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T H E  R F  V E C T O R  V O L T M E T E R - A N  I M P O R T A N T  
N E W  I N S T R U M E N T  F O R  A M P L I T U D E  A N D  

P H A S E  M E A S U R E M E N T S  F R O M  1  M H z  T O  1 0 0 0  M H z  
A  b r o a d b a n d  t w o - c h a n n e l  m i l l i v o l t m e t e r  a n d  p h a s e m e t e r  

s i m p l i f i e s  m a n y  m e a s u r e m e n t s  h e r e t o f o r e  o f t e n  
n e g l e c t e d .  I n c l u d e d  a r e  d e v i c e  g a i n  a n d  l o s s ,  i m p e d a n c e  

a n d  a d m i t t a n c e ,  l e n g t h  i n e q u a l i t i e s  i n  t r a n s m i s s i o n  p a t h s ,  a n d  
p rec i s i on  f r equency  compa r i sons .  

I I  

Fig. and -hp- Model 8405A Vector Voltmeter measures amplitudes and 
phase simultaneously. Instrument has frequency range of 1 MHz to 1 
GHz, dB, of  100 / iV full-scale,  dynamic range of  95 dB, phase 
resolution of O.I , and is simple to operate. Thus it makes feasible many 

measurements which formerly were difficult or impossible. 

A N  I M P O R T A N T  X K W  I N S T R 1 M E N T ,  

which seems certain lo become one of 
the major electronic measuring instru 
ments, lias recently been developed by 
the -hp- Microwave Division. The RF 
Vector Voltmeter (Fig. 1) is a two-chan 
nel millivoltmeter and phasemeter: it 
measures the voltage in channel A, and 
simultaneously measures the phase an 
gle between the fundamental compo 
nents of the signals in channels A and 
B; it may then be switched to measinc 
the voltage in channel B so that gain 
or loss may be determined. It makes 
these measurements over a broad fre 
quency ran ere (I ro 10(10 \TH/) in :i part 

of the spectrum where information is 
often peculiarly dillicult lo obtain. 

Voltage and phase are so fundamen 
tal in electrical engineering that the 
new  ec tor Voltmeter has an extraordi 
nary number of applications. It can, 
lor example, measure complex or vec 
tor parameters such as impedance or 
admittance, amplifier gain and phase 
shift, complex insertion loss or gain, 
complex reflection coefficient, two-port 
network parameters, and filter transfer 
functions. It can also be used as a se 
lective receiver and as a design tool: 
possible applications are detec ting RF 
leakage measuring antenna character 

istics, detecting Miller effects in tuned 
RF amplifiers, tuning feedback ampli 
fiers, measuring the electrical length of 
cables, measuring group delay, and 
main others. 

Although adequate voltmeters for 
measuring amplitudes over a wide fre 
quency range have been available for 
some time, there has been no equally 
convenient means for measuring phase. 
Consequently, simultaneous measure 
ments of voltage and phase have not 
always been easy to make. Most systems 
whi< h are able to measure phase angles 
require several control adjustments for 
each measurement, and manv of them 
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Fig. 2. Block diagram of -hp- 
Model 8405A Vector Voltmeter. 
Automatic phase control (APC) 
uses phase-locked loop to tune 
and phase-lock meter to channel 
A signal. APC adjusts frequency 
of voltage-tuned local oscillator 
(VTO) which triggers sampling- 
type mixers in probes. RF signals 
are reconstructed from samples 
at intermediate frequency of 20 
kHz, where voltage and phase are 

measured. 

1 -  1000 MHz 20kHz 

Sampl ing 
Probe 

Sampl ing 
Probe 

are limited in frequency range, sensi 
tivity, and dynamic range. 

The new Vector Voltmeter (VVM), 
on the other hand, operates over a fre 
quency range of 1 MHz to 1 GHz. It 
has high sensitivity and wide dynamic 
range. Its phase resolution is 0.1Â° at 
any phase angle at all frequencies, and 
it operates with the simplicity of a volt 
meter: the operator merely selects ap 
propriate meter ranges, touches two 
probes to the points of interest, and 
leads voltage and phase on two meters. 

As a voltmeter, the VVM has nine 
voltage ranges, which have full-scale 
sensitivities of 100 /tV to 1 V rms. Its 
dynamic range is 95 dB, which means 
that it can measure gains or losses of 
up to 95 dB. The 10:1 voltage dividers 
supplied with the instrument enable it 
to measure voltages up to 10 V. 

As a phasemeter, the VVM will 
measure phase angles between -(-180Â° 
and â€”180Â°. It has four ranges: Â±180Â°, 
Â±60Â°, Â±18Â°, and Â±6Â°. The phase 
meter can be offset up to Â±180Â° in 10Â° 
steps so that any phase angle may be 
read on the Â±6Â° range, which has 0.1Â° 
resolution. For example, a phase angle 
of -f-145Â° can be measured with 0.1Â° 
resolution by selecting a phasemeter 
offset of +140Â° or +150Â° and using 
the Â±6Â° range. Phase readings are in 
dependent of the voltage levels in the 
two channels. 

The reference signal for the phase 
measurement is channel A. An auto 
matic phase control circuit (APC) 
tunes and phase-locks the instrument 
to the channel A signal. The frequency 
range of the APC is selected by means 
of a front-panel control; there are 21 
overlapping ranges, each more than an 
octave in width. In making a measure 
ment, the operator selects a frequency 
range which includes the frequency of 
the signal which is driving the circuit 
under test. The APC then tunes the 
instrument automatically and essen 
tially instantaneously (10 milliseconds), 
and keeps it tuned even if the input 
frequency drifts or sweeps at moderate 
rates (up to 15 MHz/second). 

In the input probes of the VVM are 
sampling-type mixers which convert 
the RF signals to a 20-kH/ interme 
diate frequency, where the voltage and 
phase measurements are made. Feed 
back stabilization of the mixers keeps 
the voltage conversion loss at 0 dB de 
spite environmental influences, and 
common local-oscillator drive for both 
samplers keeps the phase difference be 
tween the IF signals equal to the phase 
difference between the RF signals. 

The RF waveforms are reconstruÃ ted 
at the intermediate frequency: the 
fundamental components of the RF 
waveforms are converted to 20 kH/. the 
second harmonics to 40 kHz, the third 

harmonics to 60 kHz, and so on, up to 
the highest harmonic of the input sig 
nal which falls within the 1-GHz band 
width of the samplers. Outputs are 
provided directly from the sampling 
mixers in both channels. Since the in 
put waveforms are preserved in the IF 
signals, the VVM can be used to con 
vert many low-frequency oscilloscopes, 
wave analyzers, and distortion analyz 
ers to high-frequency sampling instru 
ments for signals of moderate harmonic 
content. A similar sampling principle 
was originally employed by -hp- in 
sampling-type oscilloscopes.1 

for the voltage and phase measure 
ments, the IF signals from the sam 
pling mixers are filtered so that only 
their 20-kHz fundamentals remain, 
and the amplitudes of these funda 
mentals and the phase angle between 
them are measured and displayed on 
the two front-panel meters (see block 
diagram, Fig. 2). Since only the funda 
mentals are measured, the amplitude 
and phase readings are not affected by 
the harmonic content of the input sig 
nals. The narrow-bandwidth IF filters 
(1 kHz) also retluce thermal noise at 
the meter inputs. The dc meter signals 
for both voltage and phase are avail 
able at the rear panel and can be used 
to drive recorders. 

1 Roder ick  Car lson ,  'The  K i lomegacyc le  Sampl ing  Osc i l l o  
scope , '  'Hew le t t -Packa rd  Jou rna l , '  Vo l .  13 ,  No .  7 ,  March ,  
1962. 
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Fig. 3. Demonstration of phase-measuring capabilities 
of Vector Voltmeter. Phasemeter readings vs. slotted- 
line probe positions for setup of (a) are plotted in (b). 
Steepest portion of (b) curves is shown expanded in 
(c). Maximum rate of change of phase of 50Â° /mm, or 
2Â° per human hair diameter, is easily measured. With 
slotted line terminated in 50 ohms, maximum devia 
tion of phase from linear, theoretically 22.8Â° for meas 
ured VSWR of 2.26, is measured as 22Â°. Frequency is 

1.003 GHz. 

P H A S E - M E A S U R I N G  C A P A B I L I T I E S  
Figs. 3(b) and 3(c) demonstrate the 

phase-measuring capabilities of the 
Vector Voltmeter. They show, first of 
all, how the high phase resolution of 
the VVM makes possible very precise 
measurements of length. Fig. 3(b) also 
includes an example of the phase- 
measurement accuracy of the instru 
ment. 

To obtain the data for Figs. 3(b) and 
3(c), a 1-GHz signal was applied first 
to an unloaded slotted line and then to 
the same slotted line with a 50-ohm 
load [see block diagram, Fig. 3(a)]. 
Probe A of the VVM was placed at the 
output of the slotted line, and probe B 
was attached to the movable slotted- 
line probe. Fig. 3(b) is a plot of the 

phasemeter readings versus the posi 
tion of the slotted-line probe. The 
measured curve closely follows the the 
oretical curve for an open-circuited 
lossless line. 

Without the 50-ohm load, the stand 
ing-wave ratio on the line was 50.5. 
This was determined by measuring the 
maximum and minimum voltages on 
the line with the voltmeter of the VVM 
switched to channel B. The phase-vs- 
position curve is the step-like curve of 
Fig. 3(b), and Fig. 3(c) shows one of the 
steep portions of this curve with an 
expanded horizontal scale. The maxi 
mum rate of change of phase can be 
determined from Fig. 3(c) to be 50Â° per 
millimeter, or 0.05" per micrometer. 
Thus, a change equal to the diameter 

of a human hair in the position of the 
slotted-line probe was accompanied by 
about a 2Â° phase change, and was easily 
resolved by the high-resolution (0.1Â°) 
phasemeter. 

With the 50-ohm load, the VSWR 
was 2.26. Had the VSWR been 1.0, the 
phase-vs-position curve would have 

C O R R E C T I O N  
I n  t h e  a r t i c l e  ' R F I  M e a s u r e m e n t s  D o w n  t o  

1 0  k H z  W i t h  S p e c t r u m  A n a l y z e r  C o n v e r t e r , '  
V o l .  1 7 .  N o .  7 ,  M a r c h ,  1 9 6 6 ,  t h e  m i x e r  i n p u t  
p o r t s  i n  F i g .  4  a r e  i n c o r r e c t l y  l a b e l e d .  T o p  
p o r t  s h o u l d  b e  l a b e l e d  ' L , '  a n d  c e n t e r  p o r t  
s h o u l d  b e  l a b e l e d  ' X . '  I t  i s  p o s s i b l e  t o  b u r n  
o u t  t h e  m i x e r  i f  t h e  c i r c u i t  i s  n o t  c o n n e c t e d  
p r o p e r l y ,  o r  i f  l o c a l  o s c i l l a t o r  p o w e r  i s  t o o  
h i g h .  O p t i m u m  L O  p o w e r  i s  a b o u t  5  m W .  
Lower  power  leve ls  can be used,  but  the th i rd-  
o r d e r  i n t e r m o d u l a t i o n  p r o d u c t s  o f  t h e  m i x e r  
wi l l  be larger .  
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been linear, as shown by the dashed 
line in Fig. 3(b). The theoretical maxi 
mum deviation from linear of the 
phase curve for a VSWR of 2.26 is 

2.26 â€” 1 
A<Â¿ = arc sin   = 22.8Â°.  

2.26 -f 1 
The measured maximum deviation 
shown in Fig. 3(b) is about 22Â°. 

A M P L I F I E R  M E A S U R E M E N T S  

Fig. 4(b) shows curves of gain, phase, 
and group delay versus frequency for 
a transistor amplifier stage operating 
in the 10-to- 12-MHz range. The curves 
were measured with the Vector Volt 
meter in the setup of Fig. 4(a). Com 
pared with previously-available meth 
ods, the time and effort required to 
take the data were minimal. 

Two sets of curves are shown in Fig. 
4(b). With the switch shown in Fig. 
4(a) in the closed position, the gain of 

the second amplifier stage was reduced 
to zero. The solid curves of Fig. 4(b) 
were obtained with the switch open 
(second stage gain > 1 ) and the dashed 
curves were obtained with the switch 
closed. The difference between the 
curves shows that the impedance seen 
by the first stage has been changed by 
the Miller effect of the collector-to- 
base capacitance of the second transis 
tor and the gain of the second stage. 

Besides amplitude and phase curves, 
Fig. 4(b) shows group-delay curves, in 
which delay distortion produced by the 
Miller effect is apparent. A group de 
lay curve can be obtained either by 
plotting the slope of the phase curve, 
or directly from the phasemeter. By 
changing the input frequency in incre 
ments of 2.78 kHz, or 27.8 kHz, or 278 
kHz, etc., the group delay can be read 
di rect ly  f rom the  corresponding 

changes in the phasemeter readings. 
The scale factors will in this case be 
l^s, 100 ns, or 10 ns, etc., per degree, 
since 1 Â¿is = 1 degree at 2.78 kHz, and 
so on. Group delay information is very 
useful in cable testing, where constant 
time delay for all frequencies is desir 
able. 

M E A S U R E M E N T S  O F  T R A N S I S T O R  A N D  
N E T W O R K  P A R A M E T E R S  

Another important application for 
the new VVM is measuring transistor 
gain and other transistor parameters. 
The wide frequency range of the VVM, 
and its ability to measure very small 
signals, make it well-suited for tran 
sistor measurements. 

Fig. 5(a) shows a test setup which is 
being used at -hp- to measure transistor 
scattering parameters, or j-parameters. 
The Â¿-parameters contain the same in- 

(a) 

90 

80 

f  7 0  
O )  

Â£60 
^  
_ 50 

(b )  % 
5 40 

20 

10 

o 

350 

_ 300 

-  250 

2 0 0  
-  Q  150 

^ o 100 

1 0 . 0  1 0 . 5  1 1 . 0  1 1 . 5  

F R E Q U E N C Y  ( M H z )  

12.0 

- 9 0  

- 1 2 0  

- 1 5 0  I S  
O )  

00 
â€¢ 

Â±180 2 
LÃ¼ 

150 Â£ 

120 

90 

Fig. 4. Typical amplifier gain, phase, and 
group delay measurements, made with Vec 
tor Voltmeter in setup shown in (a). Solid 
curves of (b) were taken with switch on 
second amplifier stage open, so that second- 
stage gain was greater than one. Dashed 
curves of (b) were measured with switch 
closed, second-stage gain = 0. Difference 

between curves shows Miller effect of sec 
ond-stage collector-base capacitance. Group 
delay curves can be obtained by differentiat 
ing phase curve, or by changing input fre 
quency in increments of 2.78 X 10'kHz and 
determining delay from corresponding 
phasemeter changes with scale factor of 10" 
/Â¿s per degree, where n = 0, Â±1, Â±2, . . . 
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Fig. 5. (a) Setup for measurement of transistor scat 
tering parameters, or s- parameter s. Input reflection 
coefficient s,, is measured with probe B in position BÂ¡. 
Forward gain s,, is measured with probe B in position 
B,. Output reflection coefficient Â«.-.â€¢ and reverse gain 
s,, are measured by turning transistor around in spe 
cial jig and making same measurements as for s,, and 
s,,, respectively, (b) Amplitude and phase of s,, and 
s,, measured with Vector Voltmeter are plotted on 
Smith chart using polar coordinates. Normalized in 
put and output impedances can then be read on im 
pedance scales, (c) Si, and s-, for saine transistor. 
Transistor was in grounded-emitter configuration with 

50-ohm source and load impedances. 

formation as other common types of 
two-port network parameters, such as 
y-, z-, Ii-, or Â«-parameters, but are much 
easier to measure and to work with at 
high frequencies because, unlike the 
other parameters, ^-parameters are not 
defined in terms of short circuits or 
open circuits, which are difficult to ob 
tain at high frequencies. Now that 
transistor gain-bandwidth products 
greater than 1000 MHz are becoming 
common, new methods for specifying 
transistor high-frequency performance 
are coming into use. The i-parameters 
will probably be employed for this pur- 

T I M E  S I G N A L  A D J U S T M E N T  

T i m e  s i g n a l s  b r o a d c a s t  b y  N B S  S t a n d a r d s  
Rad io  S ta t ion  WWVB (60  kHz)  w i l l  be  re ta rded 
2 0 0  m i l l i s e c o n d s  a t  0 0 0 0  h o u r s .  U n i v e r s a l  
T i m e ,  o n  J u n e  1 ,  1 9 6 6 ,  a c c o r d i n g  t o  a n  a n  
n o u n c e m e n t  f r o m  t h e  N a t i o n a l  B u r e a u  o f  
S tandards .  Th is  ad jus tment  Â ¡s  in  accordance  
w i t h  t h e  p o l i c y  o f  m a i n t a i n i n g  t h e  W W V B  
p u l s e s ,  w h i c h  c o n f o r m  t o  t h e  a t o m i c - r e f e r  
enced  second ,  w i th in  100  m i l l i seconds  o f  t ime  
pu lses  re fe r red  to  Un ive rsa l  T ime.  

pose more often in the future.2 
The parameter slt is the complex re 

flection coefficient at the input, or port 
1 , of a two-port network, with the net 
work terminated in equal source and 
load impedances, usually 50 ohms. The 
reflection coefficient at port 2 is s2 ... 

The parameter s.,, is the complex 
transducer gain or loss from input to 
output, or port I to port 2, of a two- 
port network, again with equal source 
and load impedances. The reverse gain 
is s1L,. 

Fig. 5(b) shows a Smith-chart plot of 
input and output reflection coefficients 
sn and s.,., as a function of frequency 
for a high-frequency transistor. The 
measurements were made over a wide 
measurement range from 100 to 1200 
MH/ with the new Vector Voltmeter, 
using the setup of Fig. 5(a). The Smith 
chart is useful for plotting sn and sL,2 
because the amplitude and phase of 
these reflection coefficients can be plot- 
2 George E. Bodway, 'Two-Port Power Flow Analysis of Linear 
Active Circuits Using the Generalized Scattering Param 
eters'; to be published. 

ted using the polar coordinates of the 
chart, and then the normalized input 
reactance and resistance of the network 
can be read directly from the reactance 
and resistance scales. 

Fig. 5(c) shows plots of reverse and 
forward gain sla and s21 obtained with 
the same transistor as Fig. 5(b), in the 
circuit of Fig. 5(a). 

All of the measurements discussed 
here, as well as many others, some of 
which are described briefly on pages 7, 
10 and 11 can be made quickly and 
easily with the new Vector Voltmeter. 
In the past, these measurements were 
difficult to make, and often were not 
made at all, because of the difficulty of 
obtaining phase information. 

S A M P L I N G  M I X E R S  

Fig. 7 is a block diagram of the sam 
pling-type harmonic mixers, which are 
located in the probes. These mixers are 
similar to those used in -hp- sampling 
oscilloscopes. They operate on a strob- 
oscopic principle, sampling a high- 
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Fig. 6. Design team for -hp- Model 8405A Vector Voltmeter included 
(1. to r.) Fritz K. Weinert, final-phase project leader, William R. Han- 
isch, Allen Baghdasarian, Siegfried H. Linkwitz, Jeffrey L. Thomas, 

and Roderick Carlson, initial- phase project leader. 

frequency periodic input  s ignal  at  a  
s l ight ly different  phase at  each sam 
pling instant and reconstructing a low- 
1'requency image of the signal from the 
samples. The time between sampling 
pulses is determined by the frequency 
of the voltage-tunable local oscillator 
(VTO) ,  wh ich  i s  con t ro l l ed  by  the  
phase-locked loop. 

In  opera t ion ,  the  sampler  ga te  i s  
opened for about 300 picoseconds. The 
input voltage at this time is stored in a 
'zero-order hold' circuit until the next 
s a m p l e .  T h e  o u t p u t  w a v e f o r m  i s  a  
f a i t h f u l  r e p l i c a  o f  t h e  i n p u t ,  c o n  
structed in small steps.3 Negative feed 
back is employed to stabilize the volt 
age conversion loss at O cl B (output 
amplitude is same as input amplitude) 
and to give a high input  impedance.  

The two probes are ac-coupled and 
pe rmanen t ly  a t t ached  to  the  ins t ru  
ment with 5-foot cables. Loading of the 
system under test is minimized by the 
high input  impedance of  the  probes  
(0.1 megohm shunted by 2.5 pF; with 
divider, 1 megohm shunted by 2 pF). 

AUTOMATIC PHASE CONTROL 
The  phase- locked  loop ,  shown in  

Fig. 8, tunes the instrument to the sig 
nal  f requency.  The loop is  preceded 
by a high-gain amplifier-limiter which 

3  T h i s  p r o c e s s  i s  e s s e n t i a l l y  d i s t o r t i o n l e s s :  d i s t o r t i o n  i n  
t r o d u c e d  b y  t h e  s a m p l e - a n d - h o l d  s y s t e m  d o e s  n o t  a p p e a r  i n  
t h e  I F  s i g n a l s  u n t i l  t h e  5 0 t h  h a r m o n i c ,  w h i c h  i s  u s u a l l y  
m u c h  h i g h e r  t h a n  t h e  h i g h e s t  s i g n i f i c a n t  h a r m o n i c  i n  t h e  
i n p u t  s i g n a l .  

T H E  V E C T O R  V O L T M E T E R  
A S  A  P R E C I S I O N  F R E Q U E N C Y  C O M P A R A T O R  

A d j u s t i n g  a  p r e c i s i o n  o s c i l l a t o r  s o  t h a t  i t s  
f r e q u e n c y  i s  t h e  s a m e  a s  t h a t  o f  a  s t a n d a r d  
c a l l s  f o r  a  p r e c i s e  f r e q u e n c y  c o m p a r i s o n  b e  
t w e e n  t w o  h i g h l y  s t a b l e  s i g n a l  s o u r c e s .  S u c h  
f r e q u e n c y  c o m p a r i s o n s  a r e  a l s o  n e e d e d  i n  
s t u d i e s  o f  a g i n g  e f f e c t s ,  o r  l o n g - t e r m  s t a b i l i t y ,  
i n  p r e c i s i o n  o s c i l l a t o r s .  I n  t h e s e  c o m p a r i s o n s ,  
f r e q u e n c y  d i f f e r e n c e s  o f  a  f e w  p a r t s  i n  1 0 I !  
a r e  s i g n i f i c a n t  a n d  m u s t  b e  d e t e c t e d .  

M o s t  m e t h o d s  f o r  c o m p a r i n g  t h e  f r e q u e n  
c i e s  o f  t w o  s t a b l e  o s c i l l a t o r s  r e q u i r e  l o n g  t i m e  
p e r i o d s  t o  a c h i e v e  t h e  r e q u i r e d  p r e c i s i o n .  F o r  
e x a m p l e ,  i t  t a k e s  a b o u t  o n e  d a y  t o  c o m p a r e  
t w o  5 - M H z  f r e q u e n c y  s t a n d a r d s  t o  a  p r e c i s i o n  
o f  o n e  p a r t  i n  1 0 " ,  b y  t h e  b e s t  o f  t h e s e  
m e t h o d s .  

B y  u s i n g  t h e  V e c t o r  V o l t m e t e r  t o  d e t e c t  t h e  
p h a s e  d i f f e r e n c e  b e t w e e n  t h e  t w o  o s c i l l a t o r s ,  
t h e  t i m e  r e q u i r e d  t o  a c h i e v e  a  p r e c i s i o n  o f  o n e  
pa r t  i n  10 ! I  can  be  reduced  t o  a  f ew  m inu tes ,  a t  
t y p i c a l  s t a n d a r d  f r e q u e n c i e s  o f  1  M H z  o r  m o r e .  
T h e  b l o c k  d i a g r a m  s h o w s  t h e  m e a s u r e m e n t  
a r r a n g e m e n t .  

I f  t h e  f r e q u e n c i e s  o f  t h e  t w o  o s c i l l a t o r s  a r e  
t h e  s a m e  t h e i r  p h a s e  d i f f e r e n c e  w i l l  b e  c o n  
s t a n t .  I f  t h e  f r e q u e n c i e s  d i f f e r ,  t h e  p h a s e m e t e r  
r e a d i n g  w i l l  c h a n g e  a t  a  r a t e  g i v e n  b y  

â € ”  =  3 6 0  A f  
At 

w h e r e  A ^  =  p h a s e  c h a n g e  i n  d e g r e e s ,  i n d i  
c a t e d  b y  V V M  
A t  =  t i m e  i n  s e c o n d s  r e q u i r e d  f o r  p h a s e  
change A\5  
A f  =  f r e q u e n c y  d i f f e r e n c e  i n  H z  b e  
t w e e n  i n p u t  s i g n a l s .  

T h e  d i r e c t i o n  o f  t h e  p h a s e  c h a n g e  t e l l s  
w h i c h  f r e q u e n c y  i s  h i g h e r :  c l o c k w i s e  r o t a t i o n  
o f  t h e  p h a s e m e t e r  p o i n t e r  i n d i c a t e s  t h a t  t h e  
f r e q u e n c y  i n  c h a n n e l  B  i s  h i g h e r  t h a n  t h a t  i n  
c h a n n e l  A .  

T h e  p h a s e  c h a n g e  a n d  d i r e c t i o n  o f  c h a n g e  
c a n  b e  r e c o r d e d  o n  a  s t r i p - c h a r t  r e c o r d e r  b y  
c o n n e c t i n g  t h e  r e c o r d e r  t o  t h e  d c  p h a s e m e t e r  
o u t p u t  j a c k  o n  t h e  r e a r  p a n e l  o f  t h e  V V M .  T h e  
r e c o r d  s h o w n  i s  a  t y p i c a l  r e c o r d e r  t r a c e  f o r  
t w o  1 - M H z  o s c i l l a t o r s  w i t h  a  f r e q u e n c y  o f f s e t  
o f  2 . 3  X  1 0  s  H z ,  o r  2 . 3  p a r t s  i n  1 0 " .  T h e  t i m e  

s c a l e  i s  1 2  s e c o n d s  p e r  d i v i s i o n ,  a n d  t h e  f u l l -  
sca le  phase  d i f fe rence  Â¡s  3Â° .  The  s lope  o f  the  
t r a c e  c a n  b e  d e t e r m i n e d  w i t h i n  l e s s  t h a n  o n e  
m i n u t e ,  w h e r e a s  o l d e r  m e t h o d s  w o u l d  h a v e  r e  
q u i r e d  m u c h  l o n g e r  t o  a c h i e v e  t h i s  p r e c i s i o n .  

W h e n  t h e  V e c t o r  V o l t m e t e r  i s  u s e d  a s  a  
p r e c i s i o n  f r e q u e n c y  c o m p a r a t o r ,  t h e  t w o  o s c i l  
l a t o r s  m u s t  h a v e  l o w  n o i s e ,  t h e  o s c i l l a t o r  f r e  
q u e n c i e s  m u s t  f a l l  w i t h i n  t h e  r a n g e  o f  t h e  
V V M  ( 1  M H z  t o  1  G H z ) ,  a n d  t h e  o s c i l l a t o r  
f r e q u e n c i e s  m u s t  d i f f e r  b y  l e s s  t h a n  a  f e w  
h e r t z .  O s c i l l a t o r s  w h o s e  f r e q u e n c i e s  d i f f e r  b y  
m o r e  t h a n  a  f e w  h e r t z  s h o u l d  f i r s t  b e  t u n e d  
c o a r s e l y  u s i n g  a  c o u n t e r  o r  a n  o s c i l l o s c o p e .  

â€¢ 7 â€¢ 
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Fig. 7. Block diagram of sam 
pling-type harmonic mixers used 
in new VVM. Mixers operate on 
stroboscopic principle, sampling 
RF signal at different points in 
cycle at successive sampling in 
stants. RF waveforms are recon 
structed in small steps at inter 
mediate frequency: fundamental 
component of RF signal is trans 
posed to 20 kHz, second harmonic 
to 40 kHz, and so on. Feedback 
keeps IF voltage equal to RF 

voltage. 

delivers a constant output regardless 
of the input voltage. 

When  an  RF  s igna l  i s  app l i ed  t o  
channel  A and the inst rument  is  not  
tuned properly, the IF is not 20 kHz, 
and the search generator  produces a  
r amp vo l t age  which  ad jus t s  the  f r e  
quency of the VTO. This changes the 
t i m e  b e t w e e n  s a m p l e s  a n d ,  c o n s e  
quently, changes the intermediate fre 
quency. When the IF reaches 20 kHz, 
the loop locks and controls the VTO 
so as  to  correct  for  changes in  VTO 
frequency, signal frequency, or phase 
modulation. 

When the loop is locked, the differ 
ence between the signal frequency and 

a harmonic of  the VTO frequency is  
exactly the 20-kHz reference oscillator 
frequency: 

/.u-n/TTO=Â±20kHz. 

The 20-kHz IF can be  e i ther  the  ' in  
v e r t e d '  m o d e  o r  t h e  ' n o n i n v e r t e d '  
mode ,  depending  upon  whether  the  
signal is 20 kHz below or 20 kHz above 
a  VTO ha rmon ic .  The  IF  phase  d i f  
ference is  ident ical  to  the RF phase 
d i f ference  only  for  the  noninver ted  
m o d e .  F o r  t h e  i n v e r t e d  m o d e ,  t h e  
phase angle is correct, but is lagging 
when the RF phase angle is leading. A 
sideband decision circuit  detects the 
sideband mode and starts  the search 

generator  again i f  the IF mode is  in  
verted. The time required to complete 
the tuning operation is about 10 milli 
seconds. 

Overa l l  ga in  of  the  phase- locked  
loop  i s  a  l inear  func t ion  of  the  har  
monic number to which the signal is 
locked. A variable attenuator adjusts 
the loop gain to an optimal value for 
any signal frequency so that the gain 
will be sufficient to ensure phase lock 
but not so high that the loop oscillates. 
The attenuator control knob is labeled 
FREQUENCY RANGE, and has 21 overlap 
ping octave-wide bands. 

METER CIRCUITS 
The voltmeter and phasemeter cir-  

I F  -  C H A N N E L  A  

-To VTO 

F r e q u e n c y  
Range 

C o n t r o l  

Fig. 8. Block diagram of auto 
matic phase control (APC) cir 
cuit, which tunes and phase-locks 
Vector Voltmeter to channel A 
signal.  APC loop adjusts fre 
quency of voltage-tuned local os 
cillator (VTO) which generates 
sampling pulses for mixers, thus 
keeps  IF  a t  20  kHz .  APC re  
quires only 10 ms to tune meter, 
and remains locked even if input 
frequency changes at rates up to 
15 MHz/s. Sideband decision cir 
cuit ensures that f,Â¡, â€” nfvTo is 
always +20 kHz, never â€”20 kHz. 
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Fig. Amplifier- Block diagram of voltmeter and phasemeter circuits. Amplifier- 
limiters make phase readings independent of signal levels. 

cuits are shown in Fig. 9. The 20-kHz 
phasemeter has identical amplifiers 
and limiters in both channels so that 
the meter reading is independent of 
the input signal levels. 

The phase detector is a bistable mul 
tivibrator which is triggered to one of 
its stable states by channel A and to 
the other by channel B. The multivi 
brator operates a transistor switch, 
which turns the meter current on and 
off. Another meter input current pro 
vides the phase offset, which is adjust 
able in 10Â° steps. This kind of phase 
detector has a very linear characteristic 
and gives precise phase offset steps in 
spite of extreme environmental condi 
tions or intermediate-frequency shifts. 

A C K N O W L E D G M E N T S  
The Vector Voltmeter design was 

initiated by a study4 made by Chu-Sun 
Yen, Kay B. Magleby, and Gerald J. 
Alonzo of the -hp- Advanced Research 
and Development Laboratories. The 
design group for the Vector Voltmeter 
has included Roderick Carlson, Allen 
Baghdasarian, William R. Hanisch, 
Siegfried H. Linkwitz, Jeffrey L. 
Thomas, Giacomo J. Vargiu and the 
undersigned. 

â€” Fritz K. Weinert 

' C h u - S u n  Y e n ,  ' P h a s e - L o c k e d  S a m p l i n g  I n s t r u m e n t s , '  I E E E  
T r a n s a c t i o n s  o n  I n s t r u m e n t a t i o n  a n d  M e a s u r e m e n t ,  V o l .  
I M - 1 4 ,  N o s .  1  a n d  2 ,  M a r c h - J u n e ,  1 9 6 5 .  

D E S I G N  L E A D E R S  

i$SÂ» Â«, â„¢ 

R O D E R I C K  C A R L S O N  

Rod  Ca r l son  j o i ned  -hp -  i n  1958  as  
a  d e v e l o p m e n t  e n g i n e e r .  H e  p a r t i c i  
p a t e d  i n  t h e  d e s i g n  o f  t h e  - h p -  1 6 0 A  
Osci l loscope and was pro ject  leader  for  
t h e  d e v e l o p m e n t  o f  t h e  - h p -  1 8 5 A  
S a m p l i n g  O s c i l l o s c o p e .  L a t e r  h e  b e  
c a m e  s e c t i o n  m a n a g e r  f o r  s a m p l i n g  
o s c i l l o s c o p e  d e v e l o p m e n t .  H e  t r a n s  
f e r r e d  t o  t h e  - h p -  M i c r o w a v e  D i v i s i o n  
i n  1 9 6 4 ,  a n d  w a s  t h e  p r o j e c t  l e a d e r  
d u r i n g  t h e  i n i t i a l  d e v e l o p m e n t  o f  t h e  
- h p -  8 4 0 5 A  V e c t o r  V o l t m e t e r .  H e  t h e n  
became manager  o f  the s igna l  ana lys is  
s e c t i o n  o f  t h e  M i c r o w a v e  L a b o r a t o r y ,  
t h e  s e c t i o n  c o n c e r n e d  w i t h  w a v e  a n d  
spec t r um  ana l yze r s ,  b roadband  de tec  
to rs ,  and  power  measurement .  

Rod  ho lds  a  BSEE deg ree  f rom Cor  
n e l l  U n i v e r s i t y .  H e  i s  a  m e m b e r  o f  
IEEE,  Tau  Be ta  P i ,  E ta  Kappa  Nu ,  and  
P h i  K a p p a  P h i .  B e f o r e  j o i n i n g  - h p - ,  
R o d  s p e n t  f i v e  y e a r s  a s  a n  i n s t r u m e n  
t a t i o n  e n g i n e e r  f o r  C o r n e l l  A e r o n a u t i  
c a l  L a b o r a t o r y ,  d e a l i n g  w i t h  a i r c r a f t  
s tab i l i t y  and  con t ro l  under  f l i gh t  cond i  
t ions.  

F R I T Z  K .  W E I N E R T  

Fr i tz  Weiner t  g raduated  Magna Cum 
L a u d e  f r o m  I n g e n i e u r s c h u l e  G a u s s ,  
Ber l in ,  Germany ,  w i th  a  degree  in  e lec  
t r i ca l  commun ica t ions  eng ineer ing  and  
p r e c i s i o n  m e c h a n i c s .  B e g i n n i n g  i n  
1947 ,  he  was  assoc ia ted  w i t h  seve ra l  
G e r m a n  f i r m s  a s  a  d e v e l o p m e n t  e n g i  
neer  for  carr ier  te lephone systems,  and 
a s  p r o j e c t  e n g i n e e r  f o r  a  v a r i e t y  o f  
p r o j e c t s  d e a l i n g  w i t h  e l e c t r o n i c  t e s t  
i n s t r u m e n t s ,  a n t e n n a s ,  a n d  f i e l d s .  
A f t e r  c o m i n g  t o  t h e  U n i t e d  S t a t e s  i n  
1960 ,  F r i t z  spen t  f ou r  yea rs  as  a  p ro j  
ec t  eng ineer  in  the deve lopment  o f  RFI  
ins t rumenta t ion .  

F r i t z  j o i ned  -hp -  i n  1964 ,  becom ing  
pro ject  leader  for  the f ina l  development  
o f  t h e  8 4 0 5 A  V e c t o r  V o l t m e t e r .  H e  
i s  now  a  p ro jec t  l eade r  i n  t he  ne two rk  
ana lys is  sec t ion  o f  the  -hp-  M ic rowave  
Laboratory .  Fr i tz  ho lds patents  and has 
p u b l i s h e d  p a p e r s  d e a l i n g  w i t h  p u l s e  
c i r c u i t s ,  t a p e r e d - l i n e  t r a n s f o r m e r s ,  
d i g i t a l  t u n e d  c i r c u i t s ,  a n d  s h i e l d i n g  
sys tems.  He has  taught  undergraduate  
e l ec t r on i cs  and  ma thema t i c s .  
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S E L E C T E D  V E C T O R  V O L T -  
â€¢  COMPLEX INSERTION LOSS OR GAIN  
â€¢ COMPLEX REFLECTION COEFFICIENT 
â€¢ COMPLEX IMPEDANCE OR 

A D M I T T A N C E  
â€¢  TWO-PORT NETWORK PARAMETERS 
â € ¢  A N T E N N A  I M P E D A N C E  A N D  P H A S E  

C H A R A C T E R I S T I C S  

T h e  a r r a n g e m e n t  s h o w n  i n  ( a )  i s  l i m i t e d  t o  t h e  
f r e q u e n c y  r a n g e  o f  t h e  d i r e c t i o n a l  c o u p l e r s  ( u s u  
a l l y  > 2 0 0  M H z ) .  T h e  c a b l e  o r  l i n e - s t r e t c h e r  m a y  
b e  n e e d e d  a t  t h e  h i g h e r  f r e q u e n c i e s  t o  c o m p e n  
sa te  f o r  phase  sh i f t  i n  t he  d i r ec t i ona l  coup le r s  and  
o t h e r  c i r c u i t r y .  A  s i m p l e r  a r r a n g e m e n t ,  u s e f u l  a t  
l o w e r  f r e q u e n c i e s ,  i s  s h o w n  i n  ( b ) .  

R e f l e c t i o n  c o e f f i c i e n t s ,  i n p u t  p a r a m e t e r s ,  a n d  
i m p e d a n c e s  a r e  m e a s u r e d  w i t h  p r o b e  B  i n  p o s i  
t i o n  B l .  T r a n s m i s s i o n  p a r a m e t e r s ,  l o s s ,  a n d  g a i n  
a r e  m e a s u r e d  w i t h  p r o b e  B  Â ¡ n  p o s i t i o n  B 2 .  I n p u t  
i m p e d a n c e  c a n  b e  d e t e r m i n e d  b y  p l o t t i n g  m a g n i  
t u d e  a n d  p h a s e  o f  r e f l e c t i o n  c o e f f i c i e n t  o n  S m i t h  
c h a r t  a n d  r e a d i n g  n o r m a l i z e d  i m p e d a n c e  o n  r e  
s i s t a n c e  a n d  r e a c t a n c e  s c a l e s .  

P a r a m e t e r  F r e q u e n c y  I M H i l  

E x p a n d e d  S m i t h  c h a r t  p l o t  o f  r e f l e c t i o n  c o e f f i c i e n t  
o f  5 0 - o h m  Â ± 1 %  m e t a l  f i l m  r e s i s t o r  a t t a c h e d  t o  
B N C  c o n n e c t o r .  C i r c u i t  w a s  ( a )  w i t h  p r o b e  B  i n  
p o s i t i o n  B l ,  r e s i s t o r  a s  d e v i c e  X ,  a n d  o n l y  o n e  

d i r e c t i o n a l  c o u p l e r .  

G A I N  A N D  P H A S E  O F  O N E  O R  M O R E  
A M P L I F I E R  S T A G E S  

G R O U P  D E L A Y  A N D  D I S T O R T I O N  

C O M P L E X  T R A N S M I S S I O N  
COEFFICIENTS 

F I L T E R  T R A N S F E R  F U N C T I O N S  

A T T E N U A T I O N  

M e a s u r e m e n t s  o f  g a i n ,  p h a s e  s h i f t ,  a n d  g r o u p  
d e l a y  o f  a n y  d e v i c e  c a n  b e  m a d e  b y  p l a c i n g  o n e  
p r o b e  ( A  o r  B )  o f  t h e  V e c t o r  V o l t m e t e r  a t  t h e  
i n p u t  o f  t h e  d e v i c e  a n d  t h e  o t h e r  p r o b e  a t  t h e  
o u t p u t .  T h e  d i f f e r e n c e  b e t w e e n  c h a n n e l  A  a n d  
c h a n n e l  B  v o l t m e t e r  r e a d i n g s  i n  d B  i s  t h e  g a i n  o r  
l oss .  Phasemete r  read ing  i s  the  phase  sh i f t .  G roup  
de lay  is  the  s lope o f  the  phase-vs- f requency  curve .  

I f  s i g n a l  f r e q u e n c y  m u s t  b e  m e a s u r e d  m o r e  
a c c u r a t e l y  t h a n  i s  p o s s i b l e  w i t h  t h e  s i g n a l - g e n  
e r a t o r  d i a l ,  a  c o u n t e r  m a y  b e  u s e d  t o  m e a s u r e  
f r e q u e n c y ,  o r  a  f r e q u e n c y  s y n t h e s i z e r  m a y  b e  
u s e d  a s  a  s i g n a l  g e n e r a t o r .  

L o a d  a s  
R e q u i r e d  

- 2 0  

^  

Q  - 4 0  
Z )  i 
I  - 6 0  

A m p l i t u d e  

19 .9960  20 .0000  20 .0040  
FREQUENCY (MHz) 

G a i n  a n d  p h a s e  s h i f t  o f  - h p -  M o d e l  8 4 4 2 A  2 0 -  
M H z  C r y s t a l  F i l t e r  a s  m e a s u r e d  w i t h  n e w  R F  V e c  

t o r  V o l t m e t e r .  

1 0  

â€¢ OPEN-LOOP GAIN OF FEEDBACK 
AMPLIF IERS 

â€¢  GAIN AND PHASE MARGINS 

C l o s e d - l o o p  g a i n  o f  a  f e e d b a c k  a m p l i f i e r  i s  
fa 

â€”  (a  complex  number ) .  

A / i  i s  open - l oop  ga in .  I f  â€ ”A /8  =  â€ ”1 ,  t he  f eed  
b a c k  i s  p o s i t i v e  a n d  o s c i l l a t i o n s  o c c u r .  

I m p o r t a n t  q u a n t i t i e s  i n  f e e d b a c k  a m p l i f i e r  d e  
s i g n  a r e  g a i n  m a r g i n  a n d  p h a s e  m a r g i n ,  w h i c h  
a r e  m e a s u r e s  o f  t h e  d e g r e e  o f  s t a b i l i t y  o f  a n  a m  
p l i f i e r .  G a i n  m a r g i n  i s  t h e  m a g n i t u d e  o f  â € ” A / i ,  i n  
dB ,  a t  t he  f r equency  f o r  wh i ch  t he  phase  o f  â€ ”A /3  
is  â€”180Â°.  Phase margin is  the d i f ference between 
â€”  180Â° and the  phase o f  â€”A/3  a t  the  f requency  
f o r  w h i c h  t h e  m a g n i t u d e  o f  â € ” A / 8  i s  0  d B .  T y p i c a l  
g a i n  m a r g i n s  a r e  â € ” 1 0  d B  t o  â € ” 4 0  d B ,  t y p i c a l  
phase  marg ins  g rea te r  t han  30Â° .  

T h e  V e c t o r  V o l t m e t e r  g r e a t l y  s i m p l i f i e s  t h e  
d e s i g n  o f  f e e d b a c k  a m p l i f i e r s  a n d  o s c i l l a t o r s  b y  
g i v i n g  b o t h  a m p l i t u d e  a n d  p h a s e  o f  o p e n - l o o p  
g a i n  s i m u l t a n e o u s l y  a n d  q u i c k l y .  

- 5 0  

1 - 1 0 0  

Ã¯ 20 
3 10 

M A R G I N  =  t l l d B  
( P H A S E  =  - 1 8 0 Â ° )  

1 2 4  1 0  2 0  4 0  
F R E Q U E N C Y  ( M H z )  

O p e n - l o o p  g a i n  a n d  p h a s e  s h i f t  f o r  a  t r a n s i s t o r  
a m p l i f i e r  c i r c u i t  a s  m e a s u r e d  w i t h  R F  V e c t o r  V o l t  
m e t e r  A m p l i f i e r  w a s  i i n c t a h l p ,  a c  g a i n  a n d  p h a s e  

m a r g i n s  i n d i c a t e .  
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M E T E R  M E A S U R E M E N T S  
â€¢  AMPLITUDE MODULATION INDEX 

â€¢ RF DISTORTION 

â€¢ CONVERSION OF LOW-FREQUENCY 
I N S T R U M E N T S  T O  S A M P L I N G  
I N S T R U M E N T S  F O R  O B S E R V A T I O N  
A N D  M E A S U R E M E N T  O F  
H I G H - F R E Q U E N C Y  S I G N A L S  

Dev i ce  X  i s  any  s i gna l  sou rce ,  1  MHz  to  1  GHz .  
T h e  V e c t o r  V o l t m e t e r  c o n v e r t s  t h e  f u n d a m e n t a l  
o f  t h e  R F  s i g n a l  t o  a  2 0 - k H z  I F ,  t h e  s e c o n d  h a r  
m o n i c  t o  4 0  k H z ,  a n d  s o  o n ,  s o  R F  w a v e f o r m s  a r e  
p r e s e r v e d  i n  t h e  I F  s i g n a l s .  T h e  I F  o u t p u t  c a n  b e  
used  as  t he  i npu t  t o  a  l ow- f requency  osc i l l oscope ,  
d i s t o r t i o n  a n a l y z e r ,  w a v e  a n a l y z e r ,  o r  o t h e r  i n  
s t r u m e n t .  

F o r  a m p l i t u d e - m o d u l a t e d  s i g n a l s ,  t h e  v o l t m e  
t e r  i s  s y n c h r o n i z e d  t o  t h e  c a r r i e r  f r e q u e n c y  f t  a n d  
t h e  s i d e b a n d s  f c  Â ±  - M  a r e  r e p r o d u c e d  a t  t h e  I F  
a s  2 0  k H z  Â ± A f .  M o d u l a t i o n  i n d e x  c a n  b e  m e a s  
u r e d  u s i n g  a n  o s c i l l o s c o p e .  

ÃÃUÃÃÃÃ 

2 0 - k H z  I F  o u t p u t  o f  V e c t o r  V o l t m e t e r  o b s e r v e d  o n  
- h p -  1 2 0 B  O s c i l l o s c o p e  ( b a n d w i d t h  =  4 5 0  k H z ) .  
I n p u t  t o  V V M  w a s  3 0 0 - M H z  c a r r i e r ,  a m p l i t u d e  
m o d u l a t e d  b y  1 - k H z  s i g n a l .  O s c i l l o s c o p e  w a s  s y n  

ch ron i zed  to  modu la t i ng  s igna l  on l y .  

â€¢ ELECTRICAL LENGTH OF CABLES 
â€¢ PHASE TRACKING BETWEEN 

S I G N A L  P A T H S  

The  e lec t r i ca l  l eng th  o f  a  cab le  can  be  ad jus ted  
p r e c i s e l y  u s i n g  t h e  p h a s e  r e s o l u t i o n  o f  t h e  V e c t o r  
V o l t m e t e r .  O n e  a r r a n g e m e n t  f o r  d o i n g  t h i s  i s  
s h o w n  i n  t h e  b l o c k  d i a g r a m .  

T o  c u t  a  c a b l e  t o  a n  e l e c t r i c a l  l e n g t h  o f  o n e -  
q u a r t e r  w a v e l e n g t h  a t  f r e q u e n c y  f ,  t h e  s i g n a l  g e n  
e ra to r  i s  f i r s t  t uned  p rec i se l y  t o  f r equency  f .  Nex t ,  
w i t h  a  s h o r t  c i r c u i t  a t  t h e  o u t p u t  o f  t h e  d i r e c t i o n a l  
c o u p l e r ,  t h e  s y s t e m  i s  c a l i b r a t e d  b y  a d j u s t i n g  t h e  
P H A S E  Z E R O  c o n t r o l  o f  t h e  V V M  u n t i l  t h e  p h a s e -  
m e t e r  r e a d s  1 8 0 Â ° .  T h e n  t h e  s h e " *  c i r c u i t  i s  r e  
p l a c e d  b y  t h e  c a b l e  a n d  t h e  c a b l e  l e n g t h  i s  a d  
j u s t e d  u n t i l  t h e  p h a s e m e t e r  a g a i n  r e a d s  1 8 0 Â ° .  
T h e  e l e c t r i c a l  l e n g t h  o f  t h e  c a b l e  i s  t h e n  o n e -  
qua r t e r  wave leng th .  

A  c a b l e  c a n  b e  a d j u s t e d  t o  t h e  s a m e  e l e c t r i c a l  
l e n g t h  a s  a n o t h e r  c a b l e  b y  1 )  c o n n e c t i n g  t h e  f i r s t  
c a b l e  t o  t h e  d i r e c t i o n a l  c o u p l e r  a n d  n o t i n g  t h e  
p h a s e m e t e r  r e a d i n g ,  a n d  2 )  c o n n e c t i n g  t h e  s e c  
o n d  c a b l e  a n d  c u t t i n g  i t  u n t i l  t h e  p h a s e m e t e r  
r e a d i n g  i s  t h e  s a m e  a s  f o r  t h e  f i r s t  c a b l e .  

A n o t h e r  m e t h o d  f o r  a d j u s t i n g  t w o  c a b l e s  t o  
t h e  s a m e  l e n g t h  i s  s i m p l y  t o  d r i v e  b o t h  c a b l e s  
w i t h  t h e  s a m e  s i g n a l  s o u r c e  a n d  m e a s u r e  t h e  
phase  d i f f e rence  be tween  the  cab le  ou tpu t  s i gna l s  
w i t h  t h e  V V M .  Z e r o  d e g r e e s  p h a s e  d i f f e r e n c e  i n d i  
c a t e s  e q u a l  e l e c t r i c a l  l e n g t h s .  P h a s e  t r a c k i n g  b e  
t w e e n  a n y  t w o  s i g n a l  p a t h s  c a n  b e  m e a s u r e d  i n  
t h e  s a m e  w a y ,  t h a t  i s ,  b y  d r i v i n g  b o t h  p a t h s  w i t h  
t h e  s a m e  s o u r c e  a n d  m e a s u r i n g  t h e  p h a s e  d i f f e r  
e n c e  a t  t h e  p a t h  o u t p u t s  w i t h  t h e  V V M .  

I f  t h e  c a b l e  o r  c a b l e s  m u s t  b e  l o n g e r  t h a n  o n e -  
q u a r t e r  w a v e l e n g t h  a t  t h e  f r e q u e n c i e s  w i t h i n  t h e  
r a n g e  o f  t h e  V V M ,  c a b l e  l e n g t h  m u s t  f i r s t  b e  d e  
t e r m i n e d  t o  w i t h i n  o n e - q u a r t e r  w a v e l e n g t h  b y  
o t h e r  m e a n s  ( e . g . ,  t i m e  d o m a i n  r e f l e c t o m e t r y ) .  

. 9 9 4  . 9 9 6  . 9 9 8 1 . 0 0 0 1 0 0 2 1 . 0 0 4 1 . 0 0 6  
LENGTH (meters) 

P h a s e  v e r s u s  l e n g t h  o f  c a b l e  f o r  s y s t e m  s h o w n  i n  
b l o c k  d i a g r a m ,  c a l i b r a t e d  a t  7 5  M H z  ( q u a r t e r -  
w a v e l e n g t h  =  1  m ) .  P h a s e  r e s o l u t i o n  o f  V V M  i s  
0 . 1Â° ,  a l l ow ing  l eng th  t o  be  de te rm ined  w i t h i n  0 . 6  
m m  a t  7 5  M H z ,  o r  m o r e  a c c u r a t e l y  a t  h i g h e r  

f requenc ies .  
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â€¢ SELECTIVE RECEIVER 

â€¢ NEAR-FIELD ANTENNA 
CHARACTERIST ICS 

â€¢ RF LEAKAGE 

T h e  V e c t o r  V o l t m e t e r  c a n  b e  u s e d  a s  a  s e l e c  
t i v e  r e c e i v e r  b y  s y n c h r o n i z i n g  c h a n n e l  A  t o  t h e  
d e s i r e d  f r e q u e n c y  o r  s i g n a l ,  a n d  e q u i p p i n g  t h e  
c h a n n e l  B  p r o b e  w i t h  a n  a n t e n n a .  M e t e r  b a n d  
w i d t h  o f  t h e  V V M  i s  1  k H z .  R F  l e a k a g e  f r o m  a n y  
d e v i c e  c a n  b e  d e t e c t e d  b y  t h i s  t e c h n i q u e .  A n  
t enna  cha rac te r i s t i c s  can  be  measu red  a l so .  

â€¢ COMPLEX IMPEDANCE AND 
A D M I T T A N C E  ( A T  F R E Q U E N C I E S  
B E L O W  1 0 0  M H z )  

T w o  s i m p l e  t e c h n i q u e s  f o r  m e a s u r i n g  i m p e d  
a n c e s  a t  l o w e r  f r e q u e n c i e s  a r e  s h o w n  i n  t h e  a c  
c o m p a n y i n g  d i a g r a m s .  T h e s e  m e t h o d s  a r e  u s e f u l  
i f  t h e  p r o b e  a n d  c i r c u i t  i m p e d a n c e s  a r e  n e g l i g i b l e  
i n  c o m p a r i s o n  w i t h  t h e  u n k n o w n  a n d  i f  t h e  r e a c  
t a n c e  o f  t h e  c u r r e n t  t r a n s f o r m e r  o r  r e s i s t o r  i s  
sma l l .  

C u r r e n t  
T r a n s f o r m e r  

h p -  8 4 0 5 A  |  
V E C T O R  I  

V O L T M E T E R  

© Copr. 1949-1998 Hewlett-Packard Co.
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Fig. Voltmeter. Probes and accessories for â€”hpâ€” Model 8405A Vector Voltmeter. 
Top to bottom: assembled probe; exploded view of probe, showing sam 
pler circuit; isolators, 10:1 dividers, and ground clips supplied with 
probes. Isolators (or dividers) and ground clips are used when probing 
by hand prob arbitrary circuits. (Tees and adapters are available for prob 
ing in 50-ohm coaxial systems.) Dividers extend upper limit of voltmeter 

range to 10 V. See Specifications for details. 

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

M O D E L  8 4 0 5 A  
V E C T O R  V O L T M E T E R  

I n s t r u m e n t  T y p e :  T w o - c h a n n e l  s a m p l i n g  R F  m i l l i  
v o l t  m e t e r - p h a s e  m  Ã ¨ t e r  w h i c h  m e a s u r e s  v o l t  
a g e  l e v e l  i n  t w o  c h a n n e l s  a n d  s i m u l t a n e o u s l y  
d i s p l a y s  t h e  p h a s e  a n g l e  b e t w e e n  t h e  t w o  
s i g n a l s .  

F r e q u e n c y  R a n g e :  1  M H z  t o  1  G H z  i n  2 1  o v e r  
l a p p i n g  o c t a v e  b a n d s  ( l o w e s t  b a n d  c o v e r s  t w o  
o c t a v e s ) .  

M e t e r  B a n d w i d t h :  1  k H z .  

T u n i n g :  A u t o m a t i c  w i t h i n  e a c h  b a n d .  A u t o m a t i c  
p h a s e  c o n t r o l  ( A R C )  c i r c u i t  r e s p o n d s  t o  t h e  
c h a n n e l  A  i n p u t  s i g n a l .  S e a r c h  a n d  l o c k  t i m e ,  
a p p r o x i m a t e l y  1 0  m i l l i s e c ;  m a x i m u m  s w e e p  
s p e e d ,  1 5  M H z / s e c .  

V o l t a g e  R a n g e :  
C h a n n e l  A :  1 . 5  m V  t o  1  V  r m s  f r o m  1  t o  5  

M H z ;  3 0 0  / i V  t o  1  V  r m s ,  5  t o  5 0 0  M H z ;  5 0 0  
/ Â ¿ V  t o  1  V  r m s ,  5 0 0  M H z  t o  1  G H z ;  c a n  b e  
e x t e n d e d  b y  a  f a c t o r  o f  1 0  w i t h  1 0 2 1 4 A  
1 0 : 1  D i v i d e r .  

C h a n n e l  B :  1 0 0  / i V  t o  1  V  r m s  f u l l  s c a l e  ( i n p u t  
t o  c h a n n e l  A  r e q u i r e d ) ;  c a n  b e  e x t e n d e d  b y  
a  f a c t o r  o f  1 0  w i t h  1 0 2 1 4 A  1 0 : 1  D i v i d e r .  

M e t e r  R a n g e s :  1 0 0  Â ¿ Â ¿ V  t o  1  V  r m s  f u l l  s c a l e  
i n  1 0 - d B  s t e p s .  

F u l l - S c a l e  V o l t a g e  A c c u r a c y :  W i t h i n  Â ± 2 %  1  t o  
1 0 0  M H z ,  w i t h i n  Â ± 6 %  t o  4 0 0  M H z ,  w i t h i n  
Â ± 1 2 %  t o  1  G H z ,  n o t  i n c l u d i n g  r e s p o n s e  t o  
t e s t - p o i n t  i m p e d a n c e * .  

V o l t a g e  R e s p o n s e  t o  T e s t  P o i n t  I m p e d a n c e :  
- f O ,  â € ” 2 %  f r o m  2 5  t o  1 0 0 0  o h m s .  E f f e c t s  o f  
t e s t -  p o i n t  i m p e d a n c e  a r e  e l i m i n a t e d  w h e n  
1 0 2 1 4 A  1 0 : 1  D i v i d e r  o r  1 0 2 1 6 A  I s o l a t o r  i s  
u s e d .  

R e s i d u a l  N o i s e :  L e s s  t h a n  1 0  t Â ¿ V  a s  i n d i c a t e d  o n  
t h e  m e t e r .  

P h a s e  R a n g e :  3 6 0 Â ° ,  i n d i c a t e d  o n  z e r o - c e n t e r  
m e t e r  w i t h  e n d - s c a l e  r a n g e s  o f  Â ± 1 8 0 ,  Â ± 6 0 ,  
Â ± 1 8 ,  a n d  Â ± 6 Â ° .  M e t e r  i n d i c a t e s  p h a s e  d i f f e r  
e n c e  b e t w e e n  t h e  f u n d a m e n t a l  c o m p o n e n t s  o f  
t h e  i n p u t  s i g n a l s .  

R e s o l u t i o n :  0 . 1 Â °  a t  a n y  p h a s e  a n g l e .  

M e t e r  O f f s e t :  - : 1 8 0 Â °  i n  1 0 Â °  s t e p s .  

P h a s e  A c c u r a c y :  W i t h i n  Â ± 1 Â ° ,  n o t  i n c l u d i n g  
p h a s e  r e s p o n s e  v s .  f r e q u e n c y ,  a m p l i t u d e ,  a n d  
t e s t - p o i n t  i m p e d a n c e .  

P h a s e  R e s p o n s e  v s .  F r e q u e n c y :  L e s s  t h a n  â € ” 0 . 2 "  
1  M H z  t o  1 0 0  M H z ,  l e s s  t h a n  = 3 Â °  1 0 0  M H z  
t o  1  G H z .  

P h a s e  R e s p o n s e  v s .  S i g n a l  A m p l i t u d e :  L e s s  t h a n  
Â ± 2 Â °  f o r  a n  a m p l i t u d e  c h a n g e  f r o m  1 0 0  / Â ¿ V  
t o  1  V  r m s .  

P h a s e  R e s p o n s e  v s .  T e s t  P o i n t  I m p e d a n c e 4 :  
L e s s  t h a n  Â ± 2 Â °  0  t o  5 0  o h m s ,  l e s s  t h a n  â € ” 9 Â °  
2 5  t o  1 0 0 0  o h m s .  E f f e c t s  o f  t e s t - p o i n t  i m p e d  
a n c e  a r e  e l i m i n a t e d  w h e n  1 0 2 1 4 A  1 0 : 1  D i v i d e r  
o r  1 0 2 1 6 A  I s o l a t o r  i s  u s e d .  

I s o l a t i o n  B e t w e e n  C h a n n e l s :  G r e a t e r  t h a n  1 0 0  
d B  1  t o  4 0 0  M H z ,  g r e a t e r  t h a n  7 5  d B  4 0 0  
M H z  t o  1  G H z .  

I n p u t  I m p e d a n c e  ( n o m i n a l ) :  0 . 1  m e g o h m  
s h u n t e d  b y  a p p r o x i m a t e l y  2 . 5  p F ;  1  m e g o h m  
s h u n t e d  b y  a p p r o x i m a t e l y  2  p F  w h e n  1 0 2 1 4 A  
1 0 : 1  D i v i d e r  i s  u s e d ;  0 . 1  m e g o h m  s h u n t e d  b y  
a p p r o x i m a t e l y  5  p F  w h e n  1 0 2 1 6 A  I s o l a t o r  i s  
u s e d ,  a c  c o u p l e d .  

M a x i m u m  a c  I n p u t  ( f o r  p r o p e r  o p e r a t i o n ) :  3  V  
p - p  ( 3 0  V  p - p  w h e n  1 0 2 1 4 A  1 0 : 1  D i v i d e r  i s  
u s e d ) .  

M a x i m u m  d c  I n p u t :  Â ± 1 5 0  V .  

2 0  k H z  I F  O u t p u t  ( e a c h  c h a n n e l ) :  R e c o n s t r u c t e d  
s i g n a l s ,  w i t h  2 0  k H z  f u n d a m e n t a l  c o m p o  
n e n t s ,  h a v i n g  t h e  s a m e  a m p l i t u d e ,  w a v e f o r m ,  
a n d  p h a s e  r e l a t i o n s h i p  a s  t h e  i n p u t  s i g n a l s .  
O u t p u t  i m p e d a n c e ,  1 0 0 0  o h m s  i n  s e r i e s  w i t h  
2 0 0 0  p F ,  B N C  f e m a l e  c o n n e c t o r s .  

R e c o r d e r  O u t p u t :  
A m p l i t u d e :  0  t o  + 1  V d c  Â ± 6 %  o p e n  c i r c u i t ,  

p r o p o r t i o n a l  t o  v o l t m e t e r  r e a d i n g .  O u t p u t  
i m p e d a n c e ,  1 0 0 0  o h m s ;  B N C  f e m a l e  c o n  
n e c t o r .  

P h a s e :  0  t o  Â ± 0 . 5  V d c  Â ± 6 % ,  p r o p o r t i o n a l  t o  
p h a s e  m e t e r  r e a d i n g ;  l e s s  t h a n  1 %  e f f e c t  
o n  R e c o r d e r  O u t p u t  a n d  m e t e r  r e a d i n g  
w h e n  e x t e r n a l  l o a d  i s  > 1 0 , 0 0 0  o h m s ;  B N C  
f e m a l e  c o n n e c t o r .  

R F I :  C o n d u c t e d  a n d  r a d i a t e d  l e a k a g e  l i m i t s  a r e  
b e l o w  t h o s e  s p e c i f i e d  i n  M I L - I - 6 1 8 1 D  a n d  
M I L - I - 1 6 9 1 0 C  e x c e p t  f o r  p u l s e s  e m i t t e d  f r o m  
p r o b e s .  S p e c t r a l  i n t e n s i t y  o f  t h e s e  p u l s e s  i s  
a p p r o x i m a t e l y  6 0  / z V / M H z ;  s p e c t r u m  e x t e n d s  
t o  a p p r o x i m a t e l y  2  G H z .  P u l s e  r a t e  v a r i e s  
f r o m  1  t o  2  M H z .  

P o w e r :  1 1 5  o r  2 3 0  V  Â ± 1 0 % ,  5 0  t o  4 0 0  H z ,  3 5  
w a t t s .  

W e i g h t :  N e t  3 0  I b s .  ( 1 3 , 5  k g ) .  S h i p p i n g  3 5  i b s .  
( 1 5 , 8  k g ) .  

D i m e n s i o n s :  
1 6 3 / 4  i n .  w i d e ,  7 % 2  i n .  h i g h ,  1 8 %  i n .  d e e p  
( 4 2 5  x  1 8 5 , 2  x  4 6 7  m m )  o v e r a l l .  H a r d w a r e  
f u r n i s h e d  f o r  c o n v e r s i o n  t o  r a c k  m o u n t  1 9  i n .  
w i d e ,  6 3 1 / 3 z  i n .  h i g h ,  1 6 3 / s  i n .  d e e p  b e h i n d  
p a n e l  ( 4 8 3  x  1 7 7 , 2  x  4 1 6  m m ) .  

A c c e s s o r i e s  F u r n i s h e d :  
1 0 2 1 4 A  1 0 : 1  D i v i d e r  ( t w o  f u r n i s h e d )  f o r  e x  

t e n d i n g  v o l t m e t e r  r a n g e .  V o l t a g e  e r r o r  i n  
t r o d u c e d  i s  l e s s  t h a n  = 6 %  1  M H z  t o  7 0 0  
M H z ,  l e s s  t h a n .  Â ± 1 2 %  t o  1  G H z ;  i f  u s e d  o n  
o n e  c h a n n e l  o n l y ,  p h a s e  e r r o r  i n t r o d u c e d  i s  
l e s s  t h a n  Â ± ( 1  +  0 . 0 1 5 f / M H z ) Â ° .  

1 0 2 1 6 A  I s o l a t o r  ( t w o  f u r n i s h e d )  f o r  e l i m i n a t  
i n g  e f f e c t  o f  t e s t - p o i n t  i m p e d a n c e  o n  s a m  

p l e r * .  V o l t a g e  e r r o r  i n t r o d u c e d  i s  l e s s  t h a n  
Â ± 6 %  1  t o  2 0 0  M H z ,  r e s p o n s e  i s  3  d B  d o w n  
a t  5 0 0  M H z ;  i f  u s e d  o n  o n e  c h a n n e l  o n l y ,  
p h a s e  e r r o r  i n t r o d u c e d  i s  l e s s  t h a n  Â ± ( 3  - f -  
0 . 1 8 5 f / M H z ) Â ° .  

1 0 2 1 3 - 6 2 1 0 2  G r o u n d  C l i p s  ( s i x  f u r n i s h e d )  f o r  
1 0 2 1 4 A  a n d  1 0 2 1 6 A .  

5 0 2 0 - 0 4 5 7  P r o b e  T i p s  ( s i x  f u r n i s h e d ) .  

A c c e s s o r i e s  A v a i l a b l e :  
1 0 2 1 8 A  B N C  A d a p t e r ,  c o n v e r t s  p r o b e  t i p  t o  

m a l e  B N C  c o n n e c t o r ,  $ 6 . 0 0 .  
1 0 2 2 0 A  A d a p t e r ,  f o r  c o n n e c t i o n  o f  M i c r o d o t  

s c r e w - o n  c o a x i a l  c o n n e c t o r s  t o  t h e  p r o b e ,  
$ 3 . 5 0 .  

1 0 2 2 1 A  5 0 - o h m  T e e ,  w i t h  G R 8 7 4  R F  f i t t i n g s ,  
f o r  m o n i t o r i n g  s i g n a l s  i n  5 0 - o h m  t r a n s m i s  
s i o n  l i n e  w i t h o u t  t e r m i n a t i n g  t h e  l i n e ,  
$ 4 0 . 0 0 .  

1 1 5 2 9 A  A c c e s s o r y  C a s e ,  f o r  c o n v e n i e n t  s t o r  
a g e  o f  a c c e s s o r i e s ,  i n c l u d e s  t w o  c o m p a r t -  
m e n t e d  s h e l v e s  a n d  s n a p - s h u t  l i d ,  $ 8 . 5 0 .  

1 2 5 0 - 0 7 7 8  A d a p t e r ,  b o t h  c o n n e c t o r s  t y p e  N  
m a l e  ( U G - 5 7 B / U ) .  

1 2 5 0 - 0 7 8 0  A d a p t e r ,  t y p e  N  m a l e  a n d  B N C  
f e m a l e  ( U G - 2 0 1 A / U ) .  

1 2 5 0 - 0 8 4 6  A d a p t e r ,  T e e ,  a l l  c o n n e c t o r s  t y p e  
N  f e m a l e  ( U G - 2 8 A / U ) .  

G e n e r a l  R a d i o  t y p e  8 7 4 - W 5 0  5 0 - o h m  L o a d  
( a l s o  a v a i l a b l e  f r o m  - h p -  u n d e r  p a r t  n o .  
0 9 5 0 - 0 0 9 0 ) .  

G e n e r a l  R a d i o  t y p e  8 7 4 - Q N P  A d a p t e r ,  G R  8 7 4  
a n d  t y p e  N  m a l e  ( a l s o  a v a i l a b l e  f r o m  - h p â € ”  
u n d e r  p a r t  n o .  1 2 5 0 - 0 8 4 7 ) .  

G e n e r a l  R a d i o  t y p e  8 7 4 - Q N J A  A d a p t e r ,  G R  
8 7 4  a n d  t y p e  N  f e m a l e  ( a l s o  a v a i l a b l e  f r o m  
- h p -  u n d e r  p a r t  n o .  1 2 5 0 - 0 2 4 0 ) .  

G e n e r a l  R a d i o  t y p e  8 7 4 - Q B P A  A d a p t e r ,  G R  
8 7 4  a n d  B N C  m a l e  ( a l s o  a v a i l a b l e  f r o m  
- h p -  u n d e r  p a r t  n o .  1 2 5 0 - 0 8 4 9 ) .  

G e n e r a l  R a d i o  t y p e  8 7 4 - Q B J A  A d a p t e r ,  G  R  
8 7 4  a n d  B N C  f e m a l e  ( a l s o  a v a i l a b l e  f r o m  
- h p -  u n d e r  p a r t  n o .  1 2 5 0 - 0 8 5 0 ) .  

C o m p l e m e n t a r y  E q u i p m e n t :  
7 7 4 D  D u a l  D i r e c t i o n a l  C o u p l e r ,  2 1 5  t o  4 5 0  

M H z ,  $ 2 0 0 . 0 0 .  
7 7 5 D  D u a l  D i r e c t i o n a l  C o u p l e r ,  4 5 0  t o  9 5 0  

M H z ,  $ 2 0 0 . 0 0 .  
8 4 9 1 A  ( O p t i o n  1 0 )  1 0 - d B  C o a x i a l  A t t e n u a t o r ,  

$ 5 0 . 0 0 .  
8 4 9 1 A  ( O p t i o n  2 0 )  2 0 - d B  C o a x i a l  A t t e n u a t o r ,  

$ 5 0 . 0 0 .  

P r i c e :  M o d e l  8 4 0 5 A ,  $ 2 5 0 0 . 0 0 .  

P r i c e s  f . o . b .  f a c t o r y .  

D a t a  s u b j e c t  t o  c h a n g e  w i t h o u t  n o t i c e .  

"  V a r i a t i o n s  i n  t h e  h i g h - f r e q u e n c y  i m p e d a n c e  o f  
t e s t  p o i n t s  a s  t h e  p r o b e  i s  s h i f t e d  f r o m  p o i n t  
t o  p o i n t  i n f l u e n c e  t h e  s a m p l e r s  a n d  c a n  c a u s e  
t h e  i n d i c a t e d  a m p l i t u d e  a n d  p h a s e  e r r o r s .  
T h e s e  e r r o r s  a r e  d i f f e r e n t  f r o m  t h e  e f f e c t s  o f  
a n y  t e s t - p o i n t  l o a d i n g  d u e  t o  t h e  i n p u t  i m p e d  
a n c e  o f  t h e  p r o b e s .  

, 
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A  P O R T A B L E  B A T T E R Y - P O W E R E D  M U L T I - F U N C T I O N  M E T E R  
W I T H  L A B - Q U A L I T Y  P E R F O R M A N C E  

A  f u l l y - p o r t a b l e  l a b o r a t o r y  i n s t r u m e n t  i s  u s e f u l  f r o m  
1  he r t z  t o  4  megahe r t z  a t  l eve l s  t o  be low  1  m i l l i vo l t .  The  

i ns t r umen t  i s  a l so  a  sens i t i ve  dc  vo l tme te r  and  ohmmete r .  

THE EVER-USEFUL PORTABLE VOLT- 

OHMMETER finds wide application pri 
marily because it is a passive device 
requiring no external power. Unen 
cumbered by a line cord, it is easily 
moved from place to place and it can 
be readily operated where ac line 
power is not available. The absence of 
a line cord has a further advantage in 
that a common source of ground loops 
is thereby eliminated. 

On the other hand, voltmeters with 
active components are widely used, 
even though ac line power may be re 
quired, because of the advantages that 
amplifiers bring to voltmeter perform 
ance. Compared to the passive voltme 
ters, the active types have greater sensi 
tivity, higher input impedance, and, 
where ac as well as dc voltages are con 
cerned, broader bandwidths. 

Nowadays, transistor circuits can be 
readily included in the design of bat 
tery-powered voltohmmeters, combin 

ing the advantages of both the active 
and passive types of instruments with 
no sacrifice in portability. Accordingly, 
a new portable transistorized multi 
function meter has been designed with 
performance comparable to laboratory 
instruments, but it requires only an 
inexpensive dry-cell battery for power. 

The use of active devices makes it 
possible for this instrument to have 
high-caliber ac performance. The 
bandwidth of the new multimeter 
(_/,p_ Model 427 A) is specified as 10 Hz 
to 1 MHz but this range represents only 
the flat portion of the response curve, 
as shown in Fig. 1. Actually, the instru 
ment is useful throughout a range from 
1 Hz to 4 MHz. The most sensitive of 
the ten ac voltage ranges has been 
made 10 mV full scale, and the highest 
range is 300 V full scale. Furthermore, 
the ac input impedance is 10 megohms 
on all ranges (shunted by 20 pF or 40 
pF, depending on range). Of especial 

significance, the meter circuitry is av 
erage-responding, which provides read 
ings that approximate true rms values 
on distorted waveforms more closely 
than peak-reading voltmeters do. 

The dc measuring capabilities also 
benefit from the use of active devices. 
DC input impedance is 10 megohms on 
all dc voltage ranges, in contrast with 
the usual 20,000 ohms per volt of the 
passive multimeters, and the most sen 
sitive of the nine dc voltage ranges has 
been made Â±100 mV full scale with 
1 -mV scale resolution (the highest range 
is 1000 V full scale). Accuracy for both 
dc and ac voltage measurements is 
Â±2% of full scale, and this accuracy is 
maintained throughout a temperature 
range of 0Â° to 50Â°C. Temperature drift 
in dc measurements is typically only 
1/2 mV/Â°C and a front panel control 
allows any drift on the sensitive dc 
voltage ranges to be zeroed. 

As an ohmmeter, the new multi- 

3 

2 

1 

0 

-1 

-2  
3 

\  

5  1 0  

H z  

Fig. 1. Frequency response of new -hp- Model 427 A Multi-func 
tion Meter is essentially flat from 10 Hz to 1 MHz but useful 

response extends to 4 MHz at 3-dB point. 

\  2  3 4  
MHz 
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Fig. 2. -hp- Model 427 A Voltmeter measures ac volts from 10 tnV 
to 300 volts full scale, resistance in 7 ranges from 10 ohms to 10 
megohms center scale, and dc volts from Â±100 mV to '1000 V 
full scale. Input impedance is 10 megohms in both ac and dc 

voltage-measuring modes. 

function meter has 7 mid-scale ranges 
from 10 ohms to 10 megohms with a 
mid scale accuracy of Â±5%, and it can 
read resistance values to as low as 0.2 
ohm. 

The instrument thus has lab-quality 
performance, but it retains the rugged- 
ness and portability of the passive mul 
timeter, in addition to being well- 
suited for all-around use in the lab or 
service shop, it brings laboratory pei- 
formance to the field, to boats, to air 
craft, or to any situation where ac line 
power is not readily available. 

C O M M O N  A C  A N D  D C  I N P U T S  
The new multimeter was designed 

with large rejection of superimposed ae 

on dc so that the same floating input 
terminals can be used for both ac and 
dc voltage measurements. AC voltages 
at frequencies of 60 Hz and higher and 
with peak amplitudes 100 times greater 
than full scale (up to 450 volts peak) 
affect a dc reading less than 1%. In the 
ac mode, the input is capacitively-cou- 
pled to remove any dc component from 
the ac. Thus, both the ac and dc signals 
at the same point in a circuit, such as 
dc bias and ac signal level, may be 
measured without changing input con 
nections. 

The separate ohms input is discon 
nected by internal switching while 
making voltage measurements to pro- 

:; 

Critical In â€¢ â€¢ 

Operat ing point  .  

/Load line 
Vgso 

vds 
  ( I n c r e a s e d  t e m p e r a t u r e )  

Fig. 4. Typical characteristic curves 
for field-effect transistor. Increase in 
temperature changes Va,,, of load 
line to compensate for temperature- 
induced changes of operating points 

in associated bi-polar transistors. 

D E S I G N  L E A D E R S  

IS1 > fe 
James  M.  Co lwe l l  Noe l  M.  Pace 

J i m  C o l w e l l  j o i n e d  t h e  - h p -  L o v e -  
l and  D iv i s ion  deve lopmen t  g roup  a f te r  
g r a d u a t i o n  f r o m  P u r d u e  U n i v e r s i t y  
w i t h  a  B S E E  d e g r e e  i n  1 9 6 4 .  S i n c e  
j o i n i n g  - h p - ,  J i m  h a s  w o r k e d  o n  a m  
p l i f i e r s  and  me te r i ng  c i r cu i t s  w i t h  t he  
M o d e l  4 2 7 A  V o l t m e t e r  a s  h i s  m a j o r  
respons ib i l i t y .  He is  present ly  s tudy ing 
t o w a r d  h i s  M S E E  d e g r e e  a t  C o l o r a d o  
S t a t e  U n i v e r s i t y .  J i m  i s  a  m e m b e r  o f  
E ta  Kappa Nu and IEEE.  

Fig. 3. Each mirror-backed meter scale for new MultÃ- function 
Meter is individually calibrated on â€”hpâ€”'s servo-controlled meter 
calibrator. Meter face, shown here three-fourths actual size, also 
includes dB scale calibrated for 600-ohm systems. Meter has 

, 100-p.A, taut-band movement. 

Noe l  Pace  g radua ted  f rom S tan fo rd  
Un ivers i ty  w i th  a  BSEE degree in  1956 
a n d  d i d  g r a d u a t e  w o r k  a t  t h e  U n i v e r  
s i ty  of  Cal i forn ia at  Berkeley.  He began 
w o r k i n g  f o r  H e w l e t t - P a c k a r d  i n  P a l o  
A l t o  i n  1 9 5 7  a s  a  D e v e l o p m e n t  E n g i  
neer  on the 405A Dig i ta l  Vo l tmeter  and 
the 457A AC- to-DC Conver ter .  In  1961,  
N o e l  t r a n s f e r r e d  t o  t h e  L o v e l a n d  D i v i  
s i o n  w h e r e  h e  w o r k e d  o n  t h e  4 0 3 B  
V o l t m e t e r ,  3 5 5 0 A  T e s t  S e t ,  4 6 5 A  A m  
p l i f i e r ,  a n d  6 5 1 A  T e s t  O s c i l l a t o r .  A t  
p resen t ,  he  i s  a  Group  Leader  i n  osc i l  
l a to r  and  amp l i f i e r  deve lopment  i n  the  
- h p -  L o v e l a n d  R e s e a r c h  a n d  D e v e l o p  
m e n t  L a b o r a t o r i e s .  N o e l  a l s o  s p e n t  
t h r e e  y e a r s  a s  a  c o m m u n i c a t i o n  o f f i  
ce r  i n  t he  U .  S .  A rmy  S igna l  Co rps .  
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Fig. Rec Typical zero stability of -hp- Model 427 A Voltmeter. Rec 
ord was made in laboratory environment subject to usual tempera 

ture fluctuations of Â±2Â°C. 

tec t  both  the  ins t rument  and the  c i r  
cuit. All inputs are disconnected when 
the instrument is  turned off ,  thus re  
moving any loading from external cir 
cu i t s  t ha t  r ema in  connec t ed  t o  t he  
voltmeter. 

TEMPERATURE COMPENSATION 
A major  problem in  the  des ign of  

any sensitive dc measuring instrument 
concerns drift ,  which affects reading 
accuracy. Although chopper amplifiers 
are widely used to eliminate drift, the 
design of  the -hp-  Model  427A Volt  
meter  d id  not  include a  chopper  am 
plifier for two reasons. First of all, the 
c u r r e n t  d r a i n  o f  a  c h o p p e r  s y s t e m  
would not  permit  the use of  an inex 
pensive dry-cell battery. Secondly, the 
chopper system would increase the cost 
above the target price level. 

In place of a chopper amplifier, an 
amplifier  was designed in which the 
unavoidable  dr i f t  of  t ransis tors  was 

counteracted by an equal but opposite 
drift in the field-effect transistor (FET) 
input circuit .  The FET drain current  
i s  suppl ied  f rom a  cons tant  current  
s o u r c e ,  t h u s  p l a c i n g  t h e  l o a d  l i n e  
shown in Fig. 1 parallel to the constant 
gate-source voltage (V,. , )  l ines.  The 
FET is biased above the critical bias 
point (operating point of zero tempera 
ture coefficient) so that the FET oper 
ating point (Q) shifts slightly with a 
change of temperature to compensate 
for temperature-induced changes in the 
rest of the amplifier. 

Leakage current from the FET gate, 
which actually amounts to only a frac 
t ion of  a  nanoampere,  is  opposed in 
the  inpu t  a t t enua tor  by  an  equa l  re  
verse leakage current from a diode con 
nected in parallel with the FET gate. 
Minimum offset  voltage in the at ten 
ua to r  i s  thus  assured .  The  reverse -  
biased diode was selected to  have a  

temperature coefficient similar to the 
FET gate. 

The measures  taken in  th is  ins t ru  
ment  to compensate for  the tempera 
ture susceptibility of solid-state devices, 
plus the use of  metal  f i lm resis tors ,  
wire-wound potentiometers,  and tem 
perature-compensated voltage regula 
tors,  result  in a total  instrument tem 
perature coefficient typically less than 
i / ,  mV/Â°C.  Operat ing temperature  
range is 0 to 50Â°C. The overall dc zero 
stability of the new multimeter under 
laboratory conditions is shown by the 
graph of Fig. 5. 

CIRCUIT ARRANGEMENT 
A block diagram of the new multim 

eter in the dc voltage mode of opera 
t ion is  shown in Fig.  6.  The input is  
fed directly to the precision attenuator 
and then through the two-section de- 
filter to the Impedance Converter. The 
Impedance Converter is a unity-gain 

C O M  o -  

-  
C O N V E R T E R  

Fig. 6. Block diagram of new multi-function meter in dc voltage 
measuring configuration. Range switch at input attenuator also 

adjusts sensitivity of meter circuit. 
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Fig. 7. AC voltage measuring con 
figuration. Meter rectifier circuit is 

average-responding. 

AC INPUT 
ATTENUATOR 

AC POST 
A T T E N U A T O R ' '  

amplifier that matches the input to the 
low impedance of the meter move 
ment, using the FET to achieve very 
high input impedance. 

The Impedance Converter, which 
has a response from dc to 4 MHz, is 
also used in the ac mode of operation 
to match the high impedance of the in 
put to the low impedance of the broad 
band ac attenuator (the ac mode also 
uses a two-step ac attenuator at the 
input). A second amplifier is switched 
into the circuit in the ac mode to pro 
vide the added gain required for the 
ac-to-dc conversion (Fig. 7). 

The meter rectifiers are arranged in 
a bridge configuration which permits 
ac feedback for better linearity and 
stable gain in the ac mode. Each rec 
tifier conducts for a full half cycle of 
the ac waveform; hence, the meter re 
sponds to the average value of the 
waveform. The scale, however, is cali 
brated to read the nns value of a sine 
wave input. 

Resistance measurements use the dc 
voltage measurement circuits but in- 

Fig. 8. Ohmmeter circuits. 

dude a voltage source to drive current 
through the unknown resistance, as 
shown in Fig. 8. The sets of series re 
sistances, Ra and Rb, are chosen such 
that an open circuit at the input causes 
full scale (infinity) deflection of the 
meter. When the unknown resistance, 
Rs, has the same value as R^ in parallel 
with R,,, meter deflection is half scale. 

The ohmmeter infinity adjustment 
is made by the same front panel con 
trol that zeroes the dc voltage ranges. 

B A T T E R Y  P O W E R  

The voltmeter circuits were designed 
for low current drain, total maximum 
power dissipation being only 400 mW. 
One 22.5-V battery thus provides over 
300 hours of continuous operation or 
up to 700 hours of intermittent opera 
tion (a series regulator allows the in 
strument to function with rated accu 
racy on battery voltages as low as 15 
volts). 

For those applications where the in 
strument may remain in one place, a 
built-in power supply has been de 
signed for operation on an ac line. 
Instruments with this modification 
have a rear panel switch that discon 
nects the power line and places the 
instrument on battery operation when 
complete isolation from power line 
ground is desired. 

A C K N O W L E D G M E N T S  
The -hp- Model 427A Voltmeter was 

designed at the -hp- Loveland Labora 
tories under the project leadership of 
Noel Pace. Product design was by Li 
onel K. Danielson and circuit design 
was by the undersigned. Many helpful 
ideas and suggestions were provided by 
Marco Negrete. 

â€” /urnes M. Colwcll 

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

M O D E L  4 2 7 A  
V O L T M E T E R  

D C  V O L T M E T E R  
V O L T A G E  R A N G E S :  Â ± 1 0 0  m V  t o  Â ± 1 0 0 0  V  

f u l l  s c a l e  i n  a  1 , 3 ,  1 0  s e q u e n c e  ( 9  r a n g e s ) .  
A C C U R A C Y :  =  2 %  o f  f u l l  s c a l e  o n  a n y  r a n g e  

( O ' C  t o  5 0 Â ° C ) .  
I N P U T  R E S I S T A N C E :  1 0  m e g o h m s  o n  a l l  

r a n g e s .  
A C  R E J E C T I O N :  S u p e r i m p o s e d  p e a k  A C  v o l t  

a g e s  6 0  H z  a n d  a b o v e  a n d  1 0 0  t i m e s  
g r e a t e r  t h a n  f u l l  s c a l e  a f f e c t  r e a d i n g  l e s s  
t h a n  1 % .  4 5 0  v o l t s  p e a k  m a x i m u m .  

O V E R L O A D :  1 2 0 0  V d c  o n  a n y  r a n g e .  

A C  V O L T M E T E R  
V O L T A G E  R A N G E S :  1 0  m V  t o  3 0 0  V  r m s  f u l l  

s c a l e  i n  a  1 ,  3 ,  1 0  s e q u e n c e  ( 1 0  r a n g e s ) .  
F R E Q U E N C Y  R A N G E :  1 0  H z  t o  1  M H z .  
A C C U R A C Y :  - 2 %  o f  f u l l  s c a l e  1 0  H z  t o  1  

M H z ,  . 0 1  V - 3 0  V  ( 1 0  H z  t o  1 0 0  k H z ,  1 0 0  
V -300  V ) ,  0Â°C  to  50Â°C.  

F R E Q U E N C Y  R E S P O N S E :  ( S e e  g r a p h ,  F i g .  1 ,  
p a g e  1 3 ) .  

I N P U T  I M P E D A N C E :  1 0  m e g o h m s  s h u n t e d  
b y  4 0  p F  o n  1 0  m V  t o  1  V  r a n g e s ;  2 0  p F  
o n  3  V  t o  3 0 0  V  r a n g e s .  

R E S P O N S E :  R e s p o n d s  t o  a v e r a g e  v a l u e  o f  
i n p u t ;  c a l i b r a t e d  i n  r m s  v o l t s  f o r  s i n e  
w a v e  i n p u t .  

O V E R L O A D :  3 0 0  V  r m s  m o m e n t a r i l y  u p  t o  
1  V  r a n g e .  4 2 5  V  r m s  m a x i m u m  a b o v e  1  V  
r a n g e .  

O H M M E T E R  
R E S I S T A N C E  R A N G E S :  1 0  o h m s  c e n t e r  s c a l e  

t o  1 0  m e g o h m s  c e n t e r  s c a l e  ( 7  r a n g e s ) .  
A C C U R A C Y :  - 5 %  o f  r e a d i n g  a t  m i d s c a l e  

(0Â°C to -i-50Â°C). 
S O U R C E  C U R R E N T :  

G E N E R A L  
F L O A T I N G  I N P U T :  M a y  b e  o p e r a t e d  u p  t o  

5 0 0  V d c  a b o v e  g r o u n d .  ( O h m s  i n p u t  o p e n  
i n  a n y  f u n c t i o n  e x c e p t  ' O H M S ' ;  v o l t s  i n p u t  
o p e n  w h e n  i n s t r u m e n t  i s  ' O F F ' ) .  

P O W E R :  2 2 ' / 2  v o l t  d r y  c e l l  b a t t e r y  ( E v e r e a d y  
N o .  7 6 3  o r  R C A  V S 1 0 2 ) .  
O p t i o n  0 1 :  B a t t e r y  o p e r a t i o n  a n d  a c  l i n e  
o p e r a t i o n  ( s e l e c t a b l e  o n  r e a r  p a n e l ) .  1 1 5  
o r  2 3 0  V  = 2 0 % ,  5 0  H z  t o  1 0 0 0  H z ,  V 2  W .  

S I Z E :  S t a n d a r d  - h p â € ”  ! / 3  m o d u l e .  N o m i n a l l y  
5 %  i n .  w i d e ,  6 %  i n .  h i g h ,  8  i n .  d e e p .  

W E I G H T :  N e t ,  5 V ,  I b s .  ( 2 , 3 6  k g ) ;  S h i p p i n g ,  
6 i / 2  I b s .  ( 2 . 9  k g ) .  

A C C E S S O R I E S  A V A I L A B L E :  
1 1 0 3 9 A  C a p a c i t i v e  v o l t a g e  d i v i d e r  ( 1 0 0 0 : 1 )  
2 5  k V  m a x .  

P R I C E :  - h p -  4 2 7 A :  $ 1 9 5 . 0 0  w i t h  b a t t e r y .  
O p t i o n  0 1 ;  A C  l i n e  a n d  b a t t e r y  o p e r a t i o n  
$ 2 3 0 . 0 0 .  

P r i c e s  f . o . b .  f a c t o r y  
D a t a  s u b j e c t  t o  c h a n g e  w i t h o u t  n o t i c e  
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