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Fig. l. Frequency response of typical prod'uction sampling uoltmeter is flat within
+ 1To frotn 1o hHz to 1 GHz. (Jseful sensitiuity extends frorn I hHz to ouer 2 GHz-

A SENSITIVE NEW l-GHz SAMPIING VOTTMETER
WITH UNUSUAT CAPABITITIES

A voltmeter operoting on the principle of incoherent sompling

meosures over wide frequency ond voltoge ronges while

prov id ing on output  usoble for  s ignol  onolys is .

S.q.x.{pr,rNc HIGH-FREeuENcv weves in

order to construct low-frequency equiv-

alents of them is a powerful technique

fot observing and measuring broad-

band signals. The sampling osci l lo-

scope,1,2 introduced 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 an-

gles 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

ach ieve  except iona l  sens i t i v i t y ,  f re -

quency response, and accuracy in a new

broaclbancl voltmeter (fig. 2). In acldi-

t ion to i ts basic voltage-measuring

function, the sampling operation ancl

flat frequency response of the new volt-

meter give i t  many capabil i t ies not

founrl in more conventional RF milli

voltmeters. Peak voltages, amplitucle

modulation envelopes, true rms values,

pulse height information, and prob-

abilitv densitv functions of broadband

signals can be determined by observing

the  ou tpu t  o f  the  sampl ing  c i rcu i t .

Much of this information has never

before been accessible for broadband

signals. Other uses for the insrument

include broadband Power measure-

ments and leveling of the outputs of

broadband signal generators.

I  Roder ick  Car lson ,  'A  Versa t i le  New DC-500 l \4C 0sc i l l0sc0pe
wi th  H igh  Sens i t i v i t y  and Dua l  Channe l  D isp lay , ' l l ew le t t -
Packard ,lournal, V0l. 11, No. 5-7, Jan.-lvlar, 1960.

2Wayne lvl. Grove, 'A Netv DC-4000 MC Sampling 'Scope

P l u g - i n  w i t h  S i g n a l  F e e d - T h r 0 u g h  C a p a b i l i t y , '  H e w l e t t '
Packard J0urnal, Vol. 15, No. 8, April, 1964

3 Fr i tz  K .  Weiner t ,  'The RF Vector  Vo l tmeter  -  An  Inpor tan t
New Ins t rument  fo r  Ampl i tude and Phase Measurements
from 1 MHz to 1000 MHz,' Hewlett-PaDtanl ,0urral, Vol. 17,
No. 9, May, 1966.
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The specified frequency range of the
voltmeter is l0 kHz to 1 GHz, and the
frequency response of a typical produc-

tion instrument is flat within one per-
cent over this range. Useful sensitivity
extends from I kHz to 2 GHz or more.
Voltage measurements are accurate

within + 37o of.full scale from 100 kHz

to 100 MHz, +5To ftom l0 kHz to 700
MHz, and -+87o to I GHz.

The sampling voltmeter responds to

the absolute average values of un-
known 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 irc sensitivity

is high enough to measure voltages as

small as 50 pV. Voltage scales are

linear, and resolution is 20 pV on the
I mV range.

Unlike some RF mil l ivoltmeters,

which are rms-responding on the lower

ranges and gradually change to peak-

detecting on the higher ranges, the new
voltmeter is average-responding on all
ranges. This means that its measure-

ments 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 de-

termined simply byrnultiplying the
meter reading by y'8/z (the ratio of

absolute average to rms values of a

sine wave).

Instead of the coherent, waveform-

preserving 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- Love-
land Laboratory, the input voltage is

sampled at irregular intervals which
have no relationship to any of the fre-
quency 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-measur-
ing function is preserved, while wave-

form, which is irrelevant, is not pre-
served. Details of both coherent and

Fig. 2. Broadband sarnpling uoltmeter, -hp- Model 34064,
has 1O-pV sensitiuity, 20-pV resolution, flat frequency re-
sponse lrom 10 hHz to 1 GHz. Accuracy is !3To to 100
MHz, t5/" to 700 MHz, +87o to 1 GHz. Sarnpling circuit
output is auailable on rear panel, giuing instrument unusual

capabilities for analysis ol broad,band signals.

incoherent sampling methods can be
found on pages 4 and 5.

Incoherent sampling is especially ad-
vantageous in a voltmeter, because it
gives the meter the sensit ivi ty, ac-
curacy, 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 volt-
meter 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 push-
button which, when pressed, causes the
voltmeter to retain its reading until the
button is released. This memorv svstem

Fig. 3. Sampling probe assembly con-
tains sampling-pulse generator and

four-diode sampling bridge. Photo also
shows pushbutton which,  uthen de-
pressed, causes tneter to retain reading
until button is released. This mernory
deuice eliminates need to hold probe in
circuit and read meter at same tirne.

Fie. 4. Bloch diagram. of sampling circuits of sampling uoltineter. Inco-
herent sarnpling is used, i.e., sampling interuals are not correlated with
input signaL Incoherent interuak are generated by'smearing' sarnpling
rate from 10 hHz to 20 kHz at 10-Hz rate. Sample hold circuit retains
consta.nt uoltage proportional to satnple until next sampling instant.
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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 sam-
pling circuit and the memory push-
button.

Other conveniences of the new volt-
meter, besides the memory pushbutton
already mentioned, include pushbut-
ton range selection, rapid recovery
from overloads, and a front-panel cali-
brator and zero receptacle. The meter

recovers within five seconds from an
overload of 30 V peak-to-peak (about
10,000:l  on i ts most sensit ive, I  mV

range). The front-panel receptacle al-
lows the instrument to be zeroed in the
presence of an RF field, or to be cali-
brated using i ts internal, I  V -+0.75To

calibrator.

SAMPLER OPERATION
Fig. 4 is a simplified block diagram

of the sampling circuits. The inco-
herent sampling intervals are gen-
erated by 'smearing' 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

that voltages within the voltmeter can-
not be measured.)

The lO-Hz triangular voltage varies
the frequency of a voltage-controlled
oscillator. The output of this oscillator
drives a pulse generator which in turn
tr iggers a sampling-pulse generator
located in the probe. The sampling
pulses, which are balanced pulses of ap-

proximately 250 picoseconds duration,
turn on the diodes in a sampling
bridge located in the probe, thereby
al lowing a sampling capacitor to

charge to a voltage proportional to the
input signal. The sampler output is

a train of pulses whose amplitudes are

COHERENT AND
I NCOH ERENT

SAMPTING
Most sampling instruments, including

the sampling osci l loscope and the vector
voftmeter,* sample coherently. On the
other hand, the broadband voltmeter de-
scribed in the accompanying art icle sam-
ples incoherently. The reason for the dif-
ference is that most sampling instruments
must preserve the waveform of an input
signal, whereas the voltmeter needs only
a measure of magnitude, such as the rms
or the average value of the signal.

Coherent sampling is analogous to the
famil iar stroboscopic technique, by which
an osci l lat ing or repeti t ive motion is ap-
parently 'slowed down' by observing it
only at discrete t imes, instead of continu-
ously. The observations, or samples, may
be taken by f lashing a l ight, by observing
the osci l lat ing object through a sl i t  in a
rotat ing disc, or by some other means.

Consider a stroboscopic observation of
a tuning fork in motion. The apparent mo-
t ion of the tuning fork can be made arbi-
trari ly slow by adjusting the sampling rate,
which in this case is either the rate at
which the l ight f lashes or the speed of ro-
tat ion of the disc. The tuning fork may
vibrate back and forth many t imes be-
tween gl impses, but so long as i ts posit ion
on each gl impse is only sl ightly advanced
from its posit ion on the preceding one, i t
seems to be moving much more slowly
than i t  real ly is. l f  the slow motion were
recorded on movie f i lm i t  would. of course.
be possible to determine the peak, the
average, and the rms values of the tuning
fork's excursions from its center posit ion.
'See foo tno tes ,0 .2 ,

This could be done simply by measuring
the excursion on each frame of f i lm and
computing the peak, average, and rms
values of the result ing col lect ion of sam-
ples by standard techniques.

Now, i f  the f i lm were cut apart and then
spliced back together randomly, al l  t ime-
sequence in fo rmat ion  about  the  move-
ment of the tuning fork would be lost.
However, certain information would be re-
ta ined.  The peak  excurs ion  wou ld  no t
change, and a l i t t le ref lect ion wil l  show
that the average and rms values of the
excursions would also be the same. ln

4

fact, even information about the probabil-
i ty of the fork's being at a given excursion
would be retained. The same information
could have been obtained by randomly
f lashing the l ight or by randomly opening
a shutter. So long as a suff icient number
of pictures were taken, the peak, average,
and rms excursions could st i l l  be found.
This kind of sampling, in which stat ist ics
are preserved but t ime-sequence informa.
t ion  is  no t  p reserved,  i s  incoherent
sampl ing .

The difference between coherent and
incoherent sampling for a high-frequency

(a)

(b)

(')

(d)

(")
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proportional to the input voltage at

the sampling instants.
The output of the sampler is fed

through attenuators and amplifiers to

the 'boxcar' circuit, which is a zero-

order hold with clamp (modified pulse-

stretcher). 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, sim-

ilar to the pulses illustrated in Fig. 5.

T h e  b o x c a r  c i r c u i t  o u t p u t  i s

clamped to ground for 2 microseconds

following the sampling pulse and then

wave is shown in i l lustrat ions (a) through
(e). ln (a), samples are taken at regular
intervals, and at such a rate that a lower-
frequency equivalent of the original signal
can be reconstructed from the samples. In
(b) the samples are shown with their cor-
rect amplitudes, polarities, and relative
phases (order). In (c) the same samples
are shown scrambled, so that only their
ampli tudes and polari t ies are preserved.
The average, peak, and rms values of the
(c) group are the same as the average,
peak, and rms values of the (b) group.

In (d) the original high-frequency wave
is shown sampled incoherently. The in-
terval between samples is not constant,
and the  waveform cannot  be  recon-
s t ruc ted  f rom the  samples ,  wh ich  are
shown at (e). However, the group of sam-
ples in (e) is stat ist ical ly equivalentto the
groups of samples in (b) and (c). So long
as al l  three groups contain a large enough
number of samples, they have the same
peak, average, and rms values.

In order for the technique of incoherent
sampling to work in al l  si tuations i t  is
necessary that there be no correlation be-
tween the sampling t imes and the motion
or signal under observation. l f  the sam-
pl ing frequency were a subharmonic of
the frequency of the motion or signal
be ing  measured the  mot ion  wou ld  be
completely stopped; thus, al l  of the sam-
ples would have exactly the same height
and i t  would be impossible to determine
the peak, average, rms, and so on.

In the new broadband sampling volt-
meter, the basic sampling signal is fre-
quency-modulated by a 10-Hz tr iangular
wave, so that the sampling frequency
varies between 10 kHz and 20 kHz, at a
1O-Hz rate. This produces non-uniform
sampling intervals which are, for al l  prac-
t ical purposes, uncorrelated with al l  input
signals.

3dB

2dB

1 d B

0

- l o b

- 2dB

-3d  B
4 5 0  7 0 0  I  1 5  2
MHz  MHz  GHz  GHz  GHz

t1 t  00v

I,
8 00v

Fig. 5. Sampling pukes which open
sampling gate in probe are approx-
imately 25A picoseconds wide, as shoutn
in (a). When sarnples reach satnple
hold circuit after passing through cable
and amplifier,they are about 5 ps wide,
as shown in (b). Satnple hold outplrt is
clamped to zero uolts for 2 ps following
each sampling instant, then becornes
constant uoltage proportional to sample.

becomes a steady voltage that is pro-

portional to the height of each sample

taken. The output of this circuit is

available from a connector at the rear

of the instrument and is labeled'Sam-

ple Hold Outputl

FREQUENCY RESFONSE

The exceptionally flat frequency re-

sponse of the sampling voltmeter is

shown in Fig. l This response was

measured in a 50-ohm system. with the

t l -  2ooPs

t2 o300Ps

Fie.6. Width of satnpling pulse is ad-
justed by changing bias on sampling
gate in probe. High-frequency response
of uoltmeter can be adjusted in this
way, since wider pukes rnean lower cut-

off frequency, and uice uersa.

I'ie.7. Efrect on high-frequency rolloff
of changing bias on sampling gate in

probe (see Fie.6).

sampling probe inserted in a 50-ohm

tee. Broadband or high-frequency

measurements  wou ld  normal ly  be

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 iso-

lator (see Specifications).

In production instruments, the high-

frequency response is adjusted for op-

timum flatness by changing the bias on

the sampling bridge in the probe. Since

the sampling pulse does not have ver-

tical leading and trailing edges, reduc-

ing the bridge bias makes the pulse

wider, and vice versa (see Fig. 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 resPonse of a

typical production instrument as a

function of sampling bridge bias.

Ternperature variations Produce very

little change in the flatness of the fre-

quency response. Fig. 8 shows the en-

vironmental performance of the re-

sponse of a typical production unit.

Fie.8. HiSh-trequency response ol sam'
pling uoltmeter is relatiuely insensitiue
to temperature changes' Temperature
uariation from 10"C to 68'C produces
only +2/" changes in l-GHz response.
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SAMPLE HOLD OUTPUT INFORMATION

The sample hold output voltage is a
low-frequency pulse train which, cle-
spite the lower frequency and differ-
ence in  waveshape,  has  the  same
average, peak, and rms values as the
input signal. This output makes i t  pos-
sible, therefore, to obtain information

about broadband signals by using only

low- f requency  ins t ruments .  F ig .  9

shows oscillograms of typical sample

hold outputs for sinusoidal and ran-

dom input signals having frequency

comPonents up to I  GHz.
Ampl i tude moc lu la t ion  enve lopes

can be observed at the sample hold

output if the modulation frequency is

sufficiently low compared to the sam-

pling frequency, which is 10-20 kHz.

Modulation envelopes can be observed

with any low-frequency osci l loscope

(e.g., -hp- Model l30C) for carr ier fre-

quencies 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 measuremen ts and pulse-height

analyses may also be macle by observing
the sample hold output with a low-fre-

quency 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-fre-
quency true-rms measurements could
only be made with a power meter,
which is much less sensit ive than a volt-
meter. Conventional RF millivoltme-
ters can also measure true rms values
for small signals, but these voltmeters
gradually change to peak detectors as
the amplitude of the input signal in-
creases, whereas the detector law of the
sampling voltmeter is the same on all
ranges. The sampling voltmeter is also
more sensitive than a conventional in-
strument.

The statistics of the unclamped por-
tion of the sample hold output closely
approximate the stat ist ics of the input

signal. Consequently, it is possible to
d€termine the statistical characteristics

of broadband signals by applying ap-

propriate low-frequency techniques to

the sample hold output. For example,

the probability density and probability
distribution of, say, random noise with
4Cres t  fac to r  o f  an  ac  waveform is  the  ra t io  0 f  i t s  Deak vo l t -
age t0 its rms voltage; e g , a crest factor 0f l0 for an ac
pu lse  wave{orm cor responds to  a  du ty  cyc le  0 f  0 .01 .  See 'The
Significance of Crest Factor, ' Hewlett-Packard Journal, Vol.
15. No. 5. Jan. 1964

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 sig-
nal is random. Yet, up to now it has

often been neglected or assumed, be-

cause 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 volt-
age 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 sanrpl ing voltmeter is a

much more sensit ive power monitor

than the more conventional power
meter and directional coupler.

In addition to the sample hold out-

put, the sampling voltmeter also has a

dc output at which a dc voltage pro-

portional to the meter reading is avail-

able. This output is primarily for driv-

ing a recorder but, because of fhe very

f lat frequency response of the volt-

meter, it also has other uses.

Using the voltmeter to monitor the

voltage across a load, leveled voltage

output over the lO-kHz-to-l-GHz range

can be obtained from any signal gen-

erator which operates in this range and

has a dc modulation input. The dc out-

p u t  o f  r h e  v o l t m e t e r  i s  f e d  b a c k

through appropriate shaping networks

to the dc modulation input of the sig-
nal generator, causing the generator

output to be as constant as the fre-

quency response oI the voltmeter.

METER CIRCUITS

Fig. ll is a block diagram of the
meter circuits. The output of the box-
car circuit is detected and filtered to
produce a dc voltage which is a meas-

ure of the absolute average value of the

input signal. The output signal-to-

noise ratio of an average-reading de-
tector is a nonlinear function of the in-

put signal-to-noise ratio,5 so the gain of
the detector for the average value of
sTh is  non l inear i ty  i s  d i t fe ren t  f rom tha t  o f  a  typ ica l  d iode
detec t0r ,  wh ich  is  a  square- law dev ice  t0 r  smal l  s igna s  and
a l inear  dev ice  fo r  la rge  s igna ls .  The de tec tor  in  the  sam-
p l ing  vo l tmeter  i s  l inear ,  and the  non l inear i ty  i s  caused by
the  presence o f  the  no ise .  See W.  R.  Bennet t ,  'Response o f
a  L inear  Rect i f ie r  to  S igna l  and No ise , '  Ee l l  Sys tem Tech-
n i c a l  J o u r n a l ,  V o l . 2 3 ,  N 0 . 1 ,  J a n  1 9 4 4 .  S e e  a l s o  B  M .
0 l i v e r , ' S 0 m e  E t f e c t s  o f  W a v e f o r m  o n  V T V I \ 4  R e a d i n S s , '
Hewlett-Packard ,orrnal, Vol 6, No. 10, June, lg55

Fig.9. Time-ucposure oscillograms ol sam-
ple hold. output of sampling uoltmeter.
Sample hold signals are statistically equiu-
alent to input signols, but can be obserued
and measured with low-lrequency instru-
ments. Input signals were (a) 1-MHz sine
uaue, (b) l-GHz sine waue, (c) random
noise with upper frequency limit of 150
MHz. Upper trace in (c) shou,ts noise in-
put to uoltmeter corresponding to sample
hol.d output shown in lower trace. Noise

source uas tu.to coscaded amplifiers.

. 6 .



(b)

Fis. 10. Amplitude modulation enuelopes can be obserued at sa,m-
ple hold output for carriers up to nxore than 1 GHz and moduln-
tion frequencies up to about 1 kHz. Oscillograms shoun are time
exposures. Camiers were all sinusoidal. (a) carrier: 65 MHz; mod-
ulatian: 300-Hz triangle waue. (b) carrier: 2 GHz; modulation:
30-Hz pulse train. (c) carrier: 2 GHz; modulation: 30-Hz triangle
utaue distorted by PIN diode modulator. (d) canier: 7 MHz; mod-
ulation: 30-Hz sine uaue. Upper trace in (d) shotas input to uolt-
neter corresponding to sample hold output in lower trace. Oscil-

Ioscope was synchronized to modulating signal only.

the signal is nonlinear. To make the

meter's voltage scales linear, a non-
linear circuit is placed between the de-
tector and the meter. The resulting

gain is essentially constant from 50 p.V
to full scale.

Noise in voltmeters often causes con-

siderable meter jitter and loss of sensi-

JOHN T. BOATWRIGHT

John Boatwr ight  received his
BS degree in electrical engineering
from Massachusetts Inst i tute of
Technology in 1960. He continued
his studies while working with a
f i rm in Cambridge,  and then jo ined
-hp- in 1961 as a development
engineer, He is now an engineer-
ing section manager in the devel-
opment laboratory of  the -hp-

Loveland Division. John holds sev-
eral patents in the field of space
communications, and has a patent
pending on random sampl ing.

Ron Tuttle received his BS de-

tivity and linearity on the lower ranges.

These efiects 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. I t  has an essential ly constant
mean value, so its efiects on meter read-
ings can be corrected easily. The mean
value of the noise is subtracted from
the output in a noise suppression cir-
cuit ,  thereby giving the voltmeter
much greater sensitivity.

Since the noise is random and the
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gain of the circuit is highest when the

signal is smallest, the meter would be

very j i t tery i f  damping were not inlro-

duced. However, dampine 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  P  E C I  F I  C A T I O N S
-hp-

M O D E L  3 4 0 5 A
B R O A D B A N D  S A M P L I N G

V O L T M E T E R

VOLTAGE RANGE: 1 mV to 3 V full scale in eight
ranges; decibels from -50 to +20 dBm (0

dBm :  I  mW in to  50  ohms) ;  abso lu te  average-
reading instrument calibrated to rms value of
s rne  wave.

FREQUENCY RANGE: 10 kHz to I GHz; useful
sens i t i v i t y  f rom 1  kHz to  beyond 2  GHz.

FULL.SCALE AGCURACY WITH CALIBRATOR:
t3%,  100 kHz-100 MHz
+5%, l0  kqz-7oo MHz
t8%,  5  kHz- l  GHz
- 1 dB, 4 kHz-1.2 GHz
-r 4 dB, 2 kHz-l.5 GHz

INPUT IMPEDANCE:  100,000 ohms a t  100 kHz
Capacity approximately 2 pF. Input capacity
and res is tance w i l l  depend upon accessory  t ip
used.  (approx imate ly  8  pF w i th  110724 iso la '
to r  t ip  supp l ied . )

SAMPLE HOLD OUTPUT: Provides ac signal
whose unc lamped por t ion  has  s ta t i s t i cs  tha t
are  nar rowly  d is t r ibu ted  about  the  s ta t i s t i cs
o f  the  input ,  inver ted  in  s ign  (opera t ing  in to

>200 kO load w i th  <1000 pF) .
N o i  se :

Typ ica l l y  175 pV rms.
Accuracy  w i th  Ca l ib ra to r :

0 .01  V Range and Above:  Same as  fu l l -sca le
accuracy  o f  ins t rument .
0  001 V to  0 .003 V Range:  Va lue  o f  inpu t

s igna l  can  be  computed by  tak ing  in to
account  the  res idua l  no ise  o f  the  ins t ru -
ment (see references in footnote 5, p 6)

J itter:
Typically t2o/" peak of reading (with -hp-

Model 34004 true-rms voltmeter connected
to  Sample  Ho ld  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 in-

s t rument  i s  ta i r l y  rap id .

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 fu l l  sca le  ( inverse lv
propor t iona l  to  meter  ind ica t ion) ;  I  V :  13
d B ; 3  V :  3  d B

DC RECORDER OUTPUT: Adiustable from zero to
I  2  mA in to  1000 ohms a t  fu l l  sca le ,  p ropor -

t iona l  to  meter  de f lec t ion ,

METER:
Meter  sca les :  L inear  vo l tage,  0  to  1  and 0  to  3 ;

dec ibe l ,  -12  to  +3 .  Ind iv idua l l y  ca l ib ra ted
tau t -band meter

Response T ime:  lnd ica tes  w i th in  spec i f ied  ac-
curacy  in  (3  s

Jil ler tTok peak (of reading).

GENERAL:
Calibrator Accuracy: a- O 75o/o -
Overload Recovery Time: Meter indicates with'

in  spec i f ied  accuracy  in  (5  s .  (30  V p 'p

max. )
N4ax imum Input :  t  100 Vdc,  30  V p-p .
RFI :  Conducted  and rad ia ted  leakage l im i ts

are  be low those spec i f ied  in  MIL- l -6181D
and MIL- l - l6910C except  fo r  pu lses  emi t ted
from probes. Spectral intensity of these
pu lses  is  approx imate ly  sO nY/ {H2:spec-
t rum ex tends  to  approx  2  GHz.

Tempera ture  Range:
Ins t rument  0"C to  +55 'C.
Probe -1  10 'C to  +40 'C

Power :  115 or  230 vo l ts  tLOVo,50 Hz lo
1O0O Hz, approximately 17 watts.

Dimensions; Standard r/2 module 6Yz in' hich,
87/B in. wide, L7y2 in deep (165 x 225 x 292
mm).

WEIGHT:  Net ,  12  lbs  (5 ,4  ke) ;  Sh ipp ing ,  15  lbs .
6,8 kc).

PRICE:  $650.00

ACCESSORTES

ACCESSORIES FURNISHED:  110724 iso la to r  t ip
8710-0084 nu t  d r iver  fo r  t ip  rep lacement

5O2O-O457 rep lacement  t ips .
10213-62!02 ground clips and leads.

Fig. 11. Bloch d.iagram of meter circuits of sampling uoltmeter. Instru'

ment is auerage-responding on aII uoltage ranges. Damping and noise-

cancellation circuits reduce effects of noise. Nonlinear gain circuit giues

meter linear uolta{e scales.

ple hold output, and the nonlinear

damping serves to reduce meter jitter

due to this effect as well as that due to

no ise .  The pushbut ton  memory  c i rcu i l

mentioned earlier is also incorporated

in the nonlinear damping circuit.
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ACCESSORIES AVAILABLE:
11064A Bas ic  Probe K i t  $10O00 cons is ts  o f

the  fo l low ing :
110634 50 'ohm 'T ' .

11061A 10;1  d iv ider  t ip .
10218A BNC adapter
0950-0090 50 'ohm te rmina t ion '

11071A Probe K i t  $185.00  cons is ts  o f  a l l  the
above p lus :

110734 Pen- type probe,
10219A Type 8744 adaPter .
102204 Mic rodot  adapter .
11035A Probe-tip kit.

110614:  l0 :1  D iv ider
As  we l l  as  d iv id ing  the  input  vo l tage by  a

fac tor  o f  ten  th is  accessory  e l im ina tes
the effects of source impedance varia-

t i  ons .
Accuracy  (d iv ider  a lone) :

t5o/o 7 kHz to 400 MHz.
- r72o/ "  4OO MHz to  I  GHz.

Max.  Input :  150 V p-p  ac ;  600 V dc .
1 l 0 6 3 A  ' T E E ' :  S h o u l d  b e  u s e d  w h e n e v e r

measurements  a re  made in  50Q sys tems.
VSWR:  : :1  15  a t  1  GHz (bare  probe in  tee) .

Usefu l  to  about  1 .5  GHz.
lnser t ion  Power  Loss :  <4Vo up to  I  GHz '

110724:  l so la to r
Essent ia l l y  e l im ina tes  e f fec ts  o f  source  im-

oedance var ia t ions .
Increases  probe capac i tance by  approx-

imate ly  6 .5  pF.  Recommended f requency
range is  l0  kHz to  250 MHz.

110734:  Pen- type lso la to r
Recommended frequency range is l0 kHz to

50 MHz.  Var ious  accessor ies  adapt  the
11073A to  a l l iga tor  iaws and o ther  t ips
wh ich  fac i l i ta te  po in t - to -po in t  measure-
ments. Increases probe capacity by ap'
p rox imate ly  7  pF.

10218A:  Probe- to -Male .BNC Adapter
Recommended f requency  range is  10  kHz to

25O MHz

Prices f.o.b. factory
Data subject to change without notice

F r o m  S a m p l e
H o l d  C i r c u i t

F rom P robe

METER
DAMPING AND
H O L D  C I R C U I T

DETECTOR
AND FILTER

N o i s e
Suppress ion

Vo ltage
Mete r  Ho ld
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MEASURING ATTENUATION, SWR, AND SUBSTITUTION IOSS
WITH A tOW-NOISE, HIGH.PRECISION SWR METER

Effects of noise ond other foclors ore presented
for on improved SWR Meter used with crystol ond

bolometer type detectors.

Fie. l. (a) Block diagram of substitution-Ioss-measuring setup using
SlilR meter. RF signal-generator output is amplitude nz.odulated by
an audin-frequency square waue. Square-lau detector produces an
audio-frequency output uoltage proportional to the RF power. SWR
meter amplifies and, measures the audio signal. (b) SWR nleasure-
tnent setup, with SWR meter used'as the indicator for a slotted, Iine.

SWR meter €ig. 2) has now been de-
veloped by the -hp- Microwave Divi-

sion. Because of its low noise figure,

precision attenuators, and high gain

stability, this SWR meter is able to
make many measurements which pre-
viously were possible only with far

more complicated and more costly de-

vices. To demonstrate the instrument's

potential and to provide a guide to its
most effective use, a great deal of useful

information gathered during the SWR

meter's development is summarized
later in rhis article.

The SWR meter has a noise figure

specifrcation of less than 4 dB, an im-

provement of 6 to l0 dB over previous

models. As a result, its dynamic range

is gteater, because it can make measure-

ments at lower RF power levels than

were practical with earl ier versions.

Rated sensitivity of the instrument is

0.15 pV rms for full-scale deflection at

maximum bandwidth, or I u,V rms if

the detector is a high impedance crys-

tal. When its gain and bandwidth are

set for rated sensit ivi ty, the meter's

noise level is at least 7.5 dB below full

scale.
Because of its low noise figure, the

new meter is able to exploit fully the

sensitivity of the newest detectors. Its

abi l i ty to operate with lower input

power also increases its accuracy in cer-

tain measurements on non-linear solid-

state devices: the SWR of a microrvave

detector at high power, for example, is

dif ierent from its SWR at the low

power at which it normally operates.
Accuracy of the SWR meter's atten-

uators has also been improved. The

RANGE attenuator is variable from 0

to 60 dB in l0-dB steps, and is accurate

within -+0.05 dB per step. Its maxi-

mum cumulative error is -+0.10 dB.

For increased resolution, there is an

ExpAND attenuator which allows any

2-dB portion of the insrument's 70-dB

range to be displayed full-scale on the

indicating meter. A meter reading of
-56.18 dB, for example, can be read

with maximum resolution by switching

the RANcE attenuator to 50 dB and the

EXPAND attenuator to 6 dB, and read-

ing the remaining 0.18 dB on the 0-2

dB rxpeNo scale of the meter. The

maximum cumulative error of the tx-

PAND attenuator is -t-0.05 dB.

The ind ica t ing  meter  i s  accura te

within -+-0.02 dB, so the absolute max-

Mely UsEFUL MrcRowAvE PARAM-

ETERs, such as standing-wave ratio

(SWR), substi tut ion loss, '  insert ion

loss, attenuation, and gain, are ratios

of two signal levels. The relative power
levels which determine these parame-

ters can often be measured most con-

veniently and accurately by means of

a versatile audio-frequency instrument

known as a standing-wave-ratio meter.

The SWR meter consists of a high-

gain (over 100 dB) audio amplifier

which has a selective bandpass fre-

quency response, followed by an indi-

cating meter which is calibrated for

SWR and relat ive power measure-

ments. Fig. I shows two typical SWR-

meter applications. For substitution-

loss measurements IFig. I (a)], a micro

wave carrier, amplitude modulated by

an audio-frequency signal, is applied to

the attenuator under test. (The modu-

lating signal is usually a square wave

and the modulation index is usually

l00lo, because other modulating wave-

forms sometimes cause undesirable fre-

quency modulation of the microwave

source.) A square-law detector, usually

a crystal diode or bolometer, produces

an audio-frequency voltage propor-

tional to the RF power at the attenu-

ator output. The SWR meter amplifies

the fundamental component of the

audio-frequency detector output and

indicates its strength on a scale which is

calibrated in dB relative to whatever

reference level has been chosen for the

measurement. The reference level, of

course, is established before the atten-

uator is inserted into the circuit. For

SWR measurements [Fig. I (b)] the

setup is similar, except that the SWR

meter is used as an indicator for a de-

tector mounted on the probe of a slot-

ted line, and readings are taken from a

scale which is calibrated in SWR.

A more sensit ive, more accurate
I Robert W. Beatty, ' lnsertion Loss Concepts,' IEEE Proceed-
ings ,  Vo l .52 ,  N0.6 ,  June,1964.  A lso  Hewle t t -Packard  Ap-
o l i ca t ion  Note  N0.56 .

. 9 .



imum cumulative error from the atten-

uators and the meter is only -+0.17 dB

over the 70-dB range.

The operating frequency of the new

SWR meter is nominal ly |000 Hz, but

i t  is acl justable over 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 re-

su l t ing  in  max imum s igna l - to -no ise

ratio and maximum usable sensit ivi ty,

and the widest bandwidth al lowing

swePt-frequency measurements and

osci l loscope presentation. The f i l ter

which gives the amplifier its selectivity

is a special ly designed active f i l ter

Fig. 2. -hp- M odel 41 5E SW R

Meter hos scales calibrated in

dB and SWR for use uith

square-lau detectors. Instru-

tnent has noise flgure less than

4 dB when used uith common

crystal or bolometer detectors.

Attenuators are accurate with-

in +0.15 dB.

which keeps the amplifier gain approx-

imately constant as the bandwidth is

varied.
Feedback stabilization of the ampli-

fier has been employed to eliminate
'drifti or gain changes caused by varia-

tions in line voltage, frequency, or tem-

perature. Drif t  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 peri-

oclically.
The new SWR meter has both ac

and dc outputs so that it can be used

as a high-gain (126 dB), 1000-Hz ac am-

plifier or to drive a recorder. The dc

level of the ac outptrt voltage is zero

and does not change with signal ampli-

tude; this simplifies oscilloscope pres-

entations.
The input circuitry of the instru-

ment is designed to operate with un-

biased low-impedance or high-impe-

dance detectors, or to supply bias cur-

rents of 4.5 mA or 8.7 mA for bolom-

eter detectors. The bias currents are

held constant within +37o so that no

adjustment is necessary for individual

bolometers. The input ground is con-

nected to the circuit ground, and is iso-

lated by a resistor from the chassis

(power-line) ground. This attenuates

the effects of ground-loop voltages so

tha t  they  w i l l  ra re ly  i f  ever  be  a

oroblem.
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 de-

tectors. Some of this information was

obtained from technical papers and

some was obtained from laboratorY

measurements. Since few readers have

a@ Fnrnwtottt-lE ?@

ac ou tpu t

dc  ou tpu t

Fie.3. Bloch diagram of -hp- Model 415E SWR
Meter. First attenuator is used only tor 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 preserues signal-to'

noise ratio by first amplifying, then attenuating

small signals. Input amplifieT has uery lottt noise.

All amplifiers haue f eedbach-stabilized gain.

r  l 0  .
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SIGNAL PLUS NOISE MINUS NOISE ALONE (dB)

Fig. 4. Error due to noise in -hp-
Model 415E SWR Meter read.ings.
Error is shoun as a function of difier-
ence between signal-plus-noise meter
reading and noise-alone (RF source
disconnected) meter reading. 8.g., it
signal-plus-noise reading m inu s noise
reading is 8 dB, then signal-plus-noise
reading is 0.05 dB higher than correct

rea.ding 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 terrperature 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 sub-
stitution-loss measuremenrs.

NOISE AND NOISE FIGURE
The SWR meter is designed to op-

erate with square-law detectors such as
bolometers (e.g., barretters2) and crys-
tals. 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 calcu-
lated for the type of meter circuit used
in the -hp- SWR meter. 

'fo 
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 bar re t te r  i s  a  res is t i ve  e lement  w i th  a  oos i t i ve  temDera-
tu re  coef f i c ien t  o f  res is tance.  l t s  res is tance increases  when
it absorbs Dower.

corresponding measurement error in
the first reading. For example, if a read-
ing of signal plus noise is 8 dB above
the reading obtained with noise alone,
then the original signal-plus-noise read-
ing is about 0.05 dB higher than rhe
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 merer
is twice the difference between the ac-
tual 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 cali-
brated 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 f igure
which is 6 dB lower than that of an-
other 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
brat ion.

Biased detectors like barretters gen-
eral ly have a noise-temperature rat io
greater than one and generate noise
voltages which are large compared to
the noise contr ibuted 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 barret-
ter 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 pri-
marily by the barretter. However, the
meter with the lowest noise figure will
still have the lowest noise level, because
amplif ier noise power and detector
noise power are additive.

The noise figure of the new meter
has been optimized for the source im-
pedances presented by the square law
tletectors most often used with SWR
meters. The noise figure of the insru-
ment is typically less than 4 dB when
the detector has an optimum imped-
ance, which is about 5000 ohms with
the meter's rNpur switch in the hieh-
impedance pos i t ion  and about  100
ohms otherwise. The noise figure varies
slowly with source impedance, and sys-
tem 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 f igure 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 ful l-scale sensit ivi ty of 1.0
pV, that bandwidth is set at the mini-
mumvalue ( l5Hz), and that the detec-
tor impedance is 5000 ohms. With these
settings, a 5-dB meter reading will be

0 .5
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in error by less than 0.1 dB. This 5 dB

reading corresponds to only 0.3 I 6 pV at

the input of the SWR meter, or to a

peak RF power of -57.6 dBm for :r de-

tector with a sensit ivi ty of 4 mV/pW (a

typical value).

SQUARE-LAW ERRORS AT

HIGH POWER LEVELS

Bolometers ancl crystals begin to de-

viate from square-law operation when

their video outputs become Iarge. The
-hp- Model 423A Crystal Detector,: '  for

example, deviates up to -+0.5 dB from

square law at a video output of 50 mil-

livolts peak, when oPerated with a spe-

cial load which is designed to extend

its square-law range.

Although 0.5 dB is a reasonablY

small error, it is a large error comparecl

to the inherent errors of the new SWR

meter .  The sens i t i v i t y  o f  the  SWR

meter makes it possible to oPerate crys-

tal detectors at much lower video out-

puts, where they follow a true square

law much more closely- NormallY, it

will be possible to oPerate the crystal in

a region where its errors contribute less

than .05 dB. For examPle, the clevia-

tion from square law of the -hp- Model

423A Crystal Detector without any sPe-

cial load wil l  be less than -+0.05 dB for

about 2 mil l ivolts Peak outPut or about

I  m i l l i vo l t  rms.  Spec ia l  square- law

Ioads are not very effective at eliminat-

ing small errors of 0.05 dB or less, espe-

cial ly when a range o[ temperatures is

encountered. Consequently, at video

outputs of a few millivolts or less, a

crystal is a good square-law device con-

r  Th€ .n0-  M0de l  423A is  a  w id€band,  h igh 'sens i t i v i t y  c rys ta l
de tec to l ,  des igned to  0pe la te  be tween 10  lVHz and 12 .4  GHz '

Fig.6. Meosured errors in readings of -hp- Model 415E SWR Meter

caused by deuiation ol barretter detector from square law' (a) Error

in reading ol SWR neter us. peah input power to bdrretter- (b) Error

i.n reatling of SWR meter us. reading of SWR meter- RF signal arn-

plitude rnodulated by l-hHz square uaue; modulation index, 100/o'
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(b)

nected cl irect ly to the inPut of the SWR

meter.
For barretters, the upper l imit on

square-law performance is cleterminecl

by several factors.4 First, square-law

error may be increased i f  the input im-

perlance of the SWR meter is low. In

subs t i tu t ion- loss  and a t tenua l  ion  mea\ -

urements there may be a seconcl error

at high power levels caused by changes

in the reflection coefficient of the bar-

retter. Sti l l  another error, cal lecl bias-

ing error, is dependent uPon the type

o[ dc bias supplied to the barretter.

To determine the effect on SWR-meter

readings of these barretter square-law

errors, a set of measurements was taken.

The measurement setuP was designed

to minimize microwave mismatch er-

rors, and the SWR meter was carefully

calibrated to eliminate attenuator ancl

meter errors. Thus the errors measured

were the sum of all of the square-law

errors just mentioned.

Results are shown in Fig. 6. Fig.6(b)

shows the error in the readings of the

SWR meter as a function of the meter

readings and Fig. 6(a) shows the error

in the meter readings as a function of

the peak power input to the barretter'

Tbtal square-law error was less than

0.05 dB for a 100/o-square-wave-mod-

ulated RF signal having a peak power

of about 500 pW, or -3 clBm. The

SWR meter at this Point read approxi-

mately -13 dB which corresponcled to

7 ptV rms at the meter input. If a user

is operating a barretter detector below

these levels, he can be confident that
r  c .  l J .  Sorser  and B.  0 .  Weinsche l ,  'C0mpar ison o f  De\ ia
t i0ns  f rom Square  Law fo r  RF Crys ta l  D i0des  and Bar re t te rs "
in i  t ransac t ions  0n  Ins t rument ; t ion ,  Vo l .  l -8 ,  N0.  3 '  Drc . ,

the barretter is a good square-law

device.
DYNAMIC RANGE

Fig. 7 shows the useful ranses of the

SWR meter when used with a tYPical

crystal diode cletector and a typical

barretter cletector. As discussed above,

the limits on dynamic range are cleter-

mined by noise at low Power levels ancl

square-law errors at high power levels'

The measurements for Fig. 7 were

made with the SWR meter set for mini-

mum banclwidth (15 Hz). They incl i-

cate that, although the crystal makes a

more sensit ive detector by about 8 dB,

the  dynamic  range o f  the  meter  i s

sreater with the barretter detector. Dy-

namic  range fo r  a  max imum er ror  o l '
-+0.05 dB was 32 dB for the crystal,  49

clB for the barretter. These values are

for two specif ic detectors, of course. 1b

cletermine the limits of the measure-

ment range of any crystal or bolometer

detector when used with the -hp- S\Vft

meter at minimum bandwiclth, simply

measure the meter noise level in clB

(meter reading with no RF inPut to

cletector). Then add 8 dB to tletermine

the lower l imit of the measurement

range (e.g., i f  noise level is -68 dB'

lower  l im i t  i s  -60  dB) .  For  a  c rys la l ,

acld 32 dB to this lower limit to deter-

mine the upper limit (e g., if lower

BRADFORD G. WOOLLEY

Gil Woolley joined -hP- in 1963 as a

deve lopment  eng ineer  in  the  -hP-

Microwave Division, after receiving AB

and BSEE degrees from Brown Univer-
sity. He part icipated in the design of
the 789C Directional Coupler and the
788C Directional Detector '  ancl more
recently in the f inal stages of the de-
sign of the 415E SWR Meter, PaYing
part icular attention to the environmen-
tal performance of the 415E. His cur-
rent projects are concerned with broad-
b a n d  D o w e r  m e a s u r e m e n t  u s i n g
lumped and distr ibuted circuitry. Gil  is
alsc working towards his MSEE degree
at Stanford U n iversitY.
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-hp-  4 l5E SWR l \4ETER READING (dB)

Wi th  Crys ta l  Detec tor  i lNPUT swi tch  in  'H igh '  pos i t ion ,  Bandwrd th=15H2,  OdB-1V a t  meter  inpu t l
-70  -60  -50  -40  -30

Wi th  Bar re t te r  Detec tor  I INPUT swi tch  in  '4  5mA '  pOs i t ron ,  Bandwid th=15H2,  0dB=0 14V a t  meter  inpu t ]

0 3 0

o20

- 6 1  - 5 1  4 1  - 3 1  - 2 r  - 1  1

I
-Bar re t te r  (PR 6274)

\
\

\

-70 -60 -50 -40 -30 -20 -10 0 l0 20

5 '  0 1 0

;

-0  10

-0  20

PEAK POWER INPUT TO DETECToR (dBm)

l imit is -60 dB, upper l imit is -28

dB). For a barretter, the upper limit is
49 dB above the lower limit. Conserva-

tive practice may suggest decreasing the
upper limit by one or two dB.

Errors caused by other system uncer-

tainties 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 mis-
matches. If each mismatch produces an
SWR of 1.5 (a typical value), the meas-

ured attenuation may be in error by one
dB.5 The accuracy of the new SWR
meter, therefore, is more than a(lequate
for most appl icat ions.

EFFECT OF TEMPERATURE ON
CRYSTAL DETECTORS

A crystal detector operated in the
square-law region, that is, at low power
levels, produces a voltage V. at the
input of the SWR meter which is pro-
portional to the crystal input power
P,". The constant of proport ional i ty is

inversely proportional to the absolute
5 Hewle t t -Packard  Aoo l ica t ion  Note  No.  56 .

temperature T Thus, in the squareJaw

regron,

V o a
P t n - T

where a is a constant which depends

upon the characteristics of the crystal.
The crystal retains i ts square-law

c h a r a c t e r i s t i c s  w i t h  t e m p e r a t u r e

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 un-
known power.

If the crystal temperature changes
between the reference setting ancl the
measurement, the measurement will be

in error by an amount which clepends
on the magnitude of the temperature

shift .  A change in T from 293'K to

323"K (20"C to 50"C), for example,

wil l  cause an error of
-t- ?q?

T' 
- 

323

Normal laboratory tempera[ure varia-

t ions of 2 or 3'C wil l  cause less than

.04 dB error.
- Bradf ord G. Woolley

S P  E C I F I  C A T I O N S
-h p-

M O D E L  4 1 5 E
S W R  M E T E R

SENSITIVITY: 0.15 rrV rms for full-scale de-
f lec t ion  a t  max imum bandwid th  (1  pV rms
on high impedance crystal input).

NOISE: At least 7.5 dB below full scale at
rated sensitivity and maximum bandwidth
wi th  input  te rmina ted  in  op t imum source
impedance ( I00  ohms or  5000 ohms) .
Noise figure less than 4 dB.

RANGE: 70 dB in 10. and 2-dB steps.

ACCURACY: -f0.05 dBl10 dB step, max.
imum cumulative error between any two
10-dB s teps ,  - f0 .10  dB;  max imum cu-
m u l a t i v e  e r r o r  b e t w e e n  a n y  t w o  2 - d B
steps ,  1005 dB.  L inear i ty :  10 .02  dB on
expand sca les ,  de termined by  inherent
meter resolution on normal scales.

INPUT:  Unb iased low and h igh  impedance
crystal (50-200 and 2500-10,000 ohm op-
timum source impedance respectively for
low noise); biased crystal (1 V into 1 k);
low and h igh  cur ren t  bo lometer  (4 .5  and
8.7  mA +3% in to  200 ohms)  pos i t i ve
b o l o m e t e r  p r o t e c t i o n  I n p u t  c o n n e c t o r ,
BNC female

INPUT FREQUENCY: 1000 Hz, ad.iustable
7Y". Other frequencies between 400 and
2500 Hz available on special order.

BANDT!,IDTH: Variable, 15 to 130 Hz. Typ.
ica l l y  less  than 0 .5  dB change in  ga in  f rom
min imum to  max imum bandwid th .

RECORDER OUTPUT: 0 to 1 V dc into an
open c i rcu i t  f rom 1000 ohms source  im-
pedance for ungrounded recorders. Output
connector, BNC female.

AMPLIFIER OUTPUT: 0 to 0.3 V rms (NORM),
0 to 0.8 V rms (EXPAND) into at least
10,000 ohms for ungrounded equipment.
Outpu t  connector ,  dua l  banana iacks

METER SCALES: Calibrated for square-law
detec tors .  SWR;  I  to  4 ,3 -2  to  f  0  (NORM);
I  to  1 .25  (EXPAND)  DB:  0  to  r0  (NORM);
0 to 2.0 (EXPAND). Battery: charge state.

METER MOYEMENT: Taut-band suspension,
i n d i v i d u a l l y  c a l i b r a t e d  m i r r o r , b a c k e d
s c a l e s ;  e x p a n d e d  d B  a n d  S W R  s c a l e s
greater than 4Ya in. QOa mm) long.

RFI :  Conducted  and rad ia ted  leaka8e l im i ts
are  be low those soec i f ied  in  MIL- l -6181D.

POWER:  115 or  230 vo l ts  t10%,  50  to  40O
Hz, I watt. Optional rechargeable battery
provides up to 36 hours continuous opera-
t i  on .

PRICE: -hp- Model 415E, $350.00.

OPTIONS:
01.  Rechargeab le  ba t te ry  ins ta l led ,  add

$1 00.00
02. Rear-panel input connector in parallel

with front-panel connector, add $15 00.

Prices f.o.b factory
Data subject to change without notice

Fitg. 7. Meosurement range of -hp- Model 4158 SWR Meter ettends to lower
power leuels than were preuiously usable because meter has lou noise figure.
Range is limited at low power leuels by detector and. meter noise and at hiEh
pouer leuels by deuiation ol detector from square lana. Curues show errors in
meter readings due to these tuo sources for typical crystal and barretter detec-
tors. Errors are shown as a function of peah RF power input to detector (RF

signal 1007o amplitude modulated by l-hHz square uaue) and as a function of
meter read.ings. Note that crystal d,etector is more sensitiue, but dynamic range

of barretter is greater.
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INCREASING INSTRUMENT SENSITIVITY

WITH A LOW-NOI5E PREAMPTIFIER

A guide to  o number of  oppl icot ions in  which meosurements

ore s impl i f ied by o low-noise wide-bqnd ompl i f ier .

Extsxnrxc rHE UsEFUL RANGE oF rN-

sTRUMENTS down into the microvolt

range requires a stable preampli f ier
with a low noise level, high output arrd

wide dynamic range. A new general-

purpose 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 ppeater than 5

volts rms into 50 ohms (t/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 posit ion, and 92 dB at

the 20 dB gain setting. These charac-

teristics coupled with a lO-megohm,

15-pF input, make the amplifier useful

in a wide range of applications, espe-

cial ly those applications where low

noise level is essential.

Lorv noise in the amplifier is achieved

with a field-efiect transistor (FET). As

shown in Fig. 2, the FET drain load is

boot-strapped by the second stage, an

emitter-follower, to increase the effec-

tive drain load resistance, and hence

obtain a gain of 40 dB in the FET.

Fis. L. -hp- Model 4654 low
noise amplifier, louter lef t, has

a uoltage gain of 2O dB or 40

dB and, a frequency response
of +0.1 dB from 100 Hz to 5O

hHz. Input impedance is 10

megohms shunted by less than
20 pF; output impedance is 50

ohms uith 5 uolts rms output
into a 50 ohm load. Noise is

Iess than 25 pV rms referred

to the input uith 1 megohm
source resistance.

The emitter-follower also drives a

second amplifier stage which in turn

is followed by an emitter-follower clriv-

ing 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.

Fol lowing are some typical appl ica-

tions which take advantage of the char-

acteristics of this amPlifier.

LOW NOISE APPLICATIONS

Noise performance of amplifiers and

por,r'er supplies is usually Presented as

a plot of noise amplitude versus fre-

quency. Data for this plot is obtained

with a wave analyzer at the output of

the unit under test. When measuring

noise in the nanovolt region, i t  is nec-

essary to increase system sensitivity by

ampli fying the noise output. Parame-

tric amplifiers have been specially de-

signed for low frequency applications.

They can be used to increase sensit ivi ty

of a noise measurement system, and a

further increase can be obtained by

adding the low noise amplifier follow-

ing the paramp. OutPut noise of the

paramp is relat ively constant over i ts

bandwidth, but the noise o[ the ampli-

I ier drops rapidly at increasing fre-

quency, 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

3024
WAVE

ANATYZER

Fig. 3. Narrow band analysis of noise

as a function ol lrequency requires a

waue analyzer.  The uaue analYzer

bandwidth is only 6 Hz and more gain

for low noise tneasurements can be ob-

tained by using a parametric amplifter

and the general purpose atnplifier.

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 amplifier gain and insure linearity. Ouerall gain is changed by

switching the feedbach ratio.
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\ O P E N/ INPUT

\ V l  
M E G)H IV] SOU RC

\

I N P U T  S H ()RTED>-*.\

I  000

1 K 10K  100K

Fig. 4. Noise spectrum of the
general purpose amplifier in
nanouolts per root cycle re-

ferred to the input.

I f  a 1:30 step-up transformer is used,

the effective noise of the amplifier re-
ferred to the input is divided by 30

over the entire frequency range of the
transformer. Care must be taken in

using a transformer to avoicl pickup of

external fields.

DIODE NOISE MEASUREMENT

In production, selection of diocles for

a sampling gate according to their

noise when reverse biased is accom-

plished 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 I0 pV Acceptable cliocles

had noise voltages less than 20 pV
The same test set-up, u.ith appropri-

ate filter and proper shielcling coulcl

be  user l  to  n teasure  t rans is to r  no ise  or

noise in other components to a level as

low as 2 pV

UNITY GAIN IMPEDANCE CONVERTER

The new general-purpose amplifier

can be used as an impedance converter,

Fig. 7. On the 20 dB posit ion with i ts

normal l0-megohm input, the ampli-

f ier provides a 10-ohm output at I  volt

rms (a) and l-ohm output impedance

at 0.1 volt  rms (b). For very high im-

pedance input, the circuit at (c) pro-

vicles a I00-megohm, 2 pF input. The

trimmer is used to provide unity gain

through the amplifier on the 20 dB

Fis.6. Wide dynamic range ol
the general purpose amplifier
is used to besl aduantage in
diode noise measurement tests
with an rms uoltrneter. Crest

factor of the input utauelorm
is maintained and the ampli-

fier noise contribution to the
system is insignificant.

2 0  d B  G A I N

(b)

(c )

S H I E L D

Fig. 7. Input impedance of the -hp-

4654 is 10 ntegohms with a 50-ohm out-
put. Output impedance can be made 10
ohms (a) ,1 ohm (b) ,  or  input  imped-
once can be 1O0 megohms by circuit (c)
in the 20 dB position, thus allowing

impedance matching at unity gain.

position, and the impedance converter

will have a frequency response similar

to the basic amplifier.

MEDIUM POWER OSCILLATORS

Maximum output of the -hp- N{odel

2048,208A, and 24lA solid-state Oscil-

lators is l0 mW into a 600-ohm load.
Their output power can be increasecl
14 t imes into a 600-ohm load with the
ampli f ier, or by a factor of 180 into a

ROBERT B.  BUMP
Bob Bump rece ived h is  BSEE in

June, 1962, from Cali fornia Inst i tute of
Technology. He joined the -hp- Love-
land Division as a development engi-
neer in July, 1962. Since that t ime, he
has worked on the -hp- Model 2084
Test Osci l lator and the -hp- Model
4 6 5 A  A m p l i f  i e r .  H e  a l s o  c o n d u c t e d
some investigation projects on am-
pl i f  iers.

Presently, Bob is attending Colorado
State University on the -hp- Coopera-
t ive Honor's Program. He expects to
receive his MSEE from that school in
December, 1966.

800
q
\  600
F

9 qoo
o
z
z  2oo

I tvi

F R E Q U E N c Y  ( H z )

Fig. 5. Nolse ftgure plot of the -hp-
465A shows that the source imped,ance
for best noise pert'ormance is from 100

hilohms to 1 meEohm.

/Hz ancl the paramp output presents
a nearly shorted source to the ampli-

fier. Under these conditions. the noise
in the amplifier drops below 400 nV/

V-H, ubove 50 Hz, Fig. 4. Thus adding
the ampli f ier to the system increases

gain with no noise contribution from

the preamplifier above b0 Hz.

In some measurements it is desirable

to use a transformer instead of a para-

metric amplifier to match impedance

levels so that the general purpose am-

p l i f i e r  i s  o p e r a t e d  a I  a n  o p t i m u m

source impedance lor lowest noise per-
formance. 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 transformer

increases gain with no increase in noise.

4 7p1 LOW.PASS
FILTER
1  6 k H z

D I O D E  U N D E R  T E S T

30

6

i z o
l

u  1 0

o
z

r 0  lK  100K  10M
SOURCE IMPEDANCE (OHMS)
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Fie. 8. Output of low power test oscil-
lators 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

Amplif ier, Fig. 9, the combination
achieves l0 watt peak power output,

an overal l  stable gain of 60 dB, a

I-MHz frequency response, and the

low-noise, high-impedance input of the

new amplifier.

VOLTMETER PREAMPLIFIER

Sens i t i v i t y  o f  a  l0 -mV vo l tmeter ,

such as the -hp- Model 427,4. can be in-

creased to I mV directly at the 20 dB

gain setting of the amplifier, Fig. 10.

It  may also be extended to 100 pV ful l

scale at the 40 dB setting by adcling a

bandpass filter between the amplifier
ancl thc voltmeter. Similarly, a l-mV

voltmeter can be extended to 100 pV
by using the 20 dB gain sett ing.

Sensit ivi ty of a digital a-c voltmeter

can also be extended while maintain-

ing  use fu l  accuracy .  Frequency  re -

S  P  E C I  F I C A T I O  N 5
-hp-

M O D E L  4 5 5 A
A M P L I F I E R

V o L T A G E  G A I N 1  2 0  d B  ( X 1 0 )  o r  4 0  d B
(X100) ,  open c i rcu i t

c A l N  A C C U R A C Y : 1 0 . 1  d B  ( t 1 % )  a t
1000 Hz.

FREQUENCY RESPONSE:  10 .1  dB,  100 Hz
to  50  kHz (2  dB down a t  5  Hz  and I  MHz.

OUTPUT:  >10 vo l ts  rms open c i rcu i t ;  >5
vofts rms into 50 ohms (Y2 watt)-

D f S T O R T I O N :  < | Y o ,  1 0  H z  t o  1 0 0  k H z ,
< 2 . k , 5  H z  t o  1 0  H z  a n d  1 0 0  k H z  t o
I  M H z .

INPUT IMPEDANCE:  10  megohms shunted
by  <20 pF.

OUTPUT IMPEDANCE:  50  ohms.
NOISET <25 pV rms re fe r red  to  input  (w i th  I

megohm source resistance)
TEMPERATURE RANGE; 0 to +50'C
POWER:  115 or  230 V +7OY" ,  50  to  1000 Hz,

10  wat ts  a t  fu l l  load .
WEIGHT:  Net :  4  lbs .  (1 ,8  kc)  Sh ipp ing :  6

lbs .  (2 ,7  kC) .
DIMENSIONS: t/3 module, 57e in. wide, 3r%z

in .  h igh ,  l1  in  deep (130 x  87  X 279 mm)
PRICE:  S190.Oo.

Prices f.o.b. factory
Data  sub jee t  to  change w i thout  no t ice

Fig.9. Cascading the -hp- 4674 Power
Amplifier with the amplifier results in a
stable 60-dB amplifier uith l1-megohm
input impedance and 10 watts peak

pouer output.

sponse of the amplifier is within l/o

from 100 Hz to 50 kHz, thus increasing

resolution of a digital voltmeter, such
as the -hp_ 3446, to a I mV rms

OSCI LLOSCOPE PREAMPLIFIER

As an oscilloscope preamplifier, the

amplifier provicles a 1O-megohm, 15-pF

input without the use of a probe. An

osci l loscope with a sensit ivi ty of 0.05

V/cm (0.5 V/cm with probe) wil l  have

a sensit ivi ty of 5 mV/cm with the am-

p l i f ie r  on  the  20  dB ga in  pos i t ion  or

0.5 mV/cm on the 40 dB posit ion. In

the latter posit ion, noise is only 0.2 cm.

DISTRIBUTION AMPLIFIER

Low output impedance of the ampli-
fier is advantageous for driving several

loads simultaneously, Fig. l l ,  or for

driving long cables. The amplifier has

been used as a distribution amplifier

to supply a precision 100 kHz t ime base

simultaneously to several counters.

AT WESCON _

Translation of frequency using wideband

sampl ing  techn iques  has  ex tended t rad i t iona l

low-frequency measurement methods into the

microwave reg ion  Sampl ing  is  now becoming
more  impor tan t  w i th  the  app l ica t ion  o f  phase-

locked- loops  to  sampl ing  ins t ruments ,  thus
opening new ways of measuring 'vector volt-

age '  and complex  impedance.
The use o f  sampl ing  fo r  e lec t ron ic  ins t ru -

mentation wil l be discussed by four -hP- au-
thors at a contributed technical session at

O T H E R  - h p -  P A P E R S
Also  a t  WESCON/66,  M.  M.  A ta l la  o f  -hp-

Laboratories will review the state of the art

and assess the future of Schottky barriers and
the i r  app l i ca t ions  as  d isc re te  dev ices  and in
integrated circuits. Schottky banie( diodes are
a l ready  in  use  in  a  number  o f  h igh  f requency
app l ica t ions  and many new dev ices  based in

the  concept  w i l l  soon become ava i lab le .  T i t le
o f  Dr .  A ta l la 's  paper  i s  'Meta l  Semiconductor
Schottky Barriers and Devicesi lt wil l be pre'

lmV  Fu l l  Sca le

Fig. 10. A 10 mV uoltmeter such as the
-hp- Model 4274 can be extended to
read 1 mV full scale with the amplifier

Eain set at 20 dB.

ACKNOWLEDGMENT

The -hp- 465.4 Amplifier was cle-

signed under the direct ion of Noel

Pace. Product design was by Kay Dan-

ielson and electrical design by the un-

dersigned. -Robert B. Bttmp

Fig. 11, Low output impedance of tlrc
-hp- Model 4654 permits driuing seu-
eral loads in parallel, such as seueral
counters sirnultaneously from an exter-

nal precision time base.

WESCON/66.  Sess ion  cha i rman Dr  Bernard
M. Oliver, -hp- vice-president for research and

deve lopment ,  w i l l  ou t l ine  progress  made in  the
pas t  few years  in  adapt ing  sampl ing  tech-
n iques  to  ex tend ing  ins t rument  bandwid ths .
Papers wil l cover various aspects of sampling.

WESCON/66 w i l l  be  in  Los  Ange les  th is  year

from August 23rd through 26th. The -hp--

techn ica l  sess ion  w i l l  be  Fr iday ,  August  26 th ,
f rom 9 :30  to  12 :00  noon in  the  B i l tmore  Hote l
Renaissance Room.

sented Tuesday morning, August 23rd, in the
Bi l tmore  Hote l  Ba l l room.

Another -hp-. author, John C Beckett, wil l
present a paper suggesting a systems approach
to achieve a balance of transportation modes
for  the  pub l ic  He cons iders  var ious  means o f
au to  t rave l  combined w i th  methods  o f  mass
t rans i t  to  su i t  ind iv idua l  needs .  Becket t ' s  Da-
per ,  ' l nnovat ions  fo r  Mass  Transpor ta t ion ' ,  w i l l
be  presented  Thursday  morn ing ,  August  25 th ,
in  the  B i l tmore  Hote l  Ba l l room.

WIDEBAND SAMPLING SESSION
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