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Fig. l. Frequency response of typical production sampling uoltrneter is flat uithin
+ 17o f rotn 10 hHz to 1 GHz. Useful sensitiuity extends f rom t hHz to ouer 2 GHz.

A SENSITIVE
NEW l-GHz SAMPIINGVOLTMETER
WITH UNUSUATCAPABITITIES
A voltmeteroperoling on the principleof incoherentsompling
meosuresover wide frequencyond voltoge rongeswhile
providing on output usoblefor signolonolysis.
Seupr,rrvc HIGH-FREquENcyweves in
order to construct low-frequency equivalents of them is a powerful technique
for observing and measuring broadband signals. The sampling oscilloscope,1,2introduced about seven years
ago, can clisplay repetitive waveforms
which contain frequency components
up to several gigahertz. A more recent
development, the RF vector voltmeter,3
can measure amplitudes and phase angles simultaneously and automatically
at frequencies up to one gigahertz.
Other sampling insruments are being
investigated at -hp- for frequency

ranges as high as X band (12.4 GHz).
A sampling technique has been used
by the -hp- Loveland Division to
achieve exceptional sensitivity, frequency response,and accuracy in a new
broaclbancl voltmeter (nig. 2). In addition to its basic voltage-measuring
function, the sampling operation and
flat frequency response of the new voltmeter give it many capabilities not
found in more conventional RF milli
voltmeters. Peak voltages, amplitucle
modulation envelopes, true rms values,
pulse height information, and probability density functions of broadband
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signals can be determined by observing
the output of the sampling circuit.
Much of this information has never
before been accessible for broadband
signals. Other uses for the instrument
include broadband power measurements and leveling of the outputs of
broadband signal generators.
I RoderickCarlson,'A VersatileNewDC-500
l\4Coscilloscope
' ewlettw i t h H i g h S e n s i t i v i t ay n d D u a lC h a n n eDl i s p l a y ,H
P a c k a rJdo u r n a V
l , 0 l .1 1 ,N 0 . 5 - 7 J, a n . - M a r1. ,9 6 0 .
2WayneM. crove, 'A Nerv DC-4000MC Sampling'Scope
P l u g - i nw i t h S i g n a l F e e d - T h r o u gcha p a b i l i t y , 'H e w l e t t Packard
Journal,Vol. 15, N0.8, April, 1964.
I Fritz K. Weinert,'The RFVectorVoltmeter- An lmportant
New I nstrumentfor Amplitudeand Phase Measurements
,ourral, Vol. 17,
fr0m 1 MHzto 1000MHz,' Hewletl-Packard
No.9, May,1966.

incoherent sampling methods can be
found on pages 4 and 5.
Incoherent sampling is especially advantageous in a voltmeter, because it
gives the meter the sensitivity, accuracy, and broad frequency range of a
sampling instrument, yet it is less costly
than coherent techniques and, unlike
coherent sampling, it does not require
that the input signal be periodic. The
sampling voltmeter operates equally
well with sinusoidal, pulsed, random,
or frequency-modulated signals.
The sampling circuit of the voltmeter is located in its probe, which is
ac-coupled and permanently attached
to the instrument with a 3-foot cable.
Also located on the probe is a pushbutton which, when pressed, causesthe
voltmeter to retain its reading until the
button is released. This memorv svstem

Fig. 2. Broadband sampling uoltmeter, -hp- Model 3406A,
has SO-pV sensitiuity, 20-pV resolution, flat frequency response lrom 10 hHz to 1 GHz. Accuracy is !3To to 100
MHz, t5/" to 700 MHz, +87o to 1 GHz. Sampling circuit
output is auailable on rear panel, giuing instrument unusual
capabilities for analysis ol broad,bandsignals.

The specified frequency range of the
voltmeter is l0 kHz to 1 GHz, and the
frequency response of a typical production insrument is flat within one percent over this range. Useful sensitivity
extends from I kHz to 2 GIlz or more.
Voltage measurements are accurate
within +3To of.full scale from 100 kHz
to 100 MHz, +5To from l0 kHz to 700
MHz, and -+87o to I GHz.
The sampling voltmeter responds to
the absolute average values of unknown voltages, and is calibrated to
read both the rms value of a sine wave
and dBm in 50-ohm systems. It has
eight voltage ranges from I mV full
scale to 3 V full scale, and its sensitivity
is high enough to measure voltages as
small as 50 pV. Voltage scales are
linear, and resolution is 20 s,V on the
I mV range.
Unlike some RF millivoltmeters,
which are rms-responding on the lower
ranges and gradually change to peakdetecting on the higher ranges, the new
voltmeter is average-responding on all
ranges. This means that its measurements of non-sinusoidal voltages are
more accurate because its detector law
does not change with the amplitude of
the input signal. The absolute average
value of any input signal can be dethe
termined simply by:nultiplying
meter reading by y'8/r (the ratio of
absolute average to rms values of a
sine wave).

Instead of the coherent, waveformpreserving sampling method used in
most sampling instruments, the new
voltmeter uses an incoherent technique
which does not preserve the input
waveform. In this type of sampling,
which was developed in the -hp- Loveland Laboratory, the input voltage is
sampled at irregular intervals which
have no relationship to any of the frequency components of the input signal.
Enough samples are taken, however, so
that the average, peak, and rms values
of the samples closely approximate the
average, peak, and rms values of the
input voltage. Thus the information
that is relevant to the voltage-measuring function is preserved, while waveform, which is irrelevant, is not preserved. Details of both coherent and

Fig. 3. Sampling probe assembly congenerator and
tains sarnpling-pulse
four-diode sarnpling bridge. Photo also
which, uthen deshows pushbutton
pressed, causes meter to retain reading
until button is released. This memory
deuice eliminates need to hold probe in
circuit and read. meter at sanne time.
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Fie. 4. Bloch diagram of sampling circuits of sampling uoltrneter. Incoherent sarnpling is used, i.e., sarnpling interuals are not correlated with
input signal. Incoherent interuals are generated by'smearing' sampling
rate from 10 hHz to 20 kHz at 10-Hz rate. Sample hold circuit retains
constant uoltage proportional to satnple until next sampling instant.

.3.

simplifies measurements in awkward
positions where it is difficult to place
the probe and at the same time read
the meter. Fig. 3 is a photograph of a
disassembled probe, showing the sampling circuit and the memory pushbutton.
Other conveniences of the new volr
meter, besides the memory pushbutton
already mentioned, include pushbutton range selection, rapid recovery
from overloads, and a front-panel calibrator and zero receptacle. The meter
recovers within five seconds from an
overload of 30 V peak-to-peak (about
10,000:l on its most sensitive, I mV

AND
COHERENT
I NCOHERENT
SAMPTING
Most sampling instruments,including
the samplingoscilloscopeand the vector
voftmeter,* sample coherently. On the
other hand. the broadbandvoltmeterdescribedin the accompanyingarticlesamples incoherently.The reason for the differenceis that most samplinginstruments
must preservethe waveform of an input
signal, whereasthe voltmeter needs only
a measureof magnitude,such as the rms
or the averagevalueof the signal.
Coherentsampling is analogousto the
familiarstroboscopictechnique,by which
an oscillatingor repetitivemotion is apparently 'slowed down' by observing it
only at discretetimes, instead of continuously. The observations,or samples,may
be taken by flashinga light, by observing
the oscillatingobject through a slit in a
rotatingdisc,or by some other means.
Considera stroboscopicobservationof
a tuning fork in motion.The apparentmotion of the tuning fork can be made arbitrarily slow by adjustingthe samplingrate,
which in this case is either the rate at
which the light flashesor the speedof rotation of the disc. The tuning fork may
vibrate back and forth many times between glimpses,but so long as its position
on each glimpseis only slightlyadvanced
from its position on the precedingone, it
seems to be moving much more slowly
than it really is. lf the slow motion were
recordedon movie film it would.of course.
be possible to determine the peak, the
average,and the rms vaiuesof the tuning
fork's excursionsfrom its center position.

range). The front-panel receptacle allows the instrument to be zeroed in the
presence of an RF field, or to be calibrated using its internal, I V -r0.75To
calibrator.
SAMPLEROPERATION
Fig. 4 is a simplified block diagram
of the sampling circuits. The incoherent sampling intervals are gen'smearing'
erated by
the sampling rate.
The basic sampling frequency is varied
from l0 kHz to 20 kHz by a l0-Hz
triangle wave. This sampling rate is
uncorrelated with practically all input
signals. (It is not uncorrelated with
identical, phase locked waveforms, so

This could be done simply by measuring
the excursionon each frame of film and
computing the peak, average,and rms
values of the resulting collection of samplesby standardtechniques.
Now, if the film werecut apartand then
splicedback togetherrandomly,all times e q u e n c ei n f o r m a t i o na b o u t t h e m o v e ment of the tuning fork would be lost.
However,certain informationwould be ret a i n e d . T h e p e a k e x c u r s i o nw o u l d n o t
change, and a little reflection will show
that the average and rms values of the
excursionswould also be the same. In
4
(a)

(b)

(c)

(d)

(e)

'See footnotes,o. 2,
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that voltages within the voltmeter cannot be measured.)
The l0-Hz triangular voltage varies
the frequency of a voltage-controlled
oscillator. The output of this oscillator
drives a pulse generator which in turn
triggers a sampling-pulse generator
located in the probe. The sampling
pulses, which are balanced pulses of approximately 250 picoseconds duration,
turn on the diodes in a sampling
bridge located in the probe, thereby
allowing a sampling capacitor to
charge to a voltage proportional to the
input signal. The sampler output is
a train of pulses whose amplitudes are

fact, even information about the probability of the fork's beingat a givenexcursion
would be retained.The same information
could have been obtained by randomly
flashingthe light or by randomlyopening
a shutter.So long as a sufficientnumber
of pictures were taken, the peak,average,
and rms excursionscould still be found.
This kind of sampling,in which statistics
are preservedbut time-sequenceinforma"
tion is not preserved, is incoherent
sampling.
The difference between coherent and
incoherentsamplingfor a high-frequency

to the input voltage at
proportional
the sampling instants.
The output of the sampler is fed
through attenuators and amplifiers to
'boxcar'
circuit, which is a zerothe
order hold with clamp (modified pulsestretcher). The bandwidth of the cable
and amplifiers is narrow compared to
the bandwidth of the sampling pulses,
so by the time the samples reach the
boxcar circuit, they have become pulses
of about 5 microseconds duration, similar to the pulses illustrated in Fig. 5.
The boxcar circuit output is
clamped to ground for 2 microseconds
following the sampling pulse and then

wave is shown in illustrations (a) through
(e). In (a), samples are taken at regular
intervals,and at such a rate that a lowerfrequencyequivalentof the originalsignal
can be reconstructedfrom the samples.In
(b) the samplesare shown with their correct amplitudes, polarities, and relative
phases (order). In (c) the same samples
are shown scrambled, so that only their
amplitudes and polarities are preserved.
The average,peak, and rms values of the
(c) group are the same as the average,
peak,and rms valuesof the (b) group.
wave
In (d) the originalhigh-frequency
is shown sampled incoherently.The interval between samples is not constant,
and the waveform cannot be recon'
s t r u c t e d f r o m t h e s a m p l e s ,w h i c h a r e
shown at (e). However,the group of samples in (e) is statisticallyequivalenttothe
groupsof samplesin (b) and (c). Solong
as all three groupscontaina largeenough
number of samples,they have the same
peak,average,and rms values.
In orderfor the techniqueof incoherent
sampling to work in all situations it is
necessarythat there be no correlation betweenthe samplingtimes and the motion
or signal under observation. lf the sampling frequencywere a subharmonicof
the frequency of the motion or signal
b e i n g m e a s u r e dt h e m o t i o n w o u l d b e
completelystopped; thus, all of the samples would have exactly the same height
and it would be impossibleto determine
the peak,average,rms, and so on.
In the new broadbandsampling voltmeter, the basic sampling signal is frequency-modulatedby a 1.0-Hztriangular
wave, so that the sampling frequency
varies between 10 kHz and 20 kHz, at a
10-Hz rate. This produces non-uniform
sampling intervalswhich are, for all practical purposes,uncorrelatedwith all input
signals.
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I'ie.7. Efrect on high-frequencyrolloff
of changingbias on sampling gate in
probe (seeFiS.6).

0
D

pukes which open
Fig. 5. Sampling
sampling gate in probe are approxitnately 25A picoseconds wide, as shoutn
in (a). When samples reach sample
hold circuit after passing through cable
are about 5 ps wide,
andamplifier,they
as shoton in (b). Satnple hold outptrt is
clnmped to zero uolts for 2 ps following
each sampling instant, then becomes
constant uoltage proportional to sample.

becomes a steady voltage
portional

to the height

that

is pro-

of each sample

taken. The output of this circuit is
available from a connector at the rear
of the instrument and is labeled'Sample Hold Outputl
RESFONSE
FREQUENCY
The exceptionally flat frequency response of the sampling voltmeter is
shown in Fig. l This responsewas
measuredin a 50-ohmsystem.with the

sampling probe inserted in a 50-ohm
tee. Broadband or high-frequency
m e a s u r e m e n t sw o u l d n o r m a l l y b e
made in this configuration. At lower
frequencies, probing would probably
be done by hand, and the probe would
be equipped with a divider or an isolator (seeSpecifications).
In production instruments,the highfrequency responseis adjusted for optimum flatnessby changing the bias on
the sampling bridge in the probe. Since
the sampling pulse does not have vertical leading and trailing edges,reducing the bridge bias makes the Pulse
wider, and vice versa(seeFig. 6). Wider
pulses result in lower high-frequency
response.The probe by itself tends to
peak at the high frequencies, so very
close cancellation can be obtained by
making the sampling pulse longer. Fig.
7 shows the frequency resPonseof a
typical production instrument as a
function of sampling bridge bias.
Temperature variations produce very
little change in the flatnessof the frequency response.Fig. 8 shows the environmental performance of the responseof a typical production unit.
3dB

r0'c

2dB
1dB
0
tlo 2oops

- 1dB

t2o3o0Ps

-2dB

J/.

l25"c

68.

-3dB
1.5 2
450 700 I
M H z M H z G H z G H zG H z

fiie.6. Width of sampling pulse is adiusted by changing bias on sampling
gate in probe. High-frequency response
of uoltmeter can be adjusted in this
way, since uider pulses mean louter cutoff frequency, and uice uersa.
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Fie.8. High-trequency responseof sam'
pling uoltmeter is relatiuely insensitiue
to tenxperature changes' Tbmperature
uariation from 10"C to 68'C produces
only i2/" changes in l-GHz response-

SAMPLEHOLD OUTPUTINFORMATION
The sample hold output voltage is a
low-frequency pulse train which, clespite the lower frequency and difference in waveshape, has the same
average, peak, and rms values as the
input signal. This output makes it possible, therefore, to obtain information
about broadband signals by using only
low-frequency instruments. Fig. 9
shows oscillograms of typical sample
hold outputs for sinusoidal and random input signals having frequency
comPonents up to I GHz.
Amplitude moclulation envelopes
can be observed at the sample hold
output if the modulation frequency is
sufficiently low compared to the sampling frequency, which is 10-20 kHz.
Modulation envelopes can be observed
with any low-frequency oscilloscope
(e.g., -hp- Model l30C) for carrier frequencies up to 2 GHz or more and
modulating frequencies up to I or 2
kHz. Oscillosrams of typical displays
are shown in Fig. 10.
Peak measurementsand pulse-height
analysesmay also be macle by observing
the sample hold output with a low-frequency oscilloscope. The crest factor
of the input signal can be.as high as
l0 (4.5 on I V range, 1.4 on 3 V range)

without affecting the calibration of the
sample hold output.a
If a true-rms-reading voltmeter is
connected to the sample hold output,
the true rms value of the input signal
can be measurecl. Previously, high-frequency true-rms measurements could
only be made with a power meter,
which is much lesssensitive than a voltmeter. Conventional RF millivoltmeters can also measure true rms values
for small signals, but these voltmeters
gradually change to peak detectors as
the amplitude of the input sienal increases,whereas the cletector law of the
sampling voltmeter is the same on all
ranges. The sampling voltmeter is also
more sensitive than a conventional instrument.
The statistics of the unclamped portion of the sample hold output closely
approximate the statistics of the input
signal. Consequently, it is possible to
determine the statistical characteristics
of broadband signals by applying appropriate low-frequency techniques to
the sample hold output. For example,
the probability density and probability
distribution of, say, random noise with
4Crestfactor 0f an ac waveformis the ratio of its peakvoltage t0 its rms voltage;e.9., a crest factor of 10 for an ac
p u l s ew a v e f o r m
c o r r e s p o ntdosa d u t yc y c l e0 f 0 . 0 1 S
. ee'The
J0urnal,Vol.
Significance
of Crest Factor,'Hewlett-Packard
15. No. 5. Jan.1964.

(b)
Fig.9. Time-ucposure oscillograms of sample hold output of sarnpling uoltmeter.
Sample hold signals are statistically equiualent to input signals, but can be obserued
and measured with low-lrequency instruments. Input signals were (a) 1-MHz sine
waue, (b) l-GHz sine waue, (c) random
noise with upper frequency limit ot' 150
MHz. Upper trace in (c) shows noise input to uoltmeter corresponding to sample
hold output shown in lower trace. Noise
sottrce was two cascaded amplifiers.
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l-GHz bandwidth can be determined
by analyzing the sample hold output.
Probability information, of course, is
helpful in dealing with any signal, but
it is especially necessary when the signal is random. Yet, up to now it has
often been neglected or assumed, because of the impossibility of measuring
it for broadband signals.
DC OUTPUT AND POWER
MEASUREMENTS
With its probe inserted in a 50-ohm
tee, the voltmeter can monitor the voltage across a 50-ohm load, and power
readings can be taken directly from the
dBm scale. Power levels as small as one
nanowatt can be measured in this way.
Hence the sampling voltmeter is a
much more sensitive power monitor
than the more conventional power
meter and directional coupler.
In addition to the sample hold output, the sampling voltmeter also has a
dc output at which a dc voltage proportional to the meter reading is available. This output is primarily for driving a recorder but, because of the very
flat frequency response of the voltmeter, it also has other uses.
Using the voltmeter to monitor the
voltage across a load, leveled voltage
output over the 10-kHz-to-l-GHz range
can be obtained from any signal generator which operates in this range and
has a dc modulation input. The dc output of the voltmeter is fed back
through appropriate shaping networks
to the dc modulation input of the signal generator, causing the generator
output to be as constant as the frequency response of the voltmeter.
METER CIRCUITS
Fig. ll is a block diagram of the
meter circuits. The output of the boxcar circuit is detected and filtered to
produce a dc voltage which is a measure of the absolute average value of the
input signal. The output signal-tonoise ratio of an average-reading detector is a nonlinear function of the input signal-to-noise ratio,s so the gain of
the detector for the average value of
5 T h i sn 0 n l i n € a r i ti ys d i f f e r e n ft r o m t h a t o f a t y p i c a ld i o d e
d e t e c t o rw, h i c hi s a s q u a r e - l adwe v i c ef o r s m a l ls i g n a l sa n d
a l i n e a rd e v i c ef o r l a r g es i g n a l sT. h e d e t e c t o ri n t h e s a m p l i n gv o l t m e t eirs l i n e a r a
, n dt h e n o n l i n e a r i ti ys c a u s e d
by
t h e p r e s e n coef t h e n o i s e S
. e eW . R . B e n n e t t',R e s p o n soef
a L i n e a rR e c t i f i e tro S i g n a a
l n d N o i s e ,B
' e l l S y s t e mT e c h n i c a lJ o u r n a lV, 0 1 . 2 3 ,N 0 . 1 , J a n . 1 9 4 4S. e ea l s o B . M .
0 l i v e r , ' S 0 m eE f f e c t s o f W a v e f o r mo n V T V I \ 4
ReadinSs,'
[ewlett-Packard
,orrnal, Vol. 6, No. 10, June,1955.

(b)

Fig. 10. Arnplitude modulation enuelopes can be obserued at sample hold output for carriers up to nxore than 1 GHz and modulntion frequencies up to about 1 kHz. Oscillograms shoun are time
exposures.Camiers utere aII sinusoidal. (a) carrier: 65 MHz; rnodulatian: 300-Hz triangle waue. (b) carrier: 2 GHz; modulation:
30-Hz pulse train. (c) carrier: 2 GHz; modulation: 30-Hz triangle
utauedistorted. by PIN diode modulator. (d) canier: 7 MHz; modulation: 30-Hz sine utaue. Upper trace in (d) shotas input to uoltmeter corresponding to sample hold output in lower trace. OscilIoscope was synchronized to modulating signal only.
(d)
the signal is nonlinear. To make the
meter's voltage scales linear, a nonlinear circuit is placed between the detector and the meter. The resulting
gain is essentially constant from 50 p.V
to full scale.
Noise in voltmeters often causesconsiderable meter jitter and loss of sensi-

tivity and linearity on the lower ranges.
These effects have been greatly reduced
in the sampling voltmeter. On the one
millivolt range, the inherent noise of
the system plus thermal noise amounts
to about 150 to 200 microvolts. This
noise is not dependent upon the source
impedance of the signal being meas-

ured. It has an essentially constant
mean value, so its effects on meter readings can be corrected easily. The mean
value of the noise is subtracted from
the output in a noise suppression circuit, thereby giving the voltmeter
much greater sensitivity.
Since the noise is random and the
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Fig. 11. Blocle diagram of meter circuits of sampling uoltmeter. Instrument is auerage-responding
on all uoltage ranges. Damping and noisecancellation circuits reduce effects ol noise. Nonlinear gain circuit giues
meter linear uoltape scales.

gain of the circuit is highest when the
signal is smallest, the meter would be
very jittery if damping were not inlroduced. Flowever, damping sufficient to
reduce the jitter to a usable level would
cause the response to be very sluggish.
For this reason, a nonlinear clamping
circuit is employed. The nonlinear
damping circuit provides heavy damp-

S PE C IF I C A T I O N S
-hpMODEL3406A
B R O A D B A N DS A M P L I N G
VOLTMETER
VOLTAGE RANGE: 1 mV to 3 V full scale in eight
ranges; decibels from *50 to +20 dBm (0
dBm : I mW into 50 ohms); absolute averagereading instrument calibrated to rms value of
srne wave_
FREQUENCY RANGE: 10 kHz to I GHz; useful
sensitivity from 1 kHz to beyond 2 GHz.
FULL-SCALE AGCURACY WITH CALIBRATOR:
)-3Vo,1OO kHz-100 MHz
+5V., !0 kHz-70O MHz
:LaYo,5 kHz-I GHz
-f 1 dB. 4 kHz-1.2 GHz
-r 4 dB. 2 kHz-1.5 GHz
I N P U T I M P E D A N G E :1 0 0 , 0 0 0 o h m s a t 1 0 0 k H z .
Capacity approximately 2 pF. Input capacity
and resistance will depend upon accessory tip
used. (approximately 8 pF with 110724 isolator tip supplied.)
SAMPLE HOLD OUTPUT: Provides ac signal
whose unclamped portion has statistics that
are narrowly distributed about the statistics
of the input, inverted in sign (operating into
>200 kO load with <1000 pF).
Noise:
Typically 175 pV rms.
Accuracy with Calibrator:
0.01 V Range and Above: Same as full-scale
accuracy of instrument.
0.001 V to 0.003 V Range: Value of input
signal can be computed by taking into
account the residual noise of the instrument (see references in footnote 5, p,6).
Jitter;
Typically t2o/o peak of reading (with -hpModel 34004 true-rms voltmeter connected
to Sample Hold Output).

ing for small variations in the input
and drastically reduces the meter jitter
due to noise. The damping is decreased
for large variations in the input signal,
so that the overall response of the instrument is lairly rapid.
Because a finite number of samples
are taken in any given time interval,
there is a certain variance in the sam-

Crest Factor:
0.001 V to 0.3 V: 20 dB full scale (inversely
proportional to meter indication); I V;13
dB;3 V: 3 dB.
DC RECORDEROUTPUT: Adjustable from zero to
1.2 mA into 1000 ohms at full scale, proportional to meter deflection.
METER:
Meter scales: Linear voltage,0 to 1 and 0 to 3;
decibel, -12 to +3. Individually calibrated
taut-band meter.
R e s p o n s eT i m e : l n d i c a t e s w i t h i n s p e c i f i e d a c curacy in (3 s.
Jitter; t1olo peak (of reading).
GENERAL:
Calibrator Accuracy: -r O.75o/o.
Overload Recovery Time: Meter indicates within specified accuracy in <5 s. (30 V p,p
max,)
Maximum Input: t 100 Vdc, 30 V p-p.
RFI: Conducted and radiated Ieakage limits
are below those specified in MIL-l-6181D
and MIL-l-l6910C except for pulses emitted
from probes, Spectral intensity of these
pulses is approximately 50 nV/y'F2; spectrum extends to approx.2 GHz.
Temperature Range:
Instrument 0'C to +55'C.
P r o b e - 11 0 " C t o + 4 0 ' C .
P o w e r : 1 1 5 o r 2 3 0 v o l t s t 1 0 . / o ,5 0 H z t o
1000 Hz, approximately 17 watts.
Dimensions; Standard y2 module 6y2 in. high,
87/8 in. wide, L7t/2 in. deep (165 x 225 x 292
mm).
WEIGHT: Net, 12 lbs. (5,4 kg); Shipping, 15 lbs.
6,8 kg).
PRICE: $650.00.
ACCESSORTES
A C C E S S O R I E SF U R N I S H E D : 1 1 0 7 2 A i s o l a t o r t i p .
8710-0084 nut driver for tip replacement.
5 O 2 O - O 4 5r7e p l a c e m e n t t i p s .
7O2L3-62LO2ground clips and leads.
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ple hold output, and the nonlinear
damping serves to reduce meter jitter
due to this effect as well as that due to
n o i s e .T h e p u s h b u t t o n m e m o r y c i r c u i t
mentioned earlier is also incorporated
in the nonlinear damping circuit.
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ACCESSORIES AVAILABLE;
11064A Basic Probe Kit $100.00 consists of
the following:
110634 50-ohm 'T'.
110614 10:1 divider tip.
10218A BNC adaoter.
0950-0090 50-ohm termination.
11071A Probe Kit $185.00 consists of all the
above olus:
110734 Pen-type probe,
10219A Type 8744 adapter.
102204 Microdot adaDter
11035A Probe-tiD kit.
11061A:10:1 Divider
As well as dividing the input voltage by a
factor of ten this accessory eliminates
the effects of source impedance variations.
Accuracy (divider alone):
t5% 1 kHz to 400 MHz.
+ 1 , 2 Y " 4 O OM H z t o I G H z .
Max. Input: 150 V p-p ac; 600 V dc.
110634 'TEE': Should be used whenever
measurements are made in 50Q systems.
V S W R :< 1 . 1 5 a t 1 G H z ( b a r e p r o b e i n t e e ) .
Useful to about 1.5 GHz
Insertion Power Loss: 14o/o up to I GHz.
110724: lsolator
Essentially eliminates effects of source imDedance variations.
Increases probe capacitance by approximately 6.5 pF. Recommended frequency
range is l0 kHz to 250 MHz.
1 10734: Pen-type lsolator
Recommended frequency range is l0 kHz to
50 MHz. Various accessories adaot the
11073A to alligator iaws and other tips
which facilitate point-to-point measurements. Increases probe capacity by approximately 7 pF.
10218A: Probe-to-Male-BNC Adaoter
Recommended frequency range is 10 kHz to
25O MHz.
Prices f.o.b. factory.
Data subject to change without notice.

ATTENUATION,
MEASURING
IOSS
SWR,AND SUBSTITUTION
WITH A tOW-NOISE,HIGH-PRECISION
sWR METER
Effectsof noise ond other fqctors ore presented
for on improved SWR Meter used with crystol ond
bolometer type detectors.
MeNy UsEFULMrcRowAvE pARAMETERs,such as standing-wave ratio
(SWR), substitution loss,1insertion
loss, attenuation, and gain, are ratios
of two signal levels.The relative power
levels which determine these parameters can often be measured most conveniently and accurately by means of
a versatileaudio-frequencyinstrument
known as a standing-wave-ratiometer.
The SWR meter consists of a highgain (over 100 dB) audio amplifier
which has a selective bandpass frequency response,followed by an indicating meter which is calibrated for
SWR and relative power measurements. Fig. I shows two typical SWRmeter applications. For substitutionlossmeasurementsIFig. I (a)], a micro
wave carrier, amplitude modulated by
an audio-frequencysignal,is applied to
the attenuator under test. (The modulating signal is usually a square wave
and the modulation index is usually
l00lo, becauseother modulating waveforms sometimescauseundesirable frequency modulation of the microwave
source.)A square-law detector, usually
a crystal diode or bolometer, produces
an audio-frequency voltage proportional to the RF power at the attenuator output. The SWR meter amplifies
the fundamental component of the
audio-frequency detector output and
indicatesits srength on a scalewhich is
calibrated in dB relative to whatever
reference level has been chosenfor the
measurement. The reference level, of
course,is establishedbefore the attenuator is inserted into the circuit. For
SWR measurements[tr.ig. I (b)] the
setup is similar, except that the SWR
meter is used as an indicator for a detector mounted on the probe of a slotted line, and readings are taken from a
scalewhich is calibrated in SWR.
A more sensitive, more accurate
I RobertW. Beatty,'lnsertionLossConcepts,'ltEE Proceedings, Vol. 52, No. 6, June,1964.Also Hewlett-Packard
Apo l i c a t i o nN o t eN 0 . 5 6 .

Fig. l. (a) Blnck diagrarn of substitution-Ioss-measuring setup using
SWR meter. RF signal-generator output is arnplitude modulated by
an audin-frequency square waue. Square-laut detector produces an
audio-frequency output uoltage proportional to the RF power. SWR
meter arnplifies and. measures the audio signal. (b) SWR nxeasurenxent setup, with SWR meter used'as the indicator for a slotted, Iine.

SWR meter (Fig. 2) has now been de- new meter is able to exploit fully the
veloped by the -hp- Microwave Divisensitivity of the newest detectors.Its
sion. Because of its low noise figure,
ability to operate with lower input
precision attenuators, and high gain
power also increasesits accuracyin cerstability, this SWR meter is able to
tain measurementson non-linear solidmake many measurementswhich pre- state devices: the SWR of a microwave
viously were possible only with far
detector at high power, for example, is
more complicated and more costly de- different from its SWR at the low
vices.To demonstratethe instrument's power at which it normally operates.
Accuracy of the SWR meter's attenpotential and to provide a guide to its
most effectiveuse,a great deal of useful uators has also been improved. The
information gatheredduring the SWR
RANGEattenuator is variable from 0
meter's development is summarized to 60 dB in lO-dB steps,and is accurate
later in this article.
within {-0.05 dB per step. Its maxiThe SWR meter has a noise figure mum cumulative error is -+0.10dB.
For increasedresolution, there is an
specificationof less than 4 dB, an improvement of 6 to l0 dB over previous ExpANDattenuator which allows any
models.As a result, its dynamic range 2-dB portion of the insrument's 70-dB
is greater,becauseit can make measure- range to be displayed full-scale on the
ments at lower RF power levels than
indicating meter. A meter reading of
were practical with earlier versions. -56.18 dB, for example, can be read
Rated sensitivity of the instrument is with maximum resolution by switching
0.15 pV rms for full-scaledeflection at
the nexcn attenuator to 50 dB and the
maximum bandwidth, or I s,V rms if
ExpANDattenuator to 6 dB, and readthe detector is a high impedancecrys- ing the remaining 0.18 dB on the 0-2
tal. When its gain and bandwidth are dB rxpeNo scale of the meter. The
set for rated sensitivity, the meter's maximum cumulative error of the txPANDattenuator is -+0.05 dB.
noise level is at least 7.5 dB below full
scale.
The indicating meter is accurate
Becauseof its low noise figure, the
within -t-0.02dB, so the absolutemax.9.

Fis,. 2. -hp- M odel 41 5E SW R
Meter has scales calibrated in
dB and SWR for use with
square-lau detectors. Instrument has noise ftgure less than
4 dB when used uith coffLmon
crystal or bolometer detectors.
Attenuators are accurate within t0.15 dB.

.ri

imum cumulative error from the attenuators and the meter is only -+0.17 dB
over the 70-dB range.
The operating frequency of the new
SWR meter is nominallv |000 Hz. but
it is acljustableover aTlorange so that
the meter can be tuned precisely to the
signal generator modulation frequency.
Bandwiclth is adjustable from l5 Hz to
130 Hr., the narrowest bandwidth resulting in maximum sisnal-to-noise
ratio and maximum usable sensitivity,
and the widest bandwidth allowing
swept-frequency measurements and
oscilloscope presentation. The filter
which gives the amplifier its selectivity
is a specially designed active filter

which keeps the amplifier gain approximately constant as the bandwidth is
varied.
Feedback stabilization of the amplifier has been employed to eliminate
'drifti
or gain changes caused by variations in line voltage, frequency, or temperature. Drift in a typical production
instrument over a 24-hour period has
been observed to be only 0.03 dB. This
means that once a reference level has
been set, it need not be checked perioclically.
The new SWR meter has both ac
and dc outputs so that it can be used
as a high-gain (126 dB), 1000-Hzac amplifier or to drive a recorder. The dc

a@

Fnnowrortt-lE

level of the ac output voltage is zero
and does not change with signal amplitude; this simplifies oscilloscope presentations.
The input circuitry of the instrument is designed to operate with unbiased low-impedance or high-impedance detectors, or to supply bias currents of 4.5 mA or 8.7 mA for bolometer detectors. The bias currents are
held constant within +37o so that no
adjustment is necessary for individual
bolometers. The input ground is connected to the circuit ground, and is isolated by a resistor from the chassis
(power-line) ground. This attenuates
the effects of ground-loop voltages so
that they will rarely if ever be a
problem.
The new meter is all solid state, and
can be battery operated.
STUDY OF SWR METER PRECISION
In the course of the development
and testing of the SWR meter, much
information was gathered concerning
the accuracy of measurements made
with the SWR meter in combination
with typical crystal and bolometer detectors. Some of this information was
obtained from technical papers and
some was obtained from laboratory
measurements. Since few readers have

?@
ac output

dc output

Attenuator

Fig.3. Bloch diagram ol -hp- Model 4158 SWR
Meter. First attenuator is used only lor the 0,
10, and 20-dB positions of the RANGE switch.
Second attenuator is used in 30, 40, 50, and

60-dB positions. This design preseruessignal-tonoise ratio by first amplit'ying, then attenuating
small signals. Input arnplifier has uery lou noise.
AII amplifiers haue feedbach-stabilizedgain.
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FiS. 4. Error due to noise in -hpModel 4158 SWR Meter readings.
Error is shown as a function of difrerence between signal-plus-noisemeter
reading and noise-alone (RF source
disconnected) meter reading. 8.C., it
signal-plus-noisereading m inu s noise
reading is 8 dB, then signal-plus-noise
reading is 0.05 dB higher than correct
reading for signal alone.
the opportunity to conduct such a
study, some of the important results are
summarized here. Topics treated are:
noise figure and its effect on accuracy
at low power, deviations from square
law of typical detectors at high power,
and the effects of temperature on the
square-law behavior of crystals. These
results should be of considerable value
to readers who need a high degree of
precision in attenuation, SWR and substitution-loss measuremenrs.
NOISE AND NOISE FIGURE
The SWR meter is designed to operate with square-law detectors such as
bolometers (e.g., barrettersr) and crystals. At low RF power levels, noise
generated in the detector and in the
amplifier determines the lower limit
on the dynamic range of the detector
and meter.
The effects of noise on average meter
readings are somewhat systematic and
predictable. Noise causes the meter to
read too high by the amounrs shown in
Fig. 4. These errors have been calculated for the type of merer circuit used
'fo
in the -hp- SWR meter.
use Fig. 4
to estimate the effects of noise on meter
indications, the RF source should be
turned off after each measurement and
a second reading taken on the noise
alone. Fig. 4 is a plot of the difference
between these two readings versus the
2 A barretteris a resistiveelementwith a oositivetemDerat u r e c o e f f i c i e not f r e s i s t a n c el t.s r e s i s t a n ci en c r e a s ewsh e n
it absorbsDower.

corresponding measurement error in
the first reading. For example, if a reading of signal plus noise is 8 dB above
the reading obtained with noise alone,
then the original signal-plus-noise reading is about 0.05 dB higher than the
correct value for signal alone.
A useful measure of the sensitivity
of an SWR meter is its noise figure.
Noise figure (in dB) of an SWR meter
is twice the difference between the actual meter indication (in dB) and the
calculated meter indication (in dB) for
a noiseless SWR meter with the same
source impedance. The factor of two is
necessary because the meter is calibrated for square-law detectors.
An unbiased detector like a crystal
cliode has a noise voltage which is the
same as the thermal noise voltage that
woulcl be calculated for an equivalent
resistor of the same video impedance.
For a diode cletector, therefore, the
lower limit on the dynamic range of
the SWR meter is set by irs noise figure.
An instrument with a noise figure
which is 6 dB lower than that of another instrument will have a noise level
which is also about 6 dB lower. This
corresponds to 3 dB on the SWR meter
and 3 dB in RF power ar rhe derecror
input, because of the squareJaw cali
bration.
Biased detectors like barretters generally have a noise-temperature ratio
greater than one and generate noise
voltages which are large compared to
the noise contributed by the SWR
meter. A measurement comparing a

200-ohm barretter with a 200-ohm
metal film resistor showed that the
SWR meter noise level with the barrerter was approximately 2 dB higher than
with the resistor. This means that the
noise level of the SWR merer with a
barretter detector is determined primarily by the barretter. However, the
meter with the lowest noise figure will
still have the lowest noise level, because
amplifier noise power and detector
noise power are additive.
The noise figure of the new meter
has been optimized for the source impedances presented by the square law
tletectors most often used with SWR
meters. The noise figure of the insrument is typically less than 4 dB when
the detector has an optimum impedance, which is about 5000 ohms with
the meter's rNpur switch in the highimpedance position and about 100
ohms otherwise. The noise figure varies
slowly with source impedance, and system performance will not be impaired
seriously by the use of detectors whose
impedances vary from the optimum by
a factor of 2 to l. Fig. 5 shows typical
behavior of the noise figure of the
meter as the source impedance changes.
As an example of how the low noise
figure of the new meter enables it to
make accurate measurements of very
small signals, suppose that meter gain
is set for a full-scale sensitivity of 1.0
pV, that bandwidth is set at the minimumvalue (l5Hz\, and that the detector impedance is 5000 ohms. With these
settings, a 5-dB meter reading will be
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Fig. 5. -hp- Model 415E noise figure us. detector source impedance.
Noise figure Ls defined as tu.sice the difierence betuteen actual meter
reading and calculated meter reading for noiseless SWR meter with
same source impedance.
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Fig.6. Measured errors in readings ol -hp- Model 415E SWR Meter
caused by deuiation of barretter detector frorn square law. (a) Error
in reading of SWR meter us.peah input pott-terto barretter. (b) Error
in reading of SWR rneter us. reading of SWR meter. RF signal amplitude modulated by 1-hHz square uaue; modulation ind,ex, 1O0/".

in error by lessthan 0.1 dB. This 5-dB
reading correspondsto only 0.316g,Vat
the input of the SWR meter, or to a
peak RF power of -57.6 dBm for a detector with a sensitivityof 4 mV I p.W (a
typical value).

nected directly to the input of the SWR
meter.
For barretters, the upper limit on
square-law performance is determined
by several factors.4 First, square-law
error may be increased if the input impedance of the SWR meter is low. In
ERRORS
AT
SQUARE.LAW
substitution-loss and attenuation measHIGH FOWERLEVELS
urements there may be a second error
Bolometersand crystalsbegin to de- at high power levels caused by changes
viate from square-lawoperation when
in the reflection coefficient of the bartheir video outputs becomelarge. The
retter. Still another error. called bias-hp- Model 42SACrystal Detector,3for
ing error, is dependent upon the type
example,deviatesup to -+-0.5dB from
of dc bias supplied to the barretter.
squarelaw at a video output of 50 milTo determine the effect on SWR-meter
livolts peak,when operatedwith a spe- readings of these barretter square-law
cial load which is designedto extend errors, a set of measurements was taken.
its square-law range.
The measurement setup was designed
Although 0.5 dB is a reasonably to minimize microwave mismatch ersmall error, it is a large error compared rors, and the SWR meter was carefully
to the inherent errors of the new SWR
calibrated to eliminate attenuator and
meter. The sensitivity of the SWR
meter errors. Thus the errors measured
meter makesit possibleto operatecrys- were the sum of all of the square-law
tal detectors at much lower video outerrors just mentioned.
puts, where they follow a true square
Results are shown in Fig. 6. Fig. 6(b)
law much more closely. Normally, it
shows the error in the readings of the
will be possibleto operatethe crystalin
SWR meter as a function of the meter
a region where its errorscontribute less readings and Fig. 6(a) shows the error
than .05 dB. For example, the devia- in the meter readings as a function of
tion from squarelaw of the -hp- Model
the peak power input to the barretter.
423.4CrystalDetectorwithout any spe- Total square-law error was less than
cial load will be lessthan -+0.05dB for
0.05 dB for a 100/o-square-wave-modabout 2 millivolts peak output or about
ulated RF signal having a peak power
I millivolt rms. Special square-law of about 500 pW, or -3 dBm. The
loads are not very effectiveat eliminatSWR meter at this point read approxiing small errorsof 0.05dB or less,espe- mately -13 dB which corresponded to
cially when a range of temperatures is
7 g,V rms at the meter input. If a user
encountered. Consequently, at video
is operating a barretter detector below
outputs of a few millivolts or less, a
these levels, he can be confident that

crystalis a good square-lawdevicecon3 The -hp- Model423Ais a wideband,
crystal
high-sensitivity
detector,designed
to operatebetween10 MHzand12.4GHz

. G . U . S o r s € ra n d B . 0 . w e i n s c h e l' ,C o m p a r i s o0nf D e v i a tions from SouareLawfor RFCrystaiDiodesand Barretters,'
Vol. l-8, No. 3, Dec.,
IRE Transacti0ns
0n Instrumentation,
1959.
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the barretter is a good square-law
device.
DYNAMIC RANGE
Fig. 7 shows the useful ranges of the
SWR meter when used with a typical
crystal diode detector and a typical
barretter detector. As discussed above,
the limits on dynamic range are determined by noise at low power levels and
square-law errors at high power levels.
The measurements for Fig. 7 were
made with the SWR meter set for minimum bandwidth (15 Hz). They indicate that, although the crystal makes a
more sensitive detector by about 8 dB,
the dynamic range of the meter is
greater with the barretter detector. Dynamic range for a maximum error of
-+0.05 dB was 32 dB for the crystal,49
dB for the barretter. These values are
for two specific detectors, of course. fb
determine the limits of the measurement range of any crystal or bolometer
detector when used with the -h5 SWR
meter at minimum bandwidth, simPlY
measure the meter noise level in dB
(meter reading with no RF inPut to
detector). Then add 8 dB to determine
the lower limit of the measurement
range (e.g., if noise level is -68 dB,
lower limit is -60 dB). For a crystal,
add 32 dB to this lower limit to determine the upper limit (e.g., if lower

BRADFORDG. WOOLLEY
cil Woolleyjoined -hp-- in 1963 as a
development engineer in the -hPMicrowaveDivision,after receivingAB
and BSEEdegreesfrom Brown Univer'
sity. He participated in the design of
the 789C Directional Coupler and the
788C Directional Detector, and more
recently in the final stages of the de'
sign of the 415E SWR Meter, Paying
particularattentionto the environmental performanceof the 415E. His current projectsare concernedwith broad'
band power measurement using
lumped and distributed circuitry. Gil is
also working towards his MSEEdegree
at Stanford University.
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SENSITIVITY: 0.15 pV rms for full-scale def lection at maximum bandwidth (1 pV rms
on high impedance crystal input).

o.20

NOISE: At least 7.5 dB below full scale at
rated sensitivity and maximum bandwidth
with input terminated in optimum source
impedance (100 ohms or 50O0 ohms).
Noise figure less than 4 dB.
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ACCURACY: -f0.05 dB/10 dB step, max.
imum cumulative error between any two
lO-dB stePs, +0.10 dB; maximum cumulative error between any two 2-dB
steps, 10.05 dB. Linearity: 10.02 dB on
expand scales, determined by inherent
meter resolution on normal scales.

(dBm)
PEAKPoWERINPUTTO DETECToR

Fig. 7. Measurenxent range of -hp- Model 4158 SWR Meter extends to lower
pouser leuels than were preuiously usable because m.eter has lotu noise figure.
Range is limited at low pouter leoels by detector and meter noise and at high
pouer leuels by deuiation of detector from square law. Curues show enors in
rneter read,ings due to these tu)o sources for typical crystal and barretter d.etectors. Errors are shown as a function of peah RF power input to detector (RF
signal 100/o amplitude modulated by 1-hHz square waue) and. as a function of
meter read.ings. Note that crystal detector is more sensitiue, but dynamic range
of barretter is greater.

limit is -60 dB, upper limit is -28
dB). For a barretter, the upper limit is
49 dB above the lower limit. Conservative practice may suggest decreasing the
upper limit by one or two dB.
Errors caused by other system uncertainties would probably exceed these
meter errors in most setups. Assume,
for example, that the substitution-loss
setup of Fig. I (a) is used to measure
the attenuation of a 20-dB attenuator.
In such a setup, there are almost always
source, attenuator, and detector mismatches. If each mismatch produces an
SWR of 1.5 (a typical value), the measured attenuation may be in error by one
dB.s The accuracy of the new SWR
meter, therefore, is more than adequate
for most applications.
EFFECTOF TEMPERATUREON
CRYSTAL DETECTORS
A crystal detector operated in the
square-law region, that is, at low power
levels, produces a voltage Vn at the
input of the SWR meter which is proportional to the crystal input power
P,". The constant of proportionality is
inversely proportional to the absolute
5 Hewlett-Packard
ApolicationNote No. 56.

temperature T Thus, in the square-law
region,
V"a
P-:T
where a is a constant which depends
upon the characteristics of the crystal.
The crystal retains its square-law
characteristics with temperature
changes, and no measurement error is
introduced so long as the temperature
of the crystal does not change between
the setting of the SWR-meter reference
level and the measurement of the unknown power.
If the crystal temperature changes
between the reference setting and the
measurement, the measurement will be
in error by an amount which depends
on the magnitude of the temperature
shift. A change in T from 293'K to
323"K (20'C to 50oC), for example,
will cause an error of
-|242
T'
323
Normal laboratory temperature variations of 2 or 3"C will cause less than
.04 dB error.
-Bradf ord G. Woolley
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INPUT1 Unbiased low and high impedance
crystal (50.200 and 2500-10,00o ohm optimum source impedance respectively tor
low noise); biased crystal (1 V into 1 k);
low and high current bolometer (4.5 and
8.7 mA +3olo into 200 ohms) positive
bolometer protection. Input connector,
BNC female,
INPUT FREQUENCY: 1000 Hz, adiustable
7o/o. Other frequencies between 400 and
2500 Hz available on special order.
BANDI{IDTH: Variable, 15 to 13O Hz. Typ.
ically less than 0.5 dB change in gain from
minimum to maximum bandwidth.
RECORDER OUTPUT: 0 to 1 V dc into an
open circuit from 1000 ohms source impedance for ungrounded recorders. Output
connector, BNC female.
AMPLIFIER OUTPUT: O to 0.3 V rms (NORM),
0 to O.8 V rms (EXPAND) into at least
10,000 ohms for ungrounded equipment,
Output connector, dual banana iacks.
METER SCALES: Calibrated for square-law
detectors.SWR: I to 4,3.2 to 10 (NORM);
I to 1.25 (EXPAND). DB: 0 to 10 (NORM);
0 to 2.O (EXPAND). Battery: charge state.
METER MOVEMENT: Taut-band suspension,
individually
calibrated mirfor-backed
scales; expanded dB and SWR scales
greater than 4% in. (108 mm) long.
RFI: Conducted and radiated leakage lirnits
are below those specified in MIL-l-6181D.
POWER: 115 or 230 volts -r10%, 50 to 4O0
Hz, 1 watt. Optional rechargeable battery
provides up to 36 hours continuous operation.
PRICE: -hp-

Model 415E, $350.00.

OPTIONS:
01. Rechargeable battery installed, add
$100.0o
02. Rear.panel input connector in parallel
with front-panel connector, add $15.00.
Prices f.o.b factory
Data subiect to change without notice

INCREASING INSTRUMENTSENSITIVITY
WITH A IOW-NOISE PREAMPTIFIER
A guide to o number of opplicqtionsin which meosurements
ore simplifiedby o low-noisewide-bqndomplifier.
ExrrNnrNc rHE usEFUL RANGEoF rNsTRUMENTsdown into the microvolt
range requires a stable preamplifier
with a low noise level, high output and
wide dynamic range. A new generalpurpose amplifier designed to amplify
low level signals has a typical noise
level of 15 g,V and a bandwidth of I
megahertz. Either 20 dB or 40 dB gain
can be selected. Frequency response is
less than 2 dB down from 5 Hz to I
MHz; output is greater than l0 volts
rms open circuit and greater than 5
volts rms into 50 ohms (r/2 watt). This
combination of high output, low noise
and wide bandwidth gives the ampli
fier a wide dynamic range - 72 dB in
the 40 dB gain position, and 92 dB at
the 20 dB gain setting. These characteristics coupled with a l0-megohm,
15-pF input, make the amplifier useful
in a wide range of applications, especially those applications where low
noise level is essential.
Low noise in the amplifier is achieved
with a field-effect transistor (FET). As
shown in Fig. 2, the FET drain load is
boot-srapped by the second stage, an
emitter-follower, to increase the efiective drain load resistance, and hence
obtain a gain of 40 dB in the FET.

Fig. 1. -fup- Model 4654 low
noise amplifier, lower let't, has
a uoltage gain of 2O dB or 40
dB and a frequency response
ot' +0.1 dB from 100 Hz to 50
hHz. Input impedance is 10
megohmsshunted by less than
20 pF; output impedance is 50
ohms with 5 uolts rms output
into a 50 ohm load. Noise is
Iess than 25 pV rms referred
to the input with 1 megohm
source resistance.

The emitter-follower also drives a
second amplifier stage which in turn
is followed by an emitter-follower clriving a complementary-symmetry output
stage. The output impedance of the
amplifier is essentially zero ohms and
is raised to 50 ohms by a fixed resistor.
Following are some typical applications which take advantage of the characteristics of this amplifier.
LOW NOISE APPLICATIONS
Noise performance of amplifiers and
power supplies is usually presented as
a plot of noise amplitude versus frequency. Data for this plot is obtained

Fig.2. As shown in the bloch diagram of the general purpose amplifier,
negatiue feedbach from the output is injected into the FET source to
stabilize amplifter gain and insure linearity. Ouerall gain is changed by
switching the feedbach ratio.
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with a wave analyzer at the output of
the unit under test. When measuring
noise in the nanovolt region, it is necessary to increase system sensitivity by
amplifying the noise output. Parametric amplifiers have been specially designed for low frequency applications.
They can be used to increase sensitivity
of a noise measurement system, and a
further increase can be obtained by
adding the low noise amplifier following the paramp. Output noise of the
paramp is relatively constant over its
bandwidth, but the noise of the amplifier drops rapidly at increasing frequency, with its input shorted.
In a specific application, Fig. 3, the
output noise of a 2 Hz to 100 KHz
parametric amplifier used was 400 nY I

Fig. 3. Norrout band analysis of noise
as a function o[ t'requency requires a
waue analyzer. The uaue analyzer
band,width is only 6 Hz and more gain
for low noise measurements can be obtained by using a paratnetric amplifter
and the general purpose amplifier.
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If a l:30 step-up transformer is used,
the effective noise of the amplifier referred to the input is divided by 30
over the entire frequency range of the
transformer. Care must be taken in
using a transformer to avoid pickup of
external fields.

o

l

a
z

Fig. 5. Noise figure plot of the -hp4654 shows that the source impedance
for best noise perlormance is from 100
hilohrns to 1 megohm.
llHz and the paramp output presents
a nearly shorted source to the amplifier. Under these conditions, the noise
in the amplifier drops below 400 nV/
y'Hz above 50Hz, Fig.4. Thus adding
the amplifier to the system increases
gain with no noise contribution from
the preamplifier above 50 Hz.
In some measurements it is desirable
to use a transformer instead of a parametric amplifier to match impedance
levels so that the general purpose amplifier is operated at an optimum
source impedance for lowest noise performance. In Fig. 5, this impedance is
in the range from 100 k to I megohm.
Noise characteristic for a l-megohm
source is shown in Fig. 4.
More important,however, the use of a
properly designed step-up ffansformer
increasesgain with no increasein noise.

LOW-PASS
FILTER
1 . 6k H z

DIODE NOISE MEASUREMENT
In production, selection of diodes for
a sampling gate according to their
noise when reverse biased is accomplished with the simple test set-up, Fig.
6. Measurements are made with an
rms voltmeter to get true rms value of
diode noise. Overall system noise of
this scheme is l0 pV Acceptable diodes
had noise voltages less than 20 pV
The same test set-up, with appropriate filter and proper shielding could
be used to measure transistor noise or
noise in other components to a level as
low as 2 g,V
UNITY GAIN IMPEDANCECONVERTER
The new general-purpose amplifier
can be used as an impedance converter,
Fig. 7. On the 20 dB position with its
normal lO-megohm input, the amplifier provides a l0-ohm output at I volt
rms (a) and l-ohm output impedance
at 0.1 volt rms (b). For very high impedance input, the circuit at (c) provides a l00-megohm, 2 pF input. The
trimmer is used to provide unity gain
through the amplifier on the 20 dB

Fie.6. Wide dynarnic range of
the general purpose amplifier
is used to best aduantage in
diade nobe tneasurentent tests
uith an rms uoltmeter. Crest
factor of the input waueform
is maintained and the amplifier noise contribution to the
system is insignificant.
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Fig.7. Input impedance of the -hp4654 is 10 megohmsuith a50-ohm output. Output irnpedance can be made 70
ohms (a),1 ohm (b), or input irnpedatlce can be 1O0megohms by circuit (c)
in the 2O dB position, thus allouing
impedance matching at unity gain.
position, and the impedance converter
will have a frequency response similar
to the basic amplifier.
MEDIUM FOWEROSCILLATORS
Maximum output of the -hp- Model
2048,208A' and 241A solid-state Oscillators is l0 mW into a 600-ohm load.
Their output power can be increased
14 times into a 600-ohm load with the
amplifier, or by a factor of 180 into a

ROBERTB. BUMP
Bob Bump received his BSEE in
June,1962,from CaliforniaInstituteof
Technology. He jolned the *hp- Loveland Division as a development engineer in July, 1962.Sincethat time, he
has worked on the -hp'- Model 208A
Test Oscillator and the -hp
Model
465A Amplifier.He also conducted
some investigation projects on amplifiers.
Presently, Bob is attending Colorado
State University on the -hp-- Cooperative Honor's Program, He expects to
receive his MSEE from that school in
December,1966.
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Fig. 8. Output of low power test oscilIators can be increased, sufficiently to
driue a loudspeaher if desired.

50-ohm load, Fig. 8. The amplifier can
drive a loudspeaker if clesirecl.
TEN-WATT,l-MHz AMPLIFIER
When the new amplifier is cascaded
with the -hp- Model 467,4' Power
Amplifier, Fig. 9, the combination
achieves l0 watt peak power output,
an overall stable gain of 60 dB, a
l-MHz frequency response, and the
low-noise, high-impedance input of the
new amplifier.
VOLTMETERPREAMPLIFIER
Sensitivity of a lO-mV voltmeter,
such as the -hp_ Model 427,4 can be increased to I mV directly at the 20 dB
gain setting oI the amplifier, Fig. 10.
It may also be extended to 100 A.V full
scale at the 40 dB setting by adding a
bandpass filter between the amplifier
ancl the vohmeter. Similarly, a l-mV
voltmeter can be extended to I00 pV
by using the 20 dB gain setting.
Sensitivity of a digital a-c voltmeter
can also be extended while maintaining useful accuracy. Frequency re-

S PE C IF I C A T I ON 5
-h5
M O D E L4 6 5 A
A MP L IF IE R
VOLTAGE GAIN: 20 dB (X10) or 40 dB
(X100), open circuit.
GAIN ACCURACY: t0.1
dB 1-t1o7"; u,
1000 Hz.
F R E Q U E N C YR E S P O N S E : t 0 . 1 d B , 1 0 0 H z
to 50 kHz <2 dB down at 5 Hz and 1 MHz.
OUTPUT: >10 volts rms open circuit; >5
volts rms into 50 ohms (Y2 watt).
DfSTORTION: <7Yo, 70 Hz to 100 kHz,
<2Y., 5 Hz to 10 Hz and 100 kHz to
I MHz.
INPUT IMPEDANCE: 10 megohms shunted
by <20 pF.
OUTPUT IMPEDANCE: 50 ohms.
NOISEI <25 pV rms referred to input (with I
megohm source resistance).
TEMPERATURE RANGE; O to +50'C.
P O W E R :1 1 5 o r 2 3 0 V - + l o y o , 5 0 t o 1 0 0 0 H z ,
10 watts at full load.
WEIGHT: Net: 4 lbs. (1,8 kg). Shipping: 6
lbs. (2,7 kg).
DIMENSfONS:r module, sy, in. wide,3taA2
in. high, l1 in. deep (130 X 87 X 279 mm).
PRICE: $190.00.

Fig.9. Cascading the -hp- 4674 Power
Amplifier with the amplifier results in a
stable 60-dB amplifier uith ll-megohm
input impedance and, 10 watts peak
power output.

Fig. 10. A 10 mV uoltmeter such as the
-hp- Model 4274 can be extended to
read 1 mV full scale with the atnplifier
gain set at 20 dB-
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sponseof the amplifier is within 1/"
from 100Hz to 50 kHz, thus increasing
resolution of a digital voltmeter, such
as the -hp- 3145,to a I mV rms.
OSCI
LLOSCOPE
PREAMPLIFIER
As an oscilloscopepreamplifier, the
amplifier providesa 10-megohm,15-pF
input without the use of a probe. An
oscilloscopewith a sensitivity of 0.05
V/cm (0.5V/cm with probe) will have
a sensitivityof 5 mV/cm with the amplifier on the 20 dB gain position or
0.5 mV/cm on the 40 dB position. In
the latter position,noiseis only 0.2cm.
DISTRIBUTION
AMPLIFIER
Low output impedanceof the ampli
fier is advantageousfor driving several
loads simultaneously, Fig. ll, or for
driving long cables.The amplifier has
been used as a distribution amplifier
to supply a precision100kHz time base
simultaneouslyto severalcounters.

The -hp- 465.4 Amplifier was designecl under the direction of Noel
Pace. Product design was by Kay Danielson and electrical design by the undersigned.
-Robert B. Bump
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Fig. 11. Lou output impedance of the
-hp- Model 4654 permits driuing seueral loads in parallel, such as seueral
counters simultaneously from an external precision time base.

AT WESCON_

WIDEBAND
S A M P L I N GS E S S I O N
Translation of frequency using wideband
samplingtechniqueshas extendedtraditional
low-frequency
measurementmethods into the
microwaveregion.Samplingis now becoming
more importantwith the applicationof phaselocked-loopsto sampling instruments, thus
opening new ways of measuring'vector volta g e 'a n d c o m p l e xi m p e d a n c e .
The use of sampling for electronic instrumentationwill be discussedby four -hp- au.
thors at a contributed technical session at

O T H E R- h p - P A P E R S
Also at WESCON/66,M. M. Atalla of -hp*
Laboratorieswill review the state of the art
and assessthe future of Schottkybarriersand
their applicationsas discrete devicesand in
integratedcircuits.Schottkybarrierdiodesare
alreadyin use in a number of high frequency
applicationsand many new devicesbased in
the conceptwill soon becomeavailable.Title
of Dr. Atalla's paper is 'Metal Semiconductor
Schottky Barriersand Devices:lt will be pre-

Prices f.o.b. factory
Data subiect to change without notice
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WESCON/66.Session chairman Dr. Bernard
M. Oliver,-hp- vice-president
for researchand
d e v e l o p m e nw
t ,i l l o u t l i n ep r o g r e s sm a d ei n t h e
past few years in adapting sampling techniques to extending instrument bandwidths.
Paperswill cover variousaspectsof sampling.
WESCON/66will be in Los Angelesthis year
from August 23rd through 26th. The -hptechnicalsessionwill be Friday,August 26th,
f r o m 9 : 3 0 t o 1 2 : 0 0n o o ni n t h e B i l t m o r eH o t e l
Renaissance
Room.

sented Tuesdaymorning,August 23rd, in the
Biltmore Hotel Ballroom.
Another-hp- author, John C. Beckett,will
presenta papersuggestinga systemsapproach
to achievea balanceof transportationmodes
f o r t h e p u b l i c .H e c o n s i d e r sv a r i o u sm e a n so f
auto travel combined with methods of mass
transit to suit individualneeds. Beckett'sDap e r ,' l n n o v a t i o n fso r M a s sT r a n s p o r t a t i o nw' ,i l l
be presentedThursdaymorning,August 25th,
i n t h e B i l t m o r eH o t e l B a l l r o o m .

