads and input circuit
loads the test circuit.

The question then comes to mind: Why not use a peak-
responding meter for all measurements? One reason is the
susceptibility of the peak-reading meter to errors caused by
harmonie distortion in the input waveform. Another reason
concerns the maximum sensitivity of the instrument, which is
limited by diode characteristics. Diodes, whether semiconductor
or thermionie, have highly non-linear ampere/volt characteris-
tics below 1 volt. This non-linearity sometimes is compensated
for by a separate non-linear meter scale on the most sensitive
range, but accuracy is difficult to achieve since similar diodes
do not necessarily have similar ampere/volt characteristics.,
For this reason, careful design is required to achieve even 1/2
volt FSD sensitivity on the lowest range of a peak-responding
voltmeter.

THE RF MILLIVOLTMETER

Diode non-linearities as a limit on sensitivity have been
eliminated in the ~hp- Model 411A RF Millivoltmeter. This
instrument uses a balanced circuit, as shown in Fig, 6, with
one input receiving the peak value of the voltage being measured.
The balanced difféerential amplifier, acting as a null detector,
controls the amplitude of an internally-generated ac signal
which is fed to a second diode in the probe. The peak voltage
(de) from this diode serves as the other amplifier input. The
null circuitry insures that the signal at the second diode has
the same amplitude as the input signal.

The internally-generated ac has a constant frequency (100 ke)
and is easily measured. It serves as the indication of the un-
known input. All that is required is that the two signals be
identical in amplitude, so that diode non-linearities do not
enter into the measurement. The most sensitive range on this
instrument is 0,010 volt (10 millivolts).

Probe
ey
Input
! Roctifier
Modulator [
1
100-ke

oscillatar =

FIG. 6=RF Millivoltmeter.

THE RMS VOLTMETER

In past years, rms-responding electronic voltmeters have not
been used widely because of the difficulties in designing a
rugged, easily-operated instrument of reasonable cost. Re-
cently, however, these difficulties have largely been overcome.
A prime example is the Hewlett-Packard 3400A. It provides
an attractive alternative now, wherever measurements are to
be made in the range from 10 cycles to 10 megacycles of volt-

ages whose waveform is, or may be, substantially non-sinusoi-
dal.
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The rms-responding voltmeter presents special circuit
design problems compared to the straightforward techniques
used in the average- and peak-responding voltmeters. This
is because the input voltage must be squared, and then the
square root of the average of the squared guantity taken.

One approach has been to take advantage of the non-linear
characteristics of diodes which, in the region below 1 volt,
have an ampere/volt characteristic which approximates the
curve y = x2. The square-law detector widely used for RF
power measurements is an example of this approach. By
calibrating the meter scale so that it indicates the square
root of the driving voltage, the meter indicates the rms value,
Precise calibration is difficult, however, because the diode
characteristics do not always conform precisely to a square-
law curve and, furthermore, this characteristic is not uniform
from diode to diode. This problem is reduced by amplifying
the signal, and using the much larger voltage to drive the
meter through a more predictable non-linear network made
up of several diodes and resistors.

Another approach is to use a thermocouple. The signal to
be measured is applied to a fine heater wire, and a thermocouple
attached to the heater wire generates a de proportional to
the temperature of the wire, This measurement is based on
the original concept of the rms value as the equivalent of the
heating power in a waveform.

The accuracy of this arrangement has been difficult to
control because of the non-linear behavior of thermocouples,
which complicates meter calibration, and also because of the
thermal problems involved. Thermal effects are reduced by
installing the heater and thermocouple in an evacuated glass
bulb and by using fine wires of low thermal conductivity.
Other problems with thermocouples have been concerned
with sluggish response and susceptibility to burn-out.

These difficulties have been overcome in the -hp- Model
3400A RMS Voltmeter by application of the null balance tech-
nique used in the -hp- 411A RF Millivoltmeter. Here, two
thermocouples are mounted in the same thermal environment.
Non-linear effects in the measuring thermocouple are can-
celled by similar non-linear operation of the second thermo-
couple.

As shown in the block diagram of Fig. 7, the amplified input
signal is applied to the measuring thermocouple while a de
feedback current is fed to the heater of the balancing thermo-
couple. The dec current is derived from the voltage output
difference between the thermocouples, The circuitry may be
regarded as a feedback control system which matches the
heating power of the de feedback voltage to the input waveform's
heating power, Meter deflection is proportional to the feed-
back de, which in turn is equivalent to the rms value of the
input signal, The meter indication, therefore, is linear and
not subject to the non-linearities of the thermocouples.

I AL l -
T i
emelitier { +
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tharmacouple
i

FIG. 7-Block diegram of —hp-3400A rms voltmeter using
thermocouples in null-balance configuration.
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One note of caution about rms voltmeters concerns the
crest factor. The maximum crest factor is defined as the
maximum ratio of the waveform peak-to-rms value that can
be accommodated. The crest factor is limited primarily by
the amplifiers, and the maximum represents the level beyond
which the input waveform drives the amplifiers into non-linear
operation, The -hp- 3400A RMS Voltmeter maintains full scale
accuracy with crest factors as high as 10:1. At 10% of full
scale deflection, waveforms with crest factors as high as
100:1 are accommodated, The meaning of a crest factor of
this magnitude is perhaps not immediately apparent. When
dealing with pulse waveforms there is a natural tendency to
consider that crest factor is about the same as peak-to-
average ratio, or the inverse of the duty factor. Actually,
the crest factor is nearly equivalent to the inverse of the
square root of the duty factor. Thus a pulse waveform of
1% duty eycle, or 100:1 peak-to-average power, turns out
to require of the rms-responding voltmeter a crest factor
around 10. An rms voltmeter which meets this specification
must first have an amplifier dynamic range sufficiently wide
to pass pulses ten times the amplitude of the full-scale rms
value, and, furthermore to anticipate the measurement of
pulse trains with both positive and negative pulses, must have
double that dynamic range. In the design, however, wide
dynamic range is not the only consideration. To prevent
thermocouple burnout, the amplifier design must have some
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sort of power limiting. Straightforward amplitude limiting,
as can be seen, is not the answer, since this would limit the
crest factor. The amplifier therefore must be designed with
a limit on the voltage-time product, to prevent thermocouple
burnout, while yet allowing a wide dynamic range. Crest
factor may then be taken as a figure of merit for rms-re-
sponding voltmeters.

WHICH VOLTMETER TO PICK?

The basic facts about ac voltmeters discussed so far can be
summarized as follows:

(1) For measurements involving sine waves with only modest
amounts of distortion (<10%), the average-responding
voltmeter provides the best accuracy and most sensitivity
per dollar.

(2) For high-frequency measurements (>>1 Mc), the peak-
responding voltmeter with diode-probe input is the most
economical choice. Peak-responding circuits are accept-
able as part of an AC-DC voltohmmeter if the inaccuracies
caused by distortion in the input waveform can be tolerated.

(3) For measurements where it is important to determine
the effective power of waveforms that depart significantly
from a true sinusoidal form, the true rms-responding
voltmeter is the appropriate choice.

Instrument Primary Uses Frequency Range Voltage or Current Range Input Impedance

AC Meosurements

400D* | Wide range ac measurements, 10 cps to 4 mc | 0.001 to 300 v full scale, | 10 meg, 15, 25 pf shunt
high sensitivity 12 ranges

400H* | High accuracy wide range ac 10 cps to 4 me | 0.001 to 300 v full scale, | 10 meg, 15, 25 pf shunt
measurements 12 ranges

400L* | Log voltages, linear db 10 ¢ps to 4 me | 0.001 to 300 v full scale, | 10 meg, 15, 25 pf shunt
measurements 12 ranges

403A* | Battery-operated portable; fast, 1 cps to 1 me | 0,001 to 300 v full scale, | 2 megohms, 40, 20 pf shunt
accurate, hum-free ac measure- 12 ranges
ments

403B* AC voltage measurements in lab or 5cpsto2me | 1 mvto 300 v full scale | 2 megohms
field; ac line or battery operation

3400:\"' True rms readings of complex ac 10 eps to 10 me | 0,001 to 300 v full scale | 10 megohms, 25 pf shunt
waveforms

411A** | Millivelt, db readings to gigacycle 500 ke to 1 ge 10 mv to 10 v full scale, | Typically 200 K at 1 me,1v
range 7 ranges

AC-DC-OHMS

410B** | Audio, rf, vhf measurements; de de; ac—20 cps de, 1 to 1000 v full scale | de, 122 megohms
voltages; resistances to 700 me ac, 1 to 300 v full scale | ac, 10 megohms/1.5 pf

410C** | DC voltage; resistance, current; de; ac—20 eps | de v, 14 mv to 1500 v de v 100 megohms
audio, rf, vhf measurements, with to 700 me full scale; de amps, ac, 10 megohms/1.5 pf
ac probe 1.5 pa to 150 ma full

scale; ac v, 0.5 to 300 v
full scale

*Average-responding **Peak-responding #RMS-responding

Data subject to change without notice

TABLE 1-Hewlett-Packard AC Voltmeters.
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DISTORTION EFFECTS

How much distortion in the measured signal can be tolerated
by average- or peak-responding meters? No firm answer can
be given to this question since so many factors are involved.

Table 2 lists the inaccuracies resulting from distortion. The
table shows that a given amount of harmonie distortion may
result in a wide range of possible inaccuracies, a consequence
of the fact that the phase as well as the amplitude of a harmonic
component affects the readings, This is illustrated by Fig. 8,
which shows two waveforms both with identical amounts of
fundamental frequency and added 3rd harmonic. In the diagram
at left, the fundamental crosses the zero baseline in phase with
the harmonic waveform and in the diagram at right they are out
of phase.

Owt-of.phara third harmenic

FIG. 8-Phase of ha ics in waveform aoffect shape and thus

peak value of complex wave.

The peak responding meter would show a range of readings
between "a' and "b", depending upon the phase of the harmonie.
The range of amplitudes that would be shown by the average
responding meter is more difficult to diagnose, but note that
in the left diagram, two half-cycles of the third harmonie add
to the fundamental while one half-cycle subtracts whereas in
the right diagram, only one-half cycle adds while two half-
cycles subtract. The waveform in the right diagram there-
fore has a lower average value than the left waveform. A
detailed analysis of the effects of waveform on voltmeter
readings is presented in Appendix II.

To repeat, the desired accuracy in the measurement deter-
mines the amount of distortion (meaning departure from true
sine wave) that can be tolerated in the measured waveform.
The rms voltmeter is unaffected by waveform shapes excepting,
of course, those cases when harmonic components lie outside
the passband of the voltmeter circuits, The rms-responding
meter is especially useful, for example, in the monitoring of
the line power fed to a resistive load, where the line regulator
distorts the waveform; another case in point is measurement
of the frequency response of a communication system, where
modulation and demodulation processes may be non-linear to an
unknown degree. Again, the average-responding meter tolerates

relatively large amounts of distortion, while the peak-responding
meter is most sensitive to waveform.

Harmonic True rms Average - Peak-
Content value ding meter ponding meter
0 100 100 100

10 percent 2nd 100.5 100 90 te 110

20 percent 2nd 102 100-102 B0 to 120

50 percent 2nd 112 100.110 7510 150

10 percent 3rd 100.5 96-104 90 te 110

20 percent 3rd 102 94.108 8810 120

50 percent 3rd 12 90.116 108 10 150

TABLE 2-Measurement errors from harmonic voltoges.
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VOLTMETERS AND NOISE

An oscillogram showing typical circuit noise is shown in
Fig. 9. A peak-responding meter responds to the highest
peak of such a waveform during the period of measurement,
but the meter indication seldom reaches this peak value because
of several complicating factors. These include the charging and
discharging time constants of the voltmeter input circuit and
the impedance of the test circuit at the point of measurement.
In general, the peak-responding meter reads noise 3 to 5 times
higher than the actual rms value, Although peak-responding
voltmeters can be used for noise measurements, extreme care
is required when interpreting the readings.

FiIG. 9-0scillogram of noise voltage illustrates varioble peak
values.

The average-responding meter does much better with noise
voltages since it does read the average value, which ordinarily
is constant, Probability analysis shows that the average value
of noise (rectified) is 0.8862 times the rms value (the rms
value of random or gaussian noise is the same as ¢, the standard
deviation). This correction factor should be applied with care,
however, since any alteration of the character of the noise, which
is most likely to happen in electronic circuits because of non-
linearities, alters the correction factor. The average-respond-
ing meter is well-suited, though, for relative measurements of
noise levels.

The rms-responding meter, of course, provides the most
reliable measurements of noise or signals with noise, Indeed,
the widest present use of rms-responding meters is found in
measurements involving noise. In this service, the readings
of both average-responding and peak-responding meters must
be interpreted with care and often with questionable assumptions.
Correction factors for peak-reading instruments, for example,
rely on the assumption that energy distribution is gaussian out
to the tips of the distribution (See Appendix II). So long as its
crest factor and frequency range are adequate to the purpose,
the rms-responding instrument may be taken as giving accurate
representations of effective power even where the signal may
have been subjected to unknown variations due to non-linearities
or frequency discrimination in the eircuitry under investigation,

SIGNALS PLUS NOISE

Many measurements are concerned with sine wave signals
corrupted by noise. To find the true value of the sine wave,
the usual procedure is to measure the noise voltage without
the signal present, and then measure signal and noise together.
Subtraction of the noise voltage from the total yields the signal
voltage,
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As discussed previously, the rms-responding meter provides
the most reliable indication while the peak-responding meter
is unsatisfactory to a degree which depends on the amplitude
of the noise. The average-responding meter handles signals
plus noise fairly reliably. The response of rectifier diodes to
noise is not linear, however, so care should be exercised. As
a practical matter, though, if the signal-to-noise ratio is
greater than 5, the error in the readings is no greater than

other voltmeter errors.

A NOTE ON METER SCALES

Most ac voltmeters have three scales printed on the meter
face, as shown in Fig. 10. Two voltage scales are provided
to accommeodate the 1-3-10 range switching sequence commonly
used. This allows the lowest one-third portion of one range
to be expanded to full scale by switching to the next lowest
range. Meter readings therefore may always be taken in the
upper two-thirds of the scale for highest accuracy. The -hp-
Model 410C uses a 5-15-50 range sequence so that the com-
monly found 115 volts will lie in the upper portion of the scale
(150 volt range).

The ratio between the two voltage scales was chosen to
correspond to a 10-db difference between scales so that only
one decibel scale is necessary. The decibel scale, however,
corresponds to power and it provides a valid reading only
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when the meter reads the voltage across the appropriate
impedance. For the convenience of communications personnel,
where db readings are widely used, the 0 db mark commonly
is set to 0 dbm, equivalent to the voltage developed across a
ng 1 milliwatt (0.775 v). The
~hp- 411A RF Voltmeter, on the other hand, establishes the
0 db level at 1 milliwatt across 50 ohms for convenience in
working with RF svstems.

Logarithmic scales commonly are achieved with a meter
movement having g

600 ohm resistor when dissip

le pieces shaped so that deflection sensitivity
becomes progressively less as deflection increases. The lower
parts of the voltage scales are thus expanded so that percentage
accuracy is constant across the whole scale, rather than being a
fixed percentage of full scale deflection. At the same time, the
decibel scale becomes linear. Since this type of meter is most
widely used in communications, the db scale is placed on the
outermost circumference,

The attainable accuracy of a high-quality electronic voltmeter
is determined primarily by the accuracy of the meter calibra-
tion. High accuracy meters, such as the Hewlett-Packard
Model 400H, use individually-calibrated meters. To improve
reading resolution when this accuracy is available, a larger
meter face is used and a mirror-scale is included to minimize
parallax errors in reading,

Based on material appearing in EDN --Naovember 1963 Test
Instrument |ssuve, "*Which AC Voltmeter?'" by Howaord L. Roberts

DECIBELS 4 MW 8000

RMS VOLTS

FIG. 10-Meter face of typical average-responding meter with | - 3 - 10 range sequence (left). Meter of right has

logarithmic response with scoles expanded towords low end of range.
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APPENDIX |

If there were "n” discrete values in a series
of measurements, the rms value is found by
squaring the value of each measurement, add-
ing the squared values, dividing by the
number of discrete values to find the average
and taking the square root of the average.
Mathematically, this is expressed as:

yruu - F 2 )’.I'J:
p=1
If the quantity being measured were a con-
tinuous function, such as a voltage waveform,
the summation process is replaced by inte-
gration. Then the rms value is expressed as:

] ]
Yrme = TJY’dl
0

where the measurement is carried out
through the interval 0 to t.

From this, the rms value of one half-cycle
of a sine wave is found:
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The average value of a quantity is simply
the algebraic average of values taken through-
out the period of interest. If there were “n”
discrete values within this period, this would
be described simply as:

] o
Ymg — ?'Zl Y,..

If the quantity varies continuously, the
average value is defined mathematically as:

l t
me = T j;}’dl

Note that the inertia of the meter movement
of an average-reading voltmeter performs
this integration.

The average value of one half-cycle of a
sine wave then is:
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Reprint of material appearing in H-P Journals--Vol 6 No's 8, 9 & 10 Apr, May & June 1955,

“‘Some Cffects of Waveform on VTVM Readings' by B.M. Oliver

Some Effects of Waveform on VIVM Readings

WHF.N using a vacuum-tube
voltmerer calibrated in rms

values, how is the peak-to-peak
value of a square wave obtained
from the voltmeter reading? Or
what is the effect on the reading of
the presence of 10% third harmonic?
In practice, pumerous questions such
as these occur as to how waveforms
other than pure sine waves influence
the voltmeter reading. Before ques-
tions of this nature can be answered,
however, it is necessary to know the
opzrating principle of the voltmeter
being used.

-bp- voltmeters are of two types:
those in which the meter deflection
is proportional to the average value
of a rectified cycle of the applied
waveform and those in which the
deflection is proportional to the
positive peak value. Equivalent cir-
cuits of these types are shown in Fig.
1. In the -hp- average-reading type
the applied waveform is amplified

HIGH - GAIN
STABILIZED
AMPLIFIER

HICH Z

4

AVERAGE READING
(A)

o—|
e, | smazen @
E—o " |0-C AMPLIFIER
=

PEAK  READING
(B)

Fig. 1. (a) Average-reading type circuit
used in -hp- 400 series voltmeters to ob-
tain relative freedom from waveform
r?tcts as discussed in accompanying arki-
cle, (b) Peak-reading € circust used in
-bp- 110 voltmeters. ough this circuit
bas greater sensitivity to waveform effects,
it is possible, through suitable design to
operate the circuit up to bundreds of
megacycles as in the -bp- 410B 700-mega-
cycle volimeter.

to a convenient high level. It is then
rectified and the resultant current
pulses applied to a d-c milliammeter
calibrated in terms of the input volt-
age. The ballistic characteristics of
the meter integrate the moments of
force in the meter movement to pro-
duce a steady deflection of the meter
pointer. Any d-c component in the
applied voltage is excluded from the
measurement because of the input
blocking capacitor.

In the -bp- peak-reading type cir-
cuit (Fig. 1{b}) the positive peak of
the applied waveform charges a
capacitor through a diode. The re-
sulting d-c voltage, or a known
fraction of it, is then applied to a
stabilized d-c amplifier. A voltage-
calibrated meter monitorstheampli-
fier output. Again, any d-c compon-
ent is excluded.

Both of these circuits are calibrat-
ed so that they indicate the rms
value of an applied pure sine wave.
That is, the average-reading type
reads 1.11 times the average value of
a rectified cycle of any applied wave;
the peak-reading type reads 0.707
times the positive peak. The rms
calibration of (or scale used with)
both meters applies as long as the
input is a pure sine wave. But when
the meters are used to measure com-
plex waves, the readings must be
correctly interpreted because the
ratios of rms to average and rms to
peak are usually not the same in a
complex wave as in a sine wave. In
general the average-reading meter
gives readings on complex waves
which are closer to the true rms
values than does the peak reading
meter.

EXTREMES OF ERROR, AVERAGE-READING
METERS

In a square wave the unique re-
lation exists that the average, rms,
and peak values are all the same.

(a)

-bp- Model 400D 10 cps - 4 megacycle
voltmeter uses average-reading lype
circuit,

(b)

-bp- Model 410B 700-megacycle volt-
meter uses peak-reading type circuit,

Fig. 2

Since an average-reading meter in-
dicates 1.11 times the average value,
it will indicate 11% high for the rms
value of a square wave, Further, a
square wave has the lowest ratio of
rms value to absolute average value
of any wave. It follows, then, that an
average-reading meter will never
read more than 119% high.

Ar the other extreme consider a
series of short duty cycle pulses hav-
ing a given rms value. As the duty
cycle approaches zero, the pulse
amplitude need only increase as
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1/+/ duty cycle to keep the rms value
constant. Thus, the absolute average
value of the wave approaches zero.
It is conceivable, then, that an aver-
age-reading meter would indicate
as much as 1009% low. Excluding
short duty cycle pulse waveforms,
however, an average-reading meter
seldom reads more than 20% low on
complex waves.

SECOND HARMONIC WITH
AVERAGE-READING METERS

The accuracy with which an aver-
age-reading meter will indicate the
rms value of a wave with harmonic
content depends not only on the
amplitude of the harmonic but on
its phase and order as well. In the
case of a wave with second harmonic
content, the difference between the
true rms value of the wave and the
reading indicated by an average-
reading voltmeter will be small for
most waves encountered in practice.

Fig. 3 shows the calculated range
of absolute average values of a wave
consisting of a fundamental with
various amounts of second har-
monic. The upper and lower limits
of the shaded area are determined by
the phase of the harmonic with
respect to the fundamental. Con-
sider, for example, a wave consisting
of a fundamental combined with an
“in-phase” second harmonic, i.e., a
second harmonic whose zero-axis
intercepts coincide with the corres-
ponding fundamental intercepts as
shown in Fig. 4(a). In each half cycle
of the fundamental, the second har-
monic contributes a positive compo-
nent and a negative component
which are equal in area and so do
not alter the average value of the
rectified wave. An in-phase second
harmonic will thus cause no change
in the meter reading until the har-
monic reaches a value such that its
initial slope (slope at 0, 2=, 4=, etc.,
radians) exceeds the slope of the
fundamental. For such higher slopes

the complex wave acquires addi-
tional crossings of the zero axis.
When this happens, the harmonic
adds area to the rectified wave and
the average value begins to increase.
Since the initial slope of a second
harmonic does not exceed the slope
of the fundamental until the har-
monic reaches a value of 509, the
average value of the wave will re-
main constant until an in-phase sec-
ond harmonic reaches this value.
The lower boundary of the shaded
area in Fig. 3 shows this case.

The condition for which a second
harmonic will cause the average
value of the complex wave to follow
most closely the rms sum of the com-
ponents is where the harmonic has a
“quadrature” relation to the funda-

mental, ie., the peaks of the har-
monic occur at the

time the funda-
mental intercepts
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/ “ye—RESULTANT WAVE
\

.,

IN PHASE HARMONIC
(A)

‘/Rrsuum WAVE

QUADRATURE HARMONIC
(B)

Fig. 4. (a) In-phase harmonic causes low-
est readings on average-reading voli-
meter. (b) Quadrature barmonic causes
average-reading voltmeter to follow rms
value most closely. Quadrature relation
is case uswally encountered in practice.

h . 1 | 1 | |
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ond harmonic. PERCENT ~ 2ND HARMONIC

The calculated

average values for
a wave consisting

Fig. 3. Calculated limits (shaded area) of absolute average
value of wave consisting of fundamental various amounts
of second barmonic. Small circles show experimental verifi-
cation of calculated data. Dashed line shows true rms value.

of a fundamental
with various amounts of a quadra-
ture second harmonic are plotted in
Fig. 3 as the upper boundary for the
shaded area.

The calculated data in Fig. 3 were
verified experimentally by establish-
ing a "fundamental” and a "second
harmonic” and adjusting these so
that they caused a slow beat on an
-bp- 400D average-reading type
meter. The limits of the beat were
then observed. The data obrained in
this manner are plocted as small

circles on the curve. The close agree-
ment is apparent.

In examining Fig. 3 it will be seen
that for second harmonics of typical
magnitudes the average-reading
type meter will give readings quite
close to the true rms sum. For a sec-
ond harmonic of 25% magnitude,
for example, the error of theaverage-
reading meter is but 3% and this
applies in the case of an in-phase
harmonic. With a 109 second har-
monic, cthe error is less than 195.
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THIRD HARMONIC WITH
AVERAGE-READING METERS

A wave consisting of a fundamen-
tal and the third harmonic causes
considerably greater variations in
the reading of an average-reading
type voltmeter than does a wave
with second harmonic content. This
is shown in Fig. 5. Whereas the
reading of the meter on a wave con-
taining second harmonic is always
lower than the rms value, the read-
ing with a wave containing third
harmonic can be either high or low
for harmonic contents up toamounts
as high as 75%.

In the case of a wave having third
harmonic, the maximum area under
the complex envelope and thus the
maximum meter reading occur when
the harmonic contributes the area
of an extra half-cycle (Fig. 6{a}) of

The calculated data in Fig. 5 were
verified experimentally in a manner
similar to the verification for Fig. 3.
The results are plotted in Fig. 5.

Not only does the third harmonic
cause greater variations in the meter
reading than the second harmonic,
but, it will cause greater variations
than any other harmonic. The ex-
tremes of error with “small amounts”
of odd harmonics are given by the
percentage of the harmonic divided
by the order of the harmonic. "Small
amounts” of harmonic in this case
can be defined as percentages less
than 100/n where n is the order of
the odd harmonic.

It should be noted that, for typi-
cal amounts of this worst harmonic,
the third, the accuracy of an average-
reading meter is still good. Third

harmonics up to
10%, for example,

——T—T T 1,7] can cause errors of
| [EFFECT OF 3:9 HARMONIC| | " ~_ 4 up to only 3.3%.
|
AVERAGE READING METER +=1 | | comsine uar-
.21 > g MONICS WITH
= 4 4‘ // AVERAGE METERS
'::“ L1 ol = 7 When more than
<ol S READING 5 one harmonic is
! - FUNDAMENTAL RMS| X present in the ap-
| . :
0.9 j L rm%iit{fvﬁisﬁs =1 Pledwxvethy
| | | mathematics of
0 10 2 30 40 50 6 10 8 s wo <cach case becomes
PERCENT  3RD  HARMONIC more complicated

Fig. 5. Calculated limits of absolute average values of wave
consisting of fundamental with various smounts of third
harmonic, Small circles show experimental verification of

calenlated

ala,

the harmonic to the total waveform.
This situation determines the values
of the upper boundary of the shaded
area in Fig. 5. The minimum aver-
age area occurs when the harmonic
subtracts the area of one-half cycle
of its waveform from the funda-
mental. This determines the lower
boundary for the shaded area for
harmonic content up to 3349%.

For more than 3319 third har-
monic slope reversals occur as before
and the extra added area causes the
lower limit to begin to rise.

and the number of
cases is increased
tremendously. As a
result no analytic
study of the situa-

tion has been made.

Some experimental data have been
compiled, however, for the case of
combined second and third harmon-
ics with various amounts of funda-
mental. This case is of interest in
distortion measurements made by
the fundamental rejection method.

The data are shown in the second,
third, and fourth curves of Fig. 7 for
waves containing second and third
harmonics in various ratios of funda-
mental from infinite fundamental
(i.e., zero harmonics) to zero funda-
mental (i.e., infinite harmonics).
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RESULTANT WAVE

/\ .

MAXIMUM AREA
(A)

[t m—————RESULTANT WAVE

AN

MINIMUN AREA
(B)

Fig. 6. In-phase (a) and aut-of-phase (b)
third harmonic. In phase relation gives
more accurate readings.

The shaded areas represent the ex-
tremes of readings (as per cent of
true total rms) obtained as the phase
of the fundamental varied with re-
spect to the harmonics. For these
curves the second and third “har-
monics” were adjusted to be off
frequency with a slow beat of ap-
proximately 1 cps. Then the funda-
mental frequency was adjusted to
beat at 0.1 cps with respect to this
combination. The extremes of de-
flection were then noted during the
course of many complete cycles of

the lowest beat frequency. The data
obtained are plotted as the limits of

the shaded areas. The shaded areas
thus give the extreme errors for all
relative phases of the fundamental
and second and third harmonics.

These curves show the tendency
of an average-reading meter to read
low on complex waves. When the
input consists of many inharmoni-
cally related sinusoids, the error ap-
proaches that for gaussian noise,
which is about 11% low as will be
shown later.

EXTREMES OF ERROR,
PEAK-READING METERS

With peak-reading type meters,
the limits of error can theoretically
range from 100% low to infinitely
high. Consider, for example, the
pulse waveform shown in Fig. 8.
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and experimentally confirmed as explai

This waveform can be shown to
have an rms value

E,m,-E-VStl—B)

where § is the duty cycle #/r. Since
the actual meter deflection is pro-
portional to the peak value of the
waveform, the ratio of E . to E,,..
will show the operation of the meter

E(1-8) _!:_§

EY80-8) 8
Thus, if the waveform has a low
value for §, the duty cycle, the meter
reading will, in the limit, be infi-
nitely high. If the duty cycle has a
relatively large value approaching
unity (i.e., the pulses will become

Epeuk =
Erms

in text, Note change of scale in right balf of figure.

(%E)=E0-3)

-

t |-
T

——

EL=ES

Fig. 8. Pulse waveform defining values
used in text,
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what are usually considered to be
negative pulses), the meter reading
will approach zero or be 100% low.

HARMONICS WITH
PEAK-READING METERS

Since the deflection of a peak-
reading meter is proportional to the
peak of the applied waveform, the
maximum reading will be obtained
on such a meter when the relative
phases of the wave components are
such that a peak of the harmonic
coincides with the peak of the fun-
damental. The maximum reading
for a given magnitude of harmonic
will thus be the same regardless of
the order of the harmonic. The ratio
of this maximum to the fundamental
is plotted as the upper cunﬁuin Fig. 9.

mum possible reading of the meter.
Higher harmonics will give mini-
mum reading curves that progres-
sively approach the curve for the
maximum possible reading,

If the error in Fig. 9 for a peak-
reading meter is compared with that
in Figs. 3 and 5 for an average-read-
ing meter, the superiority of the
average-reading meter in approxi-
mating the true rms value of the
waveform will ar once be apparent.

AVERAGE AND PEAK METERS
WITH A-M WAVES

If an average meter is being used
to measure an amplitude-modulated
wave, the meter will, if the modula-
tion is linear, read the rms of the
average or unmodulated carrier.

The minimum val- I L/
that the - o |
ue that t peak.can = ‘@\g o ¢ L
have will beobtained = 7% %*Q‘
when a peak of the = 10 O W* +— W
<R = . ” )
harmonic is in phase “- N ’5// P,
- = 110{ Wy o\
opposition to the S W L/
peak of the funda- £y ¥ pd
mental. The lowest = | \c. 4
2o i ‘E'Z
minimum peak val- &= % — ‘“& e
ues will be obtained S - KL <l
with low order har- ** }ﬂl]/
monics. As the order 10 — -
of the harmonic is 0 10 20 30 4 50 6 T 80 N 100

increased, the mini-
mum peak value will
increase until it ap-
proaches as a limit
the maximum peak value, i.e., when
the fundamental and harmonic peaks
coincide. The reason that the mini-
mum reading finally increases as the
amount of the harmonic is increased
is that the harmonic ultimately
causes neighboring peaks to be
formed (see Fig. 6[a]). These are
what the meter then responds to, and
their amplitude increases with in-
creased harmonic. The higher this
order, n, of the harmonic, the smaller

is the percentage (l—g’—) at which
these peaks first form.

The two lower curves in Fig. 9
show the error possible when the
phases of the second or third har-
monics are such as to cause the mini-

PERCENT HARMONIC

Fig. 9. Curves showing maximum and minimum readings
possible on peak-reading meter when applied wave consists
of fundamental with various amounts of barmonic content,

A peak meter will read the rms
value of the peak r-f amplitude.

The two meters can thus be com-
bined to make readings of the per-
centage modulation of the modulat-
ed wave, because percent modulation
isequal to 100 {(E;.u/Eavvrupe)—11

AVERAGE AND PEAK
METERS WITH HUM

It often happens that a small
amount of hum is combined with the
voltage to be measured. When the
frequency to be measured is rela-
tively high with respect to the hum
frequency, a small amount of hum
such as 10% will increase the read-
ing of an average type meter by
abourt one-half as much as it would
increase the reading of a true rms

Page 2A-5

meter. (Thus, 109% hum will give
a reading which is 1.0025 times the
reading without hum, i.e., an in-
crease of only 19%.)

A peak-reading meter, on the
other hand, will add the hum volt-
age linearly to the desired voltage.
The meter reading will thus be high
by an amount approximately equal
to the humamplitude (109 hum will
result in a meter reading of 1109%).

AVERAGE METERS WITH
GAUSSIAN NOISE

The voltage of thermal noise is
characterized by a probability dis-
tribution which is of gaussian shape.
Shot noise will also have a gaussian
probability distribution if the aver-
age number of shots per second is
much greater than the bandwidth in
cycles per second. Impulse noise be-
haves as shot noise only if the im-
pulses are totally independent and
occur at random times. Rectified
gaussian noise as obtained from an
envelope detector does not have a
gaussian distribution.

The indication of an average-read-
ing meter on noise can be calculated
as follows. The rectified d-c voltage
V, from noise will be

Vo =pr(VJdv=zfvp{v)dv
- L]

where the second integral follows
from the first if p(V) is symmetrical
abour zero.

If the noise is gaussian, the prob-
ability p(V)dV that the instantane-
ous voltage lies between V and V +
dV is:

VI

plV)dy =

oyen

where o is the rms noise voltage.
Substituting this into the expression
for V, gives

2 @ _ v
Vy = ve 2°°
o cer'rrv/;

20

Yyenw

Since the meter is calibrated to read
the rms value of a sine wave, the

dv
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indicated voltage V, = 1.11 (ie,

k.o
- i v » M i
2 \/2) times V,, where V, is the
average or rectified value, Thus,

Vi F

T 2
= 0.886 or - 1.05db
Average-reading meters thus read 1
db low on gaussian noise provided
that no overload occurs on the peaks.

PEAK METERS
WITH GAUSSIAN NOISE

The reading of a peak meter on
gaussian noise depends on the effi-
ciency of rectification, i.e., on the

ratio of the resistance through which
the input capacitor is charged to

that through which it is discharged.
If the noise is extremely wide band
compared with the reciprocal of the
charge and discharge time constants
of the meter, the reading will be
steady and found as follows:

i i
dischorge chorge

Vs s § =
== Vp(V)dV
dRcv

where R, = discharging resistance
R. = charging resistance
V, = rectified d-c value of
noise

For gaussian noise this becomes

vl
R l ./'“ ]
— o fye 27 gy
Ry oV, fﬁ'rr
o Vo
2
.
20

12T Vo
{lis the ratio of rectified d-c to the
true rms of the noise. If the meter is
calibrated to read rms on a sine
wave, then V, =1/2 V, where V, is
the indicated rms. Hence
vi 2
RC 1 o -(T)

— e
Rg 29T Vi
R ]
or S=297 Ke"
Re

indicoted rms

where K-
true rms

The factor K is plotted as a func-
tion of Ry /R, in Fig. 10. This curve
allows one to estimate the correction
factor to be applied to the reading
of a peak meter to get the rms of a
gaussian noise input. The approxi-
mate region of the curve applicable
to the -bp- 410B is marked.

Although the curve is useful since
it is quite flat in the region of inter-
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est, several considerations dictate
that it should be used only for rough
estimating. For one thing the charg-
ing resistance is rather uncertain in
most cases since it depends on diode
perveance and current. Further, with
very high R,/R, the current drawn

T = p— l

@1, "] T PEAK READING WETER [T
s | = |
| of——{CAUSSIAN NOISE NPUT L L
wal -
sz 1 [ [ 1 |
= 1
T Me— - . —]
B
Y -
P
oo e e et w

Fig. 10. Plot of correction factor for peak-

reading meters when used to measure rms

value of gaussian noise. Portion of curve

applicable to -hp- Medel 410 is marked.

Curve should be used only for rough
estimating.

by the diode is infrequent and large
so that loading on the circuit by the
meter tends to suppress the high
peaks and decrease K. Finally, the
curve is predicated on the probabil-
ity distribution being gaussian out
to the tips of the distribution. Any
amplifier non-linearity will change
the distribution.
—B. M. Oliver
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Richmond

2230
Tel: (703) 282-5451
TWK: 710-956-0157

WASHINGTON
433-108th N.E
Rellevue 58004
Tel; (206) 454.3971
TWX: 910-443-2303

Pﬂl I.I.S. AREAS NOT

l&nnl‘.m thr regional affice noar.
®st you: Atlanta, Georgia.
North Mollywood, California. .
Paramus, New Jersey . . . Skokle,
Illingis. Thelr comglets ad.
dresses are listed above.

CANADA

ALBERTA
Hewlett-Packard (Canada) L1d.
11745 Jasper Ave.

Edmenton
Tel: (403 482-5561
TWX: 610-831-2421

BRITISH COLUMBIA
Hewlett-Packard (Canada) L1d.

3284 East 1st Ave
Vancouver 12

Tel: (604) 255-7781
TWX: 610.822-5059

MANITOBA
Hewlett Packard (Canada) Lid
511 Bradford Ct.

ames
Tel: (204) 786.758)
TWX: 610-671-3531

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

Suite 203

Halitax

Tel: (902) 455-0511

TWX: 810-271-4282

ONTARIO

Hewlett-Packard (Canada) Ltd.
BBO Lady Ellen Place

Dttawa

3
Tel: (613) 7224223
TWK: §10-562-1852

Hewlett-Packard (Canada) Ltd.
50 Galnry Blvd,
Rexdale

Tel: (416) 6779611
TWX: 610-452-4246

QUEBEC

Hewlett-Packard (Canada) Lid.
275 Hymus Boulevard

Painte Claire

Tel; (514) 697-4232

TWX: 610-422.3022

Telex: 01-20607

FOR CANADIAN AREAS NOT
LISTED:

Contact Mewlett-Packard (Can.
ada) Ltd. in Pointe Claire, at
the complete address (isted
above.

CENTRAL AND SOUTH AMERICA

ARGENTINA
Hewlett-Packard Argentina
SACel

Lavalle 1171 -3°

uenes Alres
Tel: 35-0436, 350627, 350431
Telex: 012-1009
Cabie. HE

BRAZIL

Hewlett-Packard Do Brasgil
I.e.C Lida.

Rua Coronel, Oscar Porta, 691
sa0 Paule - B, SP

Tel: 71-1503
Cable: HEWPACK Sao Paulo

Hewlett-Packard Do Brasil
Le.C. Lida
Avenida Frankiin Roosevelt 54.
g:” 203

o¢ Janeirs, ZC-39. GB
Tel: 32:9733
Cable: HEWPACK Rio de Janeiro

CHILE

Hector Calcagni P
Bustos, 1932-3er Pisa
Casilla 13942

Santiage
Tel: 4-2396
COLOMBIA

Instrumentacion
Henrik A. Langebaek & Kier

Lida.
Carrera 7 =48.59

Aereo 6247

Bogeta, 1 D.E.
Tel: 45-78-06, 45-5546
Cable: AARIS Bogota
COSTA

RICA
Lic. Alfredo Gallegos Gurdidn
Apartado 3243

San
Tel: 21-88-13
Cable: GALGUR San José

ECUADOR JAMAICA
L Radio-Ingeni General E Services,
Calle Guayaquil 1246 Ltd.
Post Office Box 3199 27 Dunrobin Ave
Quite
Tel: 12496 Tel: 42657
Cable: HORVATH Quito Cable: GENSERV
EL SALYADOR MEXICO
Electrinica Hewletl-Packard Mexicana, 5A
Postal 158% de C.V.
27 Avenida Norte 1133 Moras 439
Salvador Col. del Valle
Tel: 25-74-50 Mexico 12, D.F.
Tel: 5-75.46-49

Cable; ELECTRONICA
San Salvador

GUATEMALA,

Olander Associates Latin America
Apartade 1226

7a. Calle, 0-22, Zoma 1
Guatemala

Tel: 22812
Cable: DLALA Guatemala City

NICARAGUA
Roberto Terdn G.
Apartado Postal 689
Edificio Terdn
Managua

Tel; 3451, 3452
Cable: ROTERAN Managua

PANAMA

Electrénica Balboa, SA.

P.0. Boa 4929

Ave. Manuel Espincsa No, 1350
Bidg, Alina

Tel: 30833
Cably; ELECTRON Panama City

PERU

Farnando Ezeta B.

Avenida Pelit Thouars 4719
Miratiores

Casilia 3061

Lima

Tel: 50346
Cable: FEPERU Lima

PUERTO RICO

San Juan Electronics, Inc.
P.0. Box 5167

Pance de Leon 154

Pda; 3-Pta. de Tierra

San Juan 00006

Tel: (808) 725-3342

Cably; SATRONICS San Juan
Telex: SATRON 3450 332

URUGUAY

Pablo Ferrando S.A.
Comercial e Industrial
Avenida Italia 2877
Casilla de Correo 370
Mantevides

Tel: 40-3102
Cable: RADIUM Montevidea

VENEZUELA
Hewlett-Packard De Venezuela
CA

Apartado del Este 10934
Chacaito

Caracas
Tel: 71.88.05, 71.88.69, 71.88.76
Cable: HEWPACK Caracas

mm NOT LISTED,

CONTACT.

Hewlett-Fackard Inter-Ameticas
3200 Hillview Ave.

Pala Alte, California 94304

Tel: (415) 326-7000

TWK: 9103731267

Cable. HEWPACK Palo Alto
Telex: 034-B481
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AUSTRIA FRANCE Hewlett.Packard Vertriebs-GmbH  Mewlett-Packard Mallana S.pA.  SPAIN Hewlet! Packard (Schwels) AG.
Unilabor GmbH Hewiett-Packard France Baim Strobhause 26 Palazro Italla Ataio Ingenieros Rue du Bois-du-Lan 7
Wissenschaflliche Instrumente 2 Mamburg 1 Marconl 25 Ganduxer 76 1217 Meyrin-Ganeva
Ru w50 673 Tel: 24 05 51/52 00144 Reme - Eur Barchlona & Tal: (022] 41 54 00
P.0. Box 33 Cable: HEWPACKSA Hamburg  Tel: 591 2544 Tel: 2114466 Cable: HEWPACKSA Ganeva
Viens A-1058 ™ Talex; 21 53 32 Cable: HEWPACKIT Rome Atsig [ngeninros Telex: 2 24 85
Tel; 42 61 81 Telox: 61514 Enrique Larreta 12
Cable: LABORINSTRUMENT Teles: 60048 Wmm M“ Tebs-GmbH ‘h 3 TURKEY
image HewlettPackard France 8 Miinchen & NETHERLANDS y T 2314 Telekam Eagiewring Sureny
Teler. 75 762 4 Qual des Etroits Tel: 0811 69 59 71/75 oy 1T G TRAMTAO Maded totanbal
69 Lyon Seme Cable; HEWPACKSA Mianchen Telex; 2 72 4% .
BELGIUM g e g bormighegidic: Amyterdam, 2 11 Tel: 49 40 40
Hewlett-Packard Benelox S4. (0 H IR Tel: 42 77 77 SWEDEN Cable: TELEMATION lstanbul
341 Boulevard du Souverain Telex: 31617 GREECE Cable: PALOBEM Amstardam Hewlet-Packard (Sverige) AB
Brussels 16 Kostas Kerssinnti Tetex; 13 216 Hagahersgatan 9C UNITED KINGDOM
Tel: 72 22 40 € D31 04 Mbiadal 4 Hewlett-Packard Lid.
GERMANY 18, Ermou Street NORWAY 224 Bath Road
Cable: Brussels Tel: 031 - 27 65 00
Hewlett Packard Vertriebs-GmbH  Athens 126 ard NS Siough, Bucks
Tedex: 23 454 Tel 0 umm Worge .
Lletzesburgersirasss 30 1 230 301 Box 149 Hewlelt-Packard (Svarlge) AB  Tel: Slough 33341
DENMARK 1 Barlin W 30 Cable: RAKAR Athens Nesveien 13 Svatsarvigen 7 Cable: HEWPIE Slough
Howlntt-Packard A/S Tel; 24 60 65/66 Telex; 21 59 62 oo 3171 20 Sotas 1 Telex: 84813
Lingstierg § Al 38 A 03 (RELAND Tel: 53 43 60 Tel: (08) 88 12 50 YUGOSLAVIA
2850 Natrnin Hewlett-Packard VertrissGmbH  yooistios pers (g Cable: HEWPACK Oslo Cable: T
Tel: (01) 80 40 40 Herrenbergerstrasse 110 224 Bath Telex: 6621 Stockhoim
Canle: TRWPACK A3 703 Boblingen, Wirttemberg R Telew: 10721 13 Smnue des Misosas
Telex: 66 40 Tel: 070216671 Stough, Bucks, England PORTUGAL Brussels 15, Belgiym
Cable: HEPAG Bdblingen Tl: Siniagh 7B5-Sa0A Telectra SWITZERLAND Tel: 34 33 32, 34 26 10
FINLAND Cable: HEWPIE Slough Rua Rodrigo da Fonseca 103 Hewlell Packard (Schweir) AG Cable: BELRAMEL Brunsels
Hewlett-Pachard Oy Telex: Fﬁﬁm’l‘v ﬂ ; Telex: 84413 P.0, Box 2531 Zurcherstrasse 20 Telex: 21790
Gyldenintio 3 Hewlet l rlebs-GmbH Lisben 8952 Schileren FOR AREAS NOT LISTED
St 1 E‘J'::lmm Malisos Spa  TE "l" 2 - CONTACT:
el 67 35 38 4 sgord § P Y Tels {051) 58 18 21 .
Cable. HEWPACKOY.Helsinki  Tels 63 52 58/59 Via Amerign Vespucei 2 s e T v o HeWPACKAD e Hawlett-Packard 5.4,
Teles: 12-1563 Telee: 85 86 533 20124 Milana Tejex: 53833 Mus du Bois-du-lan 7
s Tel 6251 (10 fines) 1217 Meyrin-Geneva
'.'..m.."?‘u'.':. SipieesGmBH Cable: HEWPACKIT Milan Tel: (022) 41 54 00
Telexs 32046 Cable: HEWPACKSA Geneva
Mieder-Eschbach Telex; 2.24.86
Tel: 50 10 64
Cable: HEWPACKSA Frankfurt
Telex: 41 32 49
AFRICA, ASIA, AUSTRALIA
ANGOLA CYPRUS Tho Sclentific instrument Co. Ltd. A PAKISTAN (WEST) TANZANIA
Tolectra Emprasa Téenica Kypronics 58525 Mahatma Gandhi Road  R. J. Tilbury Ltd. Mushko & Company, Ltd. 8. 1. Tlibury Ltd.
de Equipamentos Eléctricos  19-190 Hommer Avenue Hyderabad:1 (A-P) India P. 0. Box 2754 Ogsman Chambers P.0. Box 2754
SAR P.0. Box 752 Cable: SICO Hyderabad Suite 517/518 Victoria Road Suite 517/518
Rua de Barboss Rodrigues Nicosia Karachi 3 Hotel Ambassadeur
421° Tel; 6282.75628 A Arrmorpirn-iemoig 8 Tels 51027, 52927 Nairobi
Box 54B7 Cable: HE-1.NAMI “m i Tel: 79570, 26803, BA206, 58196 Cable: COUPERATOR Marachi  Tel: 25670, 26803, 68206, 38158
o AT ereds ETHIOPIA Tel: 27.1053 O A TR PHILIPPINES T
: African Salespower & Agency  Cable: SICO New Delhi KOREA Electiomex Inc,
AUSTRALIA Private Lid., Co. INDONESIA American Trading Co., Korea, Lid. 2129 Pasong Tamo THAILAND
Hewlett-Packard Australia P.0. Box 718 Bah Bolon Trading Coy. KLY, P.0. Box 1103 Makati, Rizal The Intarnational
Piy. Ltd, 58/59 Cunningham 5t Ojalah Mardeks 35 Dae Kyung Bidg. P.0, Box 4326 Englnesring Co., Lid.
2226 Weir Addis Ababa 107 Sejong Ra P. 0. Ben 39
Ghen Iris, 3146 Tel: 12288 Safeny Shoipe' K Tel: 88-91-71 or B8-81.76 614 Sukhumvit Road
Victorla Cable: ASACO Addisababa Tel. 755841 (4 lines) SR
Tel: 201371 (4 lines} HONG KONG 1 , Ltd, h SINGAPORE Tel 910722 (7 lines)
Cable; HEWPARD Schmidt & Co. (Hong Kong) Lta,  F- 0- Bex 1812 Cblos ANTEND) el Mechanical and Combustion Cable: GYSOM Banghok
Telex: 31024 P.0. Box 297 240 Wb, Saba Shomall A 1. M Engineering Company Ltd.

T
Hewlst-Packnd Austiaiia Wb Tel: 43850, a8111 Clemencesu Street Splnie e & ). Tiibury Lt
i T Heng Keng Cable: BASCOM Teheran P.0. Box 7213 g e B P.0, Box 2754
& Tel: 240168, 232735 Suelent Cable: MECOME Singapore Sulte 517/518
Crows Mest 2065 I‘:d;l- SCHMIDTEO Kon ISRAEL Tel: 220846 Hatel Ambassadeur
lrulw m Wales " Hong Kons tlumn-u Engineering ELECTRONUCLEAR Bairut AFRICA Nairobi
el: 43, INDIA Div. of Matarsla Israel Lid. Hewlelt Packard South Africa  Tel; 25670, 26803, 65206, 58196
Cable: HEWPARD Sydney The 16, tski Street W“:‘ G (Pty.), Ltd. Cable: ARJAYTEE Nairobi
Telox: 21561 Co., Ld. ml m :mhm um" Hill House VIETNAM
Hewlutt-Packard Austratia STl Sahorur Svpcy Moot O AR Tehte Section 13 i Peninsulr Tradiog o
of L Toke 2481 Telux: Bastel Tv 033.569 Pataling Javs, Tel 36019 P.0. Box 3
S Wt Cable: 5ICO Allahbad K ¢ MECOMB Kuala Lumpur  eyie WEWPACK Cape Town 28 Hen-Yourg
South Australia The Scientific Instrument BIQUE Telex, 703807 Tel, 20.805
T o, 40, Nisel Ibarag) Blag. :—,"”‘.“‘f:m%‘ m'&“““ Sauth MACA  ooie: PENINSULA Saigon
Cabie: HEWPARD Adelaide VS Bokasoen ool 228 P0. Box 107 7.0, Bok 317165 ZAMBIA
Hewlett Packard Australla Cable: SICO Bangalore s o Lesrense Nargees 30 Da Boer Street ). Tibury i) L1
Py. Ui, The Scientific Instrument Tel: 23-1641 Cable: Braamfontein, P.0. Box 2782
2nd Floor, Suite 13 Co., Ld. NEW ZEALAND Tel: 7244172 724-4195 Lusaka
Casablanca Buildings Or. D Yoka, -Hewlett-Packard L4, pawiore-Packard (N.Z) Lid. Telex: 0226 JH i
A e S 240, Or. Dadabhal Nooroll Rond 10 SERRELY Newiat.Packard 2) L e T NPACK Johannesburg 2. Contra Afrca
TYSIA, o0 Tel: 252642 No. 59, Kotori-cho #.0. Box 8443 TAIWAN FOR AREAS NOT LISTED,
Cable: SICO Bombay it Wellington, N.L Hwa Sheng Electronic Co,, Ltg. CONTACT:
The Scientific Instrument : Tel; 56408 F. 0. Box 1558 Hewlstt-Packard Export
Cable: HEWPACK Wellington

CEYLON
unlm Eh:lﬂull Ltd,

Markedis

Paltng & Co., Ld. Yohagaws-Hewlet-Packand L. Room 04 Y T
11, Esplanade East PAKISTAN (EAST) mia Hsin Buifding .

Yahala Bullaing Calestta 1 59 Yoyo Mushho & Comgany, Lid, Mo, 96 Chung Shin ;"r’ ﬁﬁ,m i
Staples Street Tel: 23-4129 Shi Tekye 21, Jinnah Avenue North Hoad, Sec. 2 o 731207
Calambe 2 . BICO Calcutta Tel: 370228177 Daces Taipel m m Palo Alto
Tel: 5496 The Scientific Instrument Co._ Lg, Telex: 232-2024vHp Tel: BOOSS Tel 555211 Ext. 532-539 o e
Cable; HOTPOINT Colombo 30, Motat fosd 10 Cable. YWPMARKET TOK 23724 Cable: NEWDEAL Dacca Cable: VIGTRONIX Taipei L S

Madeas 2

Tel; 86339

Cabile: SICO Madras
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For more information, call your local HP Sales Office or East (201) 265-5000 +« Midwest (312) 677-0400 « South (404) 436-4181
West [(213) 877-1282. Or, write: Hewlett-Packard, 1501 Page Mill Road, Palo Alte, California 74304, In Eurcpe, 1217 Meyrin-Geneva

Printed in US.A. 5952-2136
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