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Fig. 1. Author Reid 
Gardner here checks 
accuracy of new â€”hp- 
Model 400E AC Volt 
meter using special 
calibration set-up. 
New voltmeter has 
1% accuracy over 
much of its 10 Hz-lO 

MHz range. 

A  N E W  H I G H - S T A B I L I T Y  A C  V O L T M E T E R  W I T H  
A  1 0 - M H z  F R E Q U E N C Y  R A N G E  A N D  1 %  A C C U R A C Y  

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

N E W  I N S T R U M E N T A T I O N  Ã S  l l l O S t  o f t e n  

based on new concepts that advance or 
simplify more rudimentan methods. 
Sometimes, however, an advance in 
instrumentation is possible because of 
the availability of new and improved 
circuit components. 

Such is the case with a major new 
broadband ar voltmeter developed re 
cently in the -hp- Loveland labora 
tories. The new voltmeter measures 
with enhanced accuracy over a speci 
fied frequency range that is more than 
double that of existing -hp- sensitive 
voltmeters, voltmeters which them 
selves have been generally regarded as 
the industry standard. The specified 
range of the new voltmeter is from 10 
hem (cps) to 10 megahert/ (Mc/s) . 
This range is the more significant be 

cause, since the instrument is a volt 
meter, its specified response represents 
the flat portion of the pass band rather 
than between 3-dB points. This fad, 
combined with the fact the voltmeter 
lias a slow high-frequency roll-off be 
yond its flat region, gives a wide range 
indeed for many measurement situa 
tions (Fig. 3). 

As to accuracy, the voltmeter typi 
cally measures within 1% over the full 
10 H/ to 10 MH/ region and is speci 
fied as within 1% over the central part 
of the range. The combination of this 
high accuracy and the extended fre 
quency range is the result of the use of 
'hot carrier' diodes1 in the meter recti 
fier circuit and of the use of other solid- 
state devices in the overall circuit. 

Another major advance incorpo 
rated in the voltmeter is a ground- 
referenced dc output system, a capabil 
ity that has not generally been in 
cluded in -hp- sensitive-type ac volt 
meters. The dc output voltage is pro 
portional to the meter reading, thus 
enabling the voltmeter to be used as a 
10 H/ â€” H)' MH/ ac-dc converter. 

1  H a n s  0 .  S o r e n s e n ,  " U s i n g  t h e  H o t  C a r r i e r  D i o d e  a s  a  D e  
t e c t o r , "  H e w l e t t - P a c k a r d  J o u r n a l .  V o l  1 7 .  N o  4 .  D e c - .  1 9 B 5  

Many situations requiring dc drive sig 
nals Irom ac signals are greatly simpli 
fied by this capability. The dc output 
is a high-accuracy output and its char 
acteristics are carefully described in the 
instrument specifications. Beside the dc 
output, the ac output that has been 
characteristic of -hp- ac voltmeters is 
also included. 

Other new components have per 
mitted other design advances. A field- 
effect transistor in the voltmeter front 
end has resulted in the combination of 
low noise (< 15 /Â¿V) and high input 
impedance (10 megohms), while metal 
film resistors in the gain-determining 
circuits together with other measures 
give very high overall stability. The 
voltmeter is stable, for example, to the 
extent that a change in ambient tem 
perature from 25Â°C to O C typicallv 
causes less than 0.3"0 change in read 
ing. The instrument can also be op 
erated in ambients to -|-550C with 
little change in accuracy. 

A final new capability worthy of 
mention is that the voltmeter can be 
operated from batteries without spe 
cial modification. 

Overall, the measuring range of the 
instrument is from below 50 micro 
volts to 300 volts in 1 2 ranges, the most 
sensitive being 1 millivolt full scale. 
The circuitrv is fullv solid-state 

F R E Q U E N C Y  R E S P O N S E  

The broad frequency response of the 
new voltmeter is shown in Fig. 3. 
These curves are plots of the volt 
meter's ilc output voltage with a con 
stant amplitude ac voltage of varying 
frequency at the input. The curve at 
left is plotted on the conventional 
dB scale and shows that the frequency 
response of a typical Model 400E Volt 
meter is nearly indistinguishable from 
a straight line from 10 H/ to 10 MH/. 
However, the useful frequency range 

Fig. 2. -hp- Model 400E Voltmeter has 
taut-band meter movement with indirid- 

ually-calibrated scales. 

â€¢ 1 â€¢ 
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Fig. 3. Typical frequency response oj new voltmeter (monitored 
at dc curve). plotted with logarithmic vertical scale (left curve). 
3-dB points are typically at 2 Hz and 35 MHz. Curve at right 

A C  I N P U T  F R E Q U E N C Y  ( H z )  

is with expanded vertical scale, showing that typical dcria 
tions do not exceed Â± '/2% within rated passband of instrument. 

extends well beyond these limits, ihe 
3-dB points being typically at 2 H/ and 
35 MH/.. 

The right curve of Fig. 3 shows the 
frequency response plotted on a grcatU 
expanded vertical scale that exag 
gerates minor perturbations. This plot 
shows that the typical response within 
the rated passband of the voltmeter 
deviates only 0.5% of reading at full 
scale, and this is at 8 MH/. Within the 
range of  100 H/ to I  MH/,  the re 
sponse deviates no more than :i small 
fraction of I ' r. 

S T A B I L I T Y  
A stability-with-time plot typical of 

the new voltmeter is shown by the 
curves in Fig. 4. This is a graph of the 
dc output of the Model 400E Volt 
meter with a stabili/ed 1-volt, 1-kH/ 
signal at the input. As shown on the 
greatly expanded vertical scale here, 
deviations as a function of time are of 
a very low order. The turn-on warm-up 
effect itself causes less than 0.2% error, 
and this lasts for only a few minutes. 
Following a 1-hour warm-up period, 
drift is typically less than 0.02% /hour. 
A typical instrument has shown less 
ihan 0.1% drift in three months use in 
a typical laboratory environment. 

The high stability of the new volt 
meter is also maintained in spite of 
line voltage changes. A change from 
Hi' , low line voltage to 10% high re 
sults in no change in the tic output as 
monitored by a 4-place digital volt 
meter. 

T A U T - B A N D  M E T E R  
A major contribution to the accuracy 

of the new voltmeter comes I rom the 
use of an individually-calibrated, taut- 
band meter. Each meter has a 4i/2-inch 
mirror-backed scale that is calibrated 
for that meter movement with the -hp- 
designed servo meter calibrator.- A 
Ã   B e r n a r d  M .  O l i v e r ,  " I n c r e a s e d  A c c u r a c y  i n  - h p -  M e t e r s  
T h r o u g h  S e r v o  C a l i b r a t i n g  M e t h o d s , "  H e w l e t t - P a c k a r d  J o u r  
n a l ,  V o l .  1 2 ,  N o .  7 ,  M a r . ,  1 9 6 1 .  

meter accuracy of 0.25% on the lineal- 
voltage scales ordinarily is achieved by 
this method, approaching the accuracy 
that otherwise can only be achieved by 
hand calibrating. 

M E T E R  S C A L E S  
The basic meter face for the volt 

meter is one that is calibrated with two 
linear voltage scales and a dB scale, as 
shown in Fig. 5a. The two voltage 
scales together with range switching in 
a 1-3-10 sequence enable readings to be 
made on the upper two-thirds of the 
meter for highest accuracy. The range 
steps are each equal to 10-clB, so that 
only one dB scale is necessary. 

A meter face with the dB scale on 
the outermost circumference has also 
been designed to permit greater resolu 
tion in dB measurements (Fig. 5b). 

A logarithmic meter movement that 
uses a linear dB scale has been de 
signed for the Model 400EL Voltmeter, 
an instrument that is otherwise iden 
tical to the Model -100 E . The linear dB 
scale (Fig. 5c) is often preferred by 
communications engineers and others 
who make measurements primarily in 
dB units. (The dc output of this volt 
meter has the same linear response as 
the Model 400E.) 

D C  O U T P U T  

Previous sensitive-type ac voltmeters 
have not had dc outputs proportional 

to meter deflection, primarily because 
the meter was included in the ac feed 
back path and was not at ground poten 
tial. The new voltmeter uses a meter 
circuit that isolates the meter itself 
from the feedback path, permitting the 
derivation of a dc output proportional 
to deflection (1 volt max. at 1 mA) . 

The new voltmeter may thus be used 
to drive a graphic recorder directly for 
long-term monitoring of ac voltages. It 
may also serve as a low-cost ac-to-dc 
converter for use with digital volt 
meters or wherever there is a need for 
a dc voltage proportional to a given ac 
voltage. The ac-to-dc conversion, as 
measured at the dc output, is accurate 
within Â± 1/2% within a frequency 
range of 100 H/ to 500 kH/ and within 
1% over a much broader range. 

The wide dynamic response of the 
new voltmeter enables it to serve a^> an 
ac-to-dc converter over a dynamic range 
of 50 dB on any one setting of the 
range switch above the 3-mV range 
(the input noise tends to reduce the 
dynamic range on the 1- and 3-mV 
ranges). The error at 40 dB below full 
scale, on the 1-V range, is typically less 
i han 10'',', oÃ rriitliiiÂ» between 200 H/ 
and 100 kH/ and at 30 dB below, it is 
typically less than -/%. The transient 
response of the converter is shown 1Â»\ 
the oscillogram of Fig. (i. 

The dc output (on the rear panel), 
when connected to a digital voltmeter, 

0  2 0  4 0  6 0  8 0  1 0 0  1 2 0  1 4 0  6 8  5  4 0  
m i n .  h r s .  d a .  d a .  

T IME â€”  

Fig. is Typical stability of -hp- Model 400E/EL AC Voltmeter is 
shown by plot of readings taken at voltmeter dc output while accurately 
monitored sine wave is applied to input. Plot shows that stability of volt 
meter 0.02%/ 1-hour warm-up period is typically better than 0.02%/ 
hour. Drift has been less than 0.1%/month in typical instruments. 
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Fig. 5. Meter scale normally supplied with -hp- Model 400E 
AC Voltmeter, with 100 divisions in high resolution upper 
scale, is shown at top (a). Optional meter face (b) has 
longer dB scale on outermost arc for higher resolution in 
dB measurements but retains linear voltage scales. Model 
400EL Logarithmic Voltmeter has logarithmic voltage scales 

but dB scale is linear, as shown by meter face at (c). 

is also useful for obtaining high resolu 
tion readings, particularly when small 
changes in an ac voltage are to be mon 
itored. 

A C  O U T P U T  
The new voltmeter also has a rear 

panel ac output which enables it to 
serve as a preamplifier or impedance 
converter. The ac output impedance is 
50 ohms and full scale output voltage 
into an open circuit is 150 mV rms (105 
mV on the 1-mV range) . The instru 
ment uses a buffer amplifier to couple 
the main amplifier feedback signal to 
the output and distortion caused by 
diode crossover is thus reduced to neg 
ligible proportions at midband fre 
quencies, as shown in the oscillogram 
of Fig. 7a. At higher frequencies, how- 

Fig. 6. Typical transient response of new 
voltmeter as ac-to-dc converter, monitored 
at dc output, with gated 100-mV, 400-Hz 
sine wave at input. Vertical scale is 0.5V / 

cm; horizontal scale is 0.5s/cm. 

ever, the reduction in amplifier gain 
causes the crossover distortion to be 
come noticeable, as shown in the oscil 
logram of Fig. 7b. 

Fig. 8 shows the input and output 
waveforms of the new voltmeter when 
driven by a 1-MHz square wave. This 
oscillogram illustrates the excellent 
transient response and good phase 
characteristics of the meter amplifiers. 

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

Specifying the performance of an in 
strument that functions over both a 
wide frequency range and a wide dy 
namic range usually requires several 
compromises. Full specification of the 
performance for each combination of 
measurement conditions leads to an 
unwieldy list of numbers whereas 
streamlined specifications generally 
lead to an understatement of the in 
strument's best capabilities while re 
ducing the amount of performance 
data available to the user. 

The technique used to specify the 
accuracy of the new voltmeters com 
bines 'three-dimensional' information 
into two dimensions (see Specifica 
tions) . The horizontal scale on the 
specification charts corresponds to fre 
quency, and the vertical scale repre 
sents signal amplitude. The numbers 
in each box represent the error limits 
that may be encountered for that par 

ticular combination of amplitude and 
frequency. A first approximation to 
the maximum errors that may be ex 
pected at any scale position can be had 
by interpolating linearly between the 
scale points shown. 

The new format shows that there is 
a broad frequency range where meas 
urement accuracies of better than 1% 
of reading may be obtained with the 
new voltmeters. As ac-to-dc converters, 
the voltmeters have an accuracy of 
â€” l/2%> as measured at the dc output, 
within a frequency range of 100 Hz to 
500 kHz. 

C I R C U I T  D E S C R I P T I O N  
A simplified block diagram of the 

new voltmeters is shown in Fig. 9. As 
in previous ac voltmeters, the signal is 
applied either directly to the imped 
ance converter or it is attenuated 50 
dB in the input attenuator (on the 3-V 
and higher ranges). To prevent stray 
coupling between the input attenuator 
and the other circuits, the input atten 
uator is separately shielded and is 
switched by reed relays. Care has been 
taken with the signal and ground paths 
to assure high accuracy up to 300 volts 
at 10 MH/. 

The impedance converter includes a 
field-effect transistor connected as a 
low-noise 'source-follower' that has an 
effective input impedance of 1000 meg 
ohms. This is followed by one ampli 
fier stage and an emitter-follower, all 
enclosed in a feedback loop that  

© Copr. 1949-1998 Hewlett-Packard Co.



(a) (b) 

Fig. Trace AC output of new voltmeter with full scale input voltage. Trace 
at left at from 400-Hz sine wave at voltmeter input. Trace at 
right, with 1-MHz sine wave at input, shows crossover distortion. 

achieves an overall converter gain of I 
and an output impedance of 2 ohms. 
The impedance converter effectively 
isolates switching in the post attenua 
tor from the input circuits. 

The voltmeters offer wide overload 
protection and quick recovery from 
overloads by the use of signal clamping 
techniques at the input. Recovery from 
a large dc transient (600 volts) on the 
1-mV range is less than 10 seconds, and 
recovery on other ranges is proportion 
ally less. Recovery from ac overloads is 
essentially instantaneous. 

The post attenuator is a 600-ohm 
ladder attenuator that changes atten 
uation in 10-dB steps from 0 to 50 dB. 
With the input and post attenuators 
working together, the signal ranges can 
be changed from 3 mV full scale to 300 
V full scale. The 1-mV range is ob 
tained by increasing the amplifier gain 
by 10 dB. 

The amplifier drives the meter rec 
tifier circuit from which a negative 
feedback signal is fed back to the am 
plifier input to stabilize gain. With the 
large amount of the feedback designed 
into the amplifier, the overall gain of 
the amplifier is determined primarily 
by the precision metal-film resistors in 

the feedback network. Together with 
the use of regulated power supplies, 
the feedback also assures the high sta 
bility of the voltmeters. 

The ac feedback signal is also fed 
through the unity-gain buffer amplifier 
to the AC Output connector on the 
rear panel. The buffer amplifier serves 
as an impedance converter that isolates 
the feedback signal from the output. 
Shorting the output has no effect on 
the meter reading. 

THE RECTIFIER CIRCUIT 
The meter rectifier circuit incorpor 

ates several refinements which lead to 
greater flexibility and improved per 
formance in the new voltmeter. To 
place these refinements in perspective, 
let us review the rectifier circuit com 
monly used in previous ac voltmeters. 

A simplified diagram of the earlier 
circuit is shown in Fig. 10(a). As the 
arrows in the diagrams show, the di 
odes act as switches to guide the cur 
rent through the meter unidirection- 
ally. In contrast with peak-reading 
voltmeters, in which the rectifier diode 
conducts only during the peak portion 
of the waveform, the diodes here each 
conduct for a full half cycle and the 
ballistic characteristics of the meter 

INPUT 
A T T E N U A T O R  

0  o r  5 0 d B  A T T E N U A T O R  
0  t o  5 0 d B  

INPUT 

â€¢ 

DC 
OUTPUT 

Fig. 8. Typical transient response of volt 
meter amplifier is shown by dual trace 
oscillogram of voltmeter input and output. 

Test signal is 1-MHz square wave. 

smooth the meter response to the cur 
rent pulses. The meter deflection is 
thus proportional to the average value 
of the driving waveform.3 

The rectifier circuit  in the new 
400E/EL voltmeters is shown in Fig. 
10(b). The meter has been replaced 
here by a transistor that establishes a 
virtual short circuit across the corners 
of the bridge without allowing current 
to flow directly from corner to corner. 
The current is coupled out of the 
bridge through the collector circuit of 
the transistor, and back again through 
=  B .  M .  O l i v e r ,  " S o m e  E f f e c t s  o f  W a v e f o r m  o n  V T V M  R e a d  
i n g s , "  H e w l e t t - P a c k a r d  J o u r n a l ,  V o l .  6 ,  N o .  8 .  A p r . ,  1 9 5 5 .  

Fig. 9. Block diagram of -hp- Model 400E/EL AC Voltmeters. 

Fig. 10. Conventional average-responding 
meter rectifier circuit is outlined in (a). 
Arrows show current paths for both half- 
cycles of input waveform. New meter cir 
cuit is shown in (b). Current paths are 
similar to (a) except that meter current is 
brought to ground reference by means of 

transistor and isolating resistor /?.. 

â€¢ 5 â€¢ 
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the meter and isolating resistor Rs. 
The meter current may thus be ref 
erenced to ground, and a common- 
ground connection may be established 
between the ac input and dc output of 
the voltmeter. Furthermore, the meter 
is isolated from the feedback path so 
that RF radiation from the meter in 
high-frequency measurements is re 
duced significantly and there is little 
danger of a radiateil feedback path 
from meter to input. The instrument 
is also less susceptible to RFI since 
interference that may be picked up by 
the meter is grounded before it ran 
affect other circuits. 

Resistor R0 in series with the meter 
provides the dc output voltage. Since 
the meter is driven by a current source, 
any impedance â€” even a short circuit â€” 
may be connected to the output with 
out affecting the meter reading. 

E N V I R O N M E N T A L  T E S T S  
The design of the new voltmeters 

has been proved in a series of environ- 

S P E C I F I C A T I O N S  
- h p -  M O D E L S  4 0 0 E  a n d  4 0 0 E L  

A C  V O L T M E T E R S  
V O L T A G E  R A N G E :  1  m V  t o  3 0 0  V  f u l l  s c a l e ,  1 2  

r a n g e s  i n  1 0 - d B  s t e p s .  
F R E Q U E N C Y  R A N G E :  1 0  H z  t o  1 0  M H z .  
C A L I B R A T I O N :  R e a d s  r m s  v a l u e  o f  s i n e  w a v e ;  

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

S C A L E S :  M o d e l  4 0 0 E :  L i n e a r  v o l t a g e  s c a l e s ,  0  
t o  1  a n d  0  t o  3 . 2 ;  d B  s c a l e ,  â € ” 1 2  t o  + 2  d B .  

M o d e l  4 0 0 E L :  L o g a r i t h m i c  v o l t a g e  s c a l e s ,  
0 . 2 5  t o  1  a n d  0 . 8  t o  3 . 2 ;  l i n e a r  d B  s c a l e .  
â € ”  1 0  t o  + 2  d B .  

A C C U R A C Y  ( a s  %  o f  r e a d i n g ) :  S e e  t a b l e s  
b e l o w  r i g h t .  

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  
2 1  p F  o n  1  m V  t o  1  V  r a n g e s  a n d  1 0  m e g  
o h m s  s h u n t e d  b y  8  p F  o n  3  V  t o  3 0 0  V  
r a n g e s .  

A C  O U T P U T :  1 5 0  m V  r m s  f o r  f u l l  s c a l e  m e t e r  
i n d i c a t i o n  { 1 0 5  m V  o n  1  m V  r a n g e ) ;  o u t p u t  
i m p e d a n c e :  5 0  o h m s ,  1 0  H z  t o  1 0  M H z .  

A C - D C  C O N V E R T E R  O U T P U T :  1  V d c  o u t p u t  f o r  
f u l l  s c a l e  m e t e r  d e f l e c t i o n .  

O U T P U T  R E S I S T A N C E :  1 0 0 0  o h m s .  
R E S P O N S E  T I M E :  1  s e c  t o  w i t h i n  1 %  o f  

f i n a l  v a l u e  f o r  s t e p  c h a n g e  o f  i n p u t  a c .  
A C  P O W E R :  1 1 5  o r  2 3 0  v o l t s  Â ± 1 0 % ,  5 0  t o  

1 0 0 0  H z ;  a p p r o x .  5  w a t t s .  
T E M P E R A T U R E  R A N G E :  0  t o  - 5 5 Â « C .  
E X T E R N A L  B A T T E R Y  O P E R A T I O N :  

T e r m i n a l s  p r o v i d e d  o n  r e a r  p a n e l ;  p o s i t i v e  
a n d  n e g a t i v e  v o l t a g e s  b e t w e e n  3 5  V  a n d  
5 5  V  a r e  r e q u i r e d ;  c u r r e n t  d r a i n  f r o m  e a c h  
v o l t a g e  i s  a p p r o x .  5 4  m A .  ( E x t e r n a l  s w i t c h  
i n g  a n d  o n / o f f  m o n i t o r i n g  s h o u l d  b e  u s e d  
f o r  b a t t e r y  o p e r a t i o n . )  

W E I G H T :  N e t  6  I b s .  ( 2 , 7  k g ) ,  S h i p p i n g  9  I b s .  
( 4  k g ) .  

D I M E N S I O N S :  6 ' / 2 "  h i g h ,  5 V a "  w i d e ,  1 1 "  d e e p  
(165,1 x 130,2 x 279,4 mm). 

P R I C E :  M o d e l  4 0 0 E ,  $ 2 8 5 . 0 0 ;  M o d e l  4 0 0 E L  
$ 2 9 5 . 0 0 .  
O p t i o n :  0 1  ( 4 0 0 E  o n l y )  r e a d s  d i r e c t l y  i n  v o l t s  

a n d  d B  w i t h  d B  s c a l e  u p p e r m o s t .  $ 1 0 . 0 0 .  
O p t i o n :  0 2  ( 4 0 0 E  o r  4 0 0 E L )  f r o n t  p a n e l  r e l a  

t i v e  c o n t r o l .  $ 1 0 . 0 0 .  
H O 5 - 4 0 0 E / E L :  C o n s t a n t  i n p u t  c a p a c i t y  ( 1 0  

m e g o h m s  s h u n t e d  b y  2 2  p F ) .  P r i c e  o n  r e  
q u e s t .  

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 .  

mental tests, including such tests as 
temperature variations, humidity, vi 
brat ion,  and RFI.  The tests  have 
shown that the Model 400E/EL Volt 
meters, as ac-to-dc converters, have an 
output deviation typically less than 
0.1% within a frequency range of 100 
Hz to 1 MH/, when the temperature is 
changed from 25Â°C to 55Â°C. From 
25Â°C to 0Â°C the deviation is less than 
0.2% on the ranges below 3 V and less 
than 0.3% on the 3-V ranges and above. 
There were no failures in the vibration 
and humidity tests. 

B A T T E R Y  O P E R A T I O N  
Terminals on the rear panel are con 

nec ted  to  the  inpu ts  o f  the  vo l tage  
regulators in the voltmeter's internal 
power  suppl ies .  The vol tmeter  may 
therefore be powered by batteries, two 
being required, capable of supplying 
54 mA each at 35 to 55 volts. The volt 
meter  may thus be completely freed 
from ground interconnects, if ground 
loops are a problem. Or, the voltmeter 
can  be  opera ted  on  ba t te r ies  in  the  
field where ac power may not be readily 
available. 

MODIFICATION OF THE BASIC DESIGN 
To accommodate  var ious  requi re  

men t s  in  vo l tme te r  measuremen t s ,  
modifications have been designed for 

the new voltmeters. In one, a potenti 
ometer  control ,  concentr ic  with  the  
RANGE switch, has been added. When 
turned from the detentad ABSOLUTE 
position, this control reduces the sen 
sitivity of the meter circuit so that the 
operator  may offset  the pointer  to a  
major meter division to serve as a ref 
erence mark (while  the vol tmeter  is  
measuring a reference voltage).  The 
relative gain or loss in a circuit being 
measured is  thus  eas i ly  in terpreted 
with respect to the reference voltage. 

Some applications, such as filter de 
s ign ,  requi re  cons tan t  input  capac i  
tance on all ranges. Normally, the volt 
meter  input  capaci tance is  lower on 
the ranges above 1 volt (8 pF) than it 
is on the 1-V range and below (21 pF). 
This arrangement is usually preferred 
s ince  t he  i npu t  cu r r en t  a t  h igh  f r e  
quencies is primarily a function of the 
inpu t  capac i t ance .  However ,  i f  the  
vol tmeter  i s  to  be  used over  a  wide 
range  in  app l i ca t ions  in  which  the  
tuning of a circuit  is affected by the 
voltmeter capacitance, the capacitance 
can be made constant  (22 pF) on al l  
ranges. A 10-to-l low-capacitance pas 
sive probe is also being designed for 
instruments with this modification to 
reduce  the  input  capaci tance  a t  the  
point of measurement. 

- t i p -  M O D E L  4 0 0 E  ( A C C U R A C Y  " g  O f  R e a d i n g )  

M H z  0 . 1  0 . 2  0 . 5  

- h p -  M O D E L  4 0 0 E L  

F r e q u e n c y :  1 0  M H z  0 . 2  0 . 5  

A C - t O - D C  C o n v e r t e r  o u t p u t  ( A C C U R A C Y  %  O f  R e a d i n g  

- h p -  M O D E L S  4 0 0 E  a n d  4 0 0 E L  

F r e q u e n c y :  I O  2 0  4 0  1  0 0  H i  

* + 4  a n d  â € ” 1 0 %  o n  1 0 0  a n d  3 0 0 V  r o n g e i  

"  " F o r  1  5 "  C  â € ” 4 0 Â °  C  o n  1  m v - l  v o l t  r a n g e s  o  

M H z  0 . 1  0 . 2  0 . 5  2  4  6  1 0  
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g i n e e r  i n  1 9 5 9  a f t e r  g r a d u a t i n g  w i t h  a  
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d id  summer  work  i n  i ndus t r y  on  spec ia l  
des ign prob lems.  
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A C K N O W L E D G M E N T S  
The electrical design of the Models 

400E and 400EL Voltmeters was per 
formed by the undersigned with many 
ideas and helpful suggestions provided 
by Terry E. Tuttle, Development Engi 
neer; Charles R. Moore, Group Lead 
er; and Marco Negrete, Engineering 
Manager of the -hp- Loveland Divi 
sion. Product design was by Lionel 
Kay Danielson. The meter circuit was 
conceived by Gregory Justice of the 
-hp- Advanced Research and Develop 
ment Laboratories in Palo Alto. 

â€”Reid J. Gardner 

M E A S U R E M E N T  O F  
L I Q U I D  L A Y E R  T H I C K N E S S  
W I T H  T I M E  D O M A I N  R E F L E C T O M E T R Y  

Fig. of TDK System for liquid layer depth measurements consists of 
standard -hp- Model 140A/1415A Time Domain Reflector with sec 
tion of rigid air-dielectric coaxial line serving as probe. Slots cut in 
outer co of probe admit liquids which alter impedance of co 
axial line wherever there is a change in liquid dielectric constant. 

THE PULSE-ECHO techniques of time 
domain reflectometry have already 
proven useful in many electrical meas 
urements, such as in the design and 
test of transmission line, coaxial cable, 
and antenna systems.1 Now, the ability 
of time domain reflectometry to re 
solve electrical distance, reflection co 
efficient, and impedance mismatch also 
shows promise of having important 
chemical applications. 

Since many liquids exhibit dielec 
tric behavior, it is possible to identify 
a change in chemical composition by 
measuring the response of a TDR sys 
tem to a change in dielectric constant. 
This is easily done by perforating the 
outer conductor of an air dielectric 
line and inserting the line in the liq 
uids to be measured. The liquids thus 
become the dielectric of the line, and 
wherever there is an interface between 
two layers of liquids with differing 
dielectric constants, there results an 
identifiable reflection on the TDR 
display. 

As an example, the oscillogram of 
Fig. 2, made with the equipment set-up 
shown in Fig. 1, displays the reflection 

1  " C a b l e  T e s t i n g  w i t h  T i m e  D o m a i n  R e f l e c t o m e t r y , "  H e w l e t t -  
P a c k a r d  J o u r n a l ,  V o l .  1 6 ,  N o .  1 2 ,  A u g . ,  1 9 6 5 .  
B .  M .  O l i v e r ,  " T i m e  D o m a i n  R e f l e c t o m e t r y , "  H e w l e t t - P a c k a r d  
J o u r n a l ,  V o l .  1 5 ,  N o .  6 ,  F e b . ,  1 9 6 4 .  

resulting from the interface of toluene 
floating on de-ionized water. Two 
"steps" are shown: one resulting from 
the reflection at the dielectric interface 
between air and toluene, and the sec 
ond from the interface between tolu 
ene and water. The horizontal distance 
between the steps on the display corre 
sponds to the thickness of the toluene 
layer, and the depth of the steps cor 
responds to the change in dielectric 
constant. 

The TDR technique is capable of 
measurements of liquid layer depth 
and dielectric constant with two-place 

Fig. 2. Oscillogram displays response of 
TDR System to change in liquid dielectric 
constant. First step results from interface 
between air and toluene. Second step is 
caused by interface between toluene and 
de-ionized water. Horizontal sweep cali 
bration is 6 cm of air line per cm of display. 
Dot corresponds to 'delay' dial setting. 

7 â€¢ 
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Fig. 3. Reflection from interface between 
air and industrial grade isopropanol. Di 
electric constant of isopropanol can be de 
rived from height of step, using equation 
2 in text. Vertical calibration is 0.1 p/cm. 

resolution (dielectric losses, which slow 
the risetime of the reflected voltage 
steps, presently limit the resolution in 
liquids). The wide measurement range 
of the -hp- Model 141 5 A Time Do 
main Reflectometer- allows this tech 
n ique  to  be  used  in  a  var ie ty  o f  
situations. For instance, the "liquid 
dielectric" probe could be lengthened 
several feet to permit location of the 
liquid layers in a cracking tank, allow 
ing each layer to be tapped with cer 
tainty. The depth and location of each 
layer would be indicated by the dis 
tance between reflections on the TDR 
scope. TDR could also detect the water 
level in a fuel storage tank, measure 
liquid levels in the presence of foam 
or measure liquid levels at cryogenic 
temperatures. In addition, TDR could 
determine distribution gradients in so 
lutions or detect when certain reac 
tions have gone to completion, the 
latter shown by the disappearance of 
the reflection resulting from a dielec 
tric interface â€” an otherwise difficult 
task to perform by visual inspection 
when nonsoluble reagents have the 
same color. 

C O M P U T I N G  D I S T A N C E  I N  L I Q U I D S  
The speed of propagation of an 

electromagnetic wave in a coaxial 

2  L e e  R .  M o f f i t t ,  " T h e  T i m e  D o m a i n  R e f l e c t o m e t e r , "  H e w l e t t -  
P a c k a r d  J o u r n a l ,  V o l .  1 5 ,  N o .  1 ,  S e p t . ,  1 9 6 3 .  

T A B L E  1 .  
D I E L E C T R I C  C O N S T A N T S  O F  A L C O H O L S  

Fig. 4. Reflection from interface of air and 
industrial grade methanol (5% isopro- 
panol). Vertical calibration is p = 0.1 /cm. 
Height of step indicates higher dielectric 
constant than isopropanol (see Fig. 3). 

cable, and hence the round-trip travel 
time of the voltage step in a TDR sys 
tem, depends upon the dielectric con 
stant of the dielectric material. 

The -hp- Model 1415A Time Do 
main Reflectometer is calibrated to 
read distances in both air dielectric 
and polyethylene-filled cables. The dis 
tance D to an impedance discontinuity 
in any other dielectric may be com 
puted by use of the formula: 

D = 
Ve" 

(1) 
where DA is the distance that the meas 
ured pulse round trip would indicate 
for an air dielectric cable and e is the 
relative dielectric constant of the ac 
tual material. The constant e can be 
found in a chemical handbook, if the 
substance is known. 

In Fig. 2, the hori/ontal scale is 6 cm 
of coaxial line per cm of display. The 
"shelf" representing toluene is 4 cm, 
measured between the midpoints of 
the steps. The value of e for pure 
toluene is 2.4 at room temperature and 
thus, by equation 1, the depth of the 
toluene layer is 15 cm. 

U N K N O W N  D I E L E C T R I C S  
II the substance is not known, the 

dielectric constant can be found by de 
termination of the reflection coefficient 
p through measurement of the ampli 
tude of the reflected step. The dielec 
tric constant is then: 

It is thus possible to identify liquids 
by measuring the reflection coefficient. 

Referring again to Fig. 2, the first sicp 
represents the transition from air to 
toluene. The vertical deflection is c;>'-.- 

brated such that 10 cm represents 
p = 1 and, since the step downward 
from air to toluene is 2.2 cm, p = â€”0.22. 
Hence, by equation 2, e = 2.4. 

The technique is useful for identi 
fying liquids in a group if the dielectric 
constants differ significantly. However, 
as a technique for positively identify 
ing an unknown liquid, the method 
is limited by the resolution available 
since the dielectrics of many liquids 
differ by as little as 1 part in 10,000. 

TDR, however, is useful for identi 
fication of liquids within a specific 
group. The alcohols are one such 
group, identification by physical prop 
erties being difficult because of the 
similarities of color and smell. Fortun 
ately, dielectric constants among the 
alcohols vary widely enough to permit 
good TDR resolution (see Table I). 
Fig. 3 shows the reflection at the inter 
face of air and industrial isopropanol. 
The vertical calibration here is 0.1 
p/cm, and thus p = â€”0.55. From this, 
e = 16. Fig. 4 is the reflection from the 
interface of air and industrial grade 
methanol (5% isopropanol). Here, p is 
read as - 0.60 and thus e is 22. 

â€”James Brockmeier 

Applications Engineer 

S T R A T O S P H E R I C  
W A R M I N G  

A  n u m b e r  o f  r e a d e r s  h a v e  i n q u i r e d  
a b o u t  t h e  m e a n i n g  o f  t h e  t e r m  ' s t r a t o  
spher i c  warming , '  wh ich  was  l i s ted  here  
recent ly  among the geophys ica l  a ler ts  in  
t h e  h o u r l y  s c h e d u l e s  o f  N B S  s t a n d a r d  
b r o a d c a s t  s t a t i o n s  W W V  a n d  W W V H .  
St ra tospher ic  warming is  inc luded in  the  
b r o a d c a s t  s c h e d u l e  a t  t h e  r e q u e s t  o f  
me teo ro log is t s ,  a l t hough  i t  i s  no t  a  geo  
p h y s i c a l  a l e r t  a s  s u c h .  S t r a t o s p h e r i c  
warming  usua l l y  occurs  in  la tewin te rand 
i s  ev i denced  by  t he  sudden  wa rm ing  o f  
pocke ts  o f  a i r  f r om the  no rma l  â€ ”40  to  
â€” 70Â°C temperature to near 0Â°C at alti 
t u d e s  f r o m  4 0 , 0 0 0  t o  6 0 , 0 0 0  f e e t .  T h e  
pocke ts  migra te  over  the  g lobe  w i th  pos  
s ib le  e f fec ts  on  the  weather .  When such  
a  p o c k e t  i s  d e t e c t e d ,  u s u a l l y  b y  r a d i o  
sonde,  the  'S t ra tospher ic  warming '  a le r t  
i s  i n c l u d e d  i n  t h e  W W V / W W V H  b r o a d  
c a s t s  s o  t h a t  m e t e o r o l o g i c a l  r e s e a r c h  
stat ions may be advised of  i ts  ex is tence.  
*  " N B S  S t a n d a r d  F r e q u e n c y  a n d  T i m e  B r o a d c a s t  S c h e d  
u l e s , "  H e w l e t t - P a c k a r d  J o u r n a l ,  V o l .  7 ,  N o .  3 ,  N o v . ,  1 9 6 5 .  
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