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accurate ly .  These and other  cont r ibut ions are descr ibed in  the ar t ic les on pages 3,  12,  and 14.  
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A Fully Integrated, Microprocessor- 
Controlled Total Station 
Here 's  a  new ins t rument  that  measures ang les  and 
d is tances,  combines these read ings,  and y ie lds  t rue 
three-dimensional posi t ion informat ion. 

by Alfred F.  Gort  

THE MEASUREMENT OF DISTANCE by electronic 
techniques has become well established in recent 
years. This technology has been combined with 

existing theodolites â€” optomechanical angle-measuring 
instruments â€” to form three-dimensional measurement 
systems. Fully integrated total stations that measure both 
distance and angle electronically have been developed by 
Hewlett-Packard1 and several other companies. 

The performance of the optomechanical theodolite with 
an optical micrometer has been difficult to match with 
electronic encoder systems. Until recently the encoder sys 
tems have been considerably larger than optomechanical 
angle measurement systems and have not reached second- 
order accuracy in most cases. Because of the increasing 
demand for speed and accuracy, more interest now exists in 
combining the distance and angle measuring functions into 
a s ingle instrument with arc-second accuracy for  
angles and accuracy to several millimetres for distance. 

Hewlett-Packard's answer to this need is Model 3820A 
Electronic Total Station, Fig. 1. To make it a reality, several 
new subsystems had to be developed: 
â€¢ An optical system that functions as the transmitting and 

receiving optics for the distance meter and as the sighting 
telescope for the theodolite. 

â€¢ An electronic angle-measuring system comparable in 
size and accuracy to a second-order theodolite. 

â€¢ A two-axis gravity-sensing device to provide vertical 
index and horizontal angle correction. 

â€¢ A miniaturized distance-meter module with greatly re 
duced power consumption and a five-kilometre range. 

â€¢ An electronic system and microprocessor to control the 
instrument, perform necessary computations, and output 
data to a peripheral for recording or processing. 

â€¢ A structural frame and bearing system with the stability 
required for a second-order theodolite. 

Optical  System 
The layout of the optical system for the 3820A is shown in 

Fig. 2. A catadioptric telescope with a 66-mm clear aperture 
is used. The design provides sufficient area for the distance 
meter's transmitting and receiving beams in a short tele 
scope length. Since the majority of the telescope's power is 
in the reflector, the system has excellent color correction 
and exhibits no secondary spectrum. The Mangin mirror 
and corrector lens form an objective that is well corrected 
for spherical aberrations and coma over a 1.5Â° field. The 
Note:  Al l  terms in  i ta l ics  in  th is  ar t ic le  are def ined in  the g lossary on page 11.  

30 x telescope uses a Pechan prism to erect the image. A 
symmetrical eyepiece gives a sharp field at full angle and a 
12-mm eye relief. The reticle is illuminated for night work. 

The optics system acts as an eight-power Galilean tele 
scope for the distance meter. The distance meter incorpo 
rates a double heterojunction GaAs lasing diode, a chopper 
system, and a reference path. A beam splitter is used to 
reflect the infrared light into the distance-meter module 
while transmitting the visible spectrum to the eyepiece. 

Electronic  Measurement  and Controi  System 
Four transducers feed measurement data to the central 

microprocessor.  The transducers are the distance- 
measuring module, the horizontal-angle encoder, the 
vertical-angle encoder and the tilt meter. The microproces 
sor controls the transducers via the I/O module, which has 
an eight-bit control bus and an eight-bit data bus (see Fig. 3). 

The two angle encoders are optically and electronically 
identical and each one consists of three analog interpola 
tion circuits plus an eight-bit digital sensor. The analog 
signals from the angle encoders, tilt meter, and distance 
meter use a common phase detector. Angle, tilt, and dis 
tance interpolation are accomplished by phase measure 
ment. The desired transducer is selected for input to the 
phase detector by a control gate from the I/O module. 

The microprocessor is a 56-bit serial processor with a 
ten-bit instruction word. A masked ROM contains 4096 of 
these in instructions. Ten 56-bit words can be stored in 
the data storage chip (RAM). This RAM stores the last mea 
surement of each function in a dedicated location. 

The instrument has two identical keyboard and display 
units (Fig. 4), one on the front and the other on the back of 
the telescope mount. This was done for user convenience 
when taking direct and reversed telescope readings (plung- 
ingj for high-accuracy measurements. 

Measurement data can be transmitted via a special inter 
face, the digital-output module, to a peripheral. This inter 
face includes two-way handshake signals and transmits via 
five sliprings to the fixed base. The 38001 A HP-IB Dis 
tance Meter Interface converts these signals to an HP-IB- 
compatible format to facilitate interfacing to data process 
ing systems.2 

Angle  Measurement  System 
Angles are electronically read from a glass disc with a 

metal-film pattern deposited on it. Since the zenith angle 

â€¢Compatible with IEEE Standard 488-1978 
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must be an absolute value referenced to gravity, an absolute 
reading system was chosen instead of an incremental one. 
The identical system is used for both the horizontal and 
vertical angles. 

The encoder disc used in the 3820A is shown in Fig. 5. 
The optical sensing system for reading this disc is illus 
trated in Fig. 6. The angular position on the disc is found by 
combining three separate measurements: 
1. The instrument first measures an eight-bit Gray-code 
pattern that determines position to one part in 256. This is 
similar to reading the degree mark on a theodolite circle. 
2. Next, the instrument interpolates a sinusoidal-track pat 
tern of 128 cycles by dividing each cycle into 1000 parts. 
Thus, the circle is divided into 128,000 increments, each 
corresponding to an angular variation of approximately ten 
arc seconds. 
3. Finally, the instrument in 
terpolates the position on a 
track comprised of 4096 ra 
dial slits. Again, the period 
for each slit is subdivided 
into 1000 parts. This divides 
the circle  into 4,096,000 
parts, resulting in a true one- 
cc-grad (0.32 arc-second) 
resolution. 

The 4096-radial-slit pattern 
is read at diametrically op 
posed points on the circle to 
eliminate eccentricity errors. 
The reading of the sinusoidal 
track interpolator is also cor 
rected for the eccentricity 
sensed by the 4096-slit track. 
The microprocessor  com 
bines the readings of the three 
sensor systems to produce an 
absolute reading. 

To illustrate the principle 
of interpolation, consider the 
s inusoidal  t rack.  Fig .  7a  
shows the track, which varies 
sinusoidally in width. The 
wavelength of the pattern is 
1080 fjan and the maximum 
amplitude is 600 Â¿tin. Four 
photodiodes are placed at 90Â° 
intervals with respect to the 
sinusoidal period. Each diode 
senses the collimated illumi 
nation through the pattern. 
The photocurrent generated 
depends on the illuminated 
area of the diode, which in turn is dependent on the diode's 
position with respect to the pattern. 

The relationship between photocurrent and position is 
derived as follows (see Fig. 7b): 

I a = I 0 + I s i n ( ( Â «  ( 1 )  
I 2 = I 0 + I s i n ( c Â £ + 9 0 ) = I 0 + I c o s ( < i > )  ( 2 )  
I 3 = I 0 + I s i n ( ^ + 1 8 0 ) = I 0 - I s i n ( < i > )  ( 3 )  
I 4 = I 0 + I s i n W > + 2 7 0 ) = I 0 - I c o s ( < W  ( 4 )  

Fig. 1 .  Model 3820A Electronic Total  Stat ion. This instrument 
c o m b i n e s  e l e c t r o n i c  d i s t a n c e  a n d  a n g l e  m e a s u r e m e n t  
capabi l i t ies into a compact package. The values obtained with 
the 3820 A are accurate to a few mill imetres for distances up to 
f i ve  k i lomet res  and  to  a  few arc  seconds  fo r  hor i zon ta l  and  
vert ical angles. 

The illumination amplitude I is modulated as a function 
of time: I(t)=Isin(cut). Substituting into (1) through (4) 
and then subtracting (3) from (1) and subtracting (4) from 
(2) yields: 

I 1 - I 3 = 2 l s i n ( c Ã ­ > ) s i n ( Ã ¼ > t )  ( 5 )  
I 2 - I 4 = 2 l c o s ( < / > ) s i n ( o j t )  ( 6 )  

These two signals are processed in such a manner that 
(Ii-I3) is phase-shifted 90Â° with respect to (l2-h)- The re 
sulting signals are then summed in an operational ampli 
fier (see block diagram, Fig. 3). 

2lsinW>)sin(cut) +90Â° shift= 2lsin(4>)cos(cot) 
2IcosW>)sinM)+00shift=2lcos(</>)sin(cot) 
2Isin{<Â£)cos(u>t) + 2lcos(c/>)sin(&jt) = 2lsin(ajt+(/>) (7) 

The signal (7) is compared in a phase detector with the 
modulating signal sin(ojt) to determine <j>. The phase meter 

has a resolution of 0.36 de 
grees, resulting in an interpo 
lation of one part in 1000 for 
the period. 

The above derivation as 
sumes zero sensor width. 
However, it can be shown that 
the  equat ions  hold  for  a  
finite-width sensor. This is 
because the convolution in 
tegral of a sine function with a 
rectangle function is still a 
sine or cosine function al 
though  the  ampl i tude  i s  
changed. 

A typical error graph for the 
encoder system is shown in 
Fig. 8. Fourier analysis of the 
graph shows an interpolation 
error of 3.1 cc grad, a once- 
around error of 2.6 cc grad, 
and a twice-around error 
(graduation error) of 4.2 cc 
grad. The once-around error 
can be eliminated by plung 
ing and the twice-around 
error may be averaged out by 
increment ing the  c i rc le .  
Overall, the total standard 
deviation of the error is below 
one arc second, making the 
3820A an excellent tool for 
second-order measurement 
work. 

Gravi ty  Sensing System 
Traditionally, a theodolite 

has been equipped with a 
twenty-arc-second level vial parallel to the trunnion axis for 
precise leveling and a vertical compensator to correct 
zenith angles for residual tilt. Precise leveling is necessary 
to maintain horizontal-angle accuracy for steep vertical 
angles. In the 3820A, the vertical compensator and trun 
nion-axis-plate level are combined in a two-axis tilt sensor. 
This device eliminates the need for precise leveling. 

The system is basically a two-axis electronic autocol- 
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Pechan 
Erecting 

Pr ism Transmit ted Infrared 
B e a m    Â » -  

Reflected Infrared 
â€¢Â«   Beam 

* -  M a n g i n  M i r r o r  - -  C o r r e c t o r  L e n s  

Distance Meter 
Module 

Receiver Diode Chopper  

limator. Fig. 9 shows the optical layout of the tilt sensor. A 
mercury pool damped with silicone oil is used to establish 
the vertical reference. The surface of the mercury pool 
serves as a reflector that is always perpendicular to the 
direction of gravity. The enclosure consists of an anti- 
reflection-coated optical flat joined to a metal cup. This 
arrangement accommodates thermal expansion. The 
three-element illuminator lens provides highly uniform il 
lumination of the transparent sinusoidal slits (Fig. 10). A 
negative lens, a positive lens, and the mercury reflector 
form the imaging system. The effective focal length of the 

Fig .  2 .  The 3820A opt ica l  sys tem 
uses a  compact  te lescope des ign 
f o r  t a r g e t  s i g h t i n g .  A n  i n f r a r e d  
l ase r  d i s tance  measu remen t  sys  
tem shares the use of  the pr imary 
opt ical  e lements.  

system is 163 mm. 
To determine the level within one cc grad, the pattern 

position is read to 0.7 /am accuracy. The interpolation 
technique is the same as used for angle measurement. Two 
combinations of a transparent sinusoidal slit and its four 
photodiode sensors are arranged orthogonally for the two 
axes. To prevent erroneous readings when the interpolators 
exceed their range, a limit sensor is incorporated. When in 
range, the limit sensor remains illuminated. If the range is 
exceeded, the limit sensor is no longer illuminated, and a 
display indicator flashes to inform the operator. Cross-axis 

375  Hz  

Keyboard  

M i c r o  
processor 

C o n t r o l  
S i g n a l s  

T h e o d o l i t e  
M o d u l e  

Digital 
Output  
Module  

Data 
Storage Chip  

Peripheral 

Fig. Station. Electronic block diagram for 3820A Electronic Total Station. 
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Fig.  4 .  Close-up v iew of  3820-4 keyboard and d isp lay.  There 
are two of these units,  one on each side of the instrument,  for 
user  convenience.  

movement combined with the one-millimetre height of the 
photodiodes limits the range to Â±370 cc grad (Â±120 arc 
seconds). A typical error graph for the tilt sensor is shown in 
Fig. 11. 

Distance Meter  System 
The main parts of the distance meter are shown in block 

diagram form in Fig. 12. Although similar in principle to 
recent HP instruments,3 the hardware differs greatly on the 
following points: 
â€¢ The optical system and sighting telescope are combined. 
â€¢ Physical size is greatly reduced. 
â€¢ Distance meter power consumption is reduced to 1.5 W. 
â€¢ A heterojunction continuous-wave GaAs lasing diode is 

used. 
As in previous models, the distance meter contains an 

Fig. 5. The angle encoder disc has three concentr ic metal f i lm 
pat terns.  The combinat ion of  the readings f rom each of  these 
pat terns a/ lows for  the determinat ion of  angular  posi t ion wi th 
one-cc-grad (0 .32-arc-second)  reso lu t ion.  

Slit 
Track 
Lamp 

Ãœ 

Sinusoidal  
Track 
Lamp 

Slit 
D i g i t a l  T r a c k  
L a m p s  L a m p  

Encoder  Disc Ãœ ÃœÃœÃœÃœ Ãœ 
Ã¼ 

Sensor Sensor 

8c 

Digital 
S e n s o r s  S e n s o r  

F ig .  6 .  A r rangemen t  o f  t he  op t i ca l  senso rs  f o r  read ing  the  
th ree  concent r i c  pa t te rns  on  each ang le  encoder  d isc  (^ver  
t ica l ,  9=hor izonta l  d isc  components) .  Eccentr ic i ty  er rors  are 
e l im ina ted  by  read ing  t he  ou te rmos t  pa t t e rn  a t  two  po in t s  
located across the c i rc le  f rom each other  (F1,  F2 va lues) .  

automatic sampling system with an internal path length 
and an automatic balance system to match the energy 
through the reference path to the energy received from the 
target. This matching method enables the instrument to 
handle a wide range of return-signal strengths â€” a require 
ment for longer-range instruments. 

The infrared energy is modulated so that the phase differ 
ence between the internal reference beam and the portion of 
the transmitted beam that is reflected back from the target 

600 

270 f tm 

90Â° .90Â° 90Â° 360Â° 

0Â° 
(b) 

Fig. 7 (a) Sect ion of  the sinusoidal  t rack pattern on the angle 
encoder disc.  The amount of  i l luminat ion passing through the 
pa t te rn  to  each  o f  t he  regu la r l y  spaced  pho tod iodes  gener  
ates di f ferent photocurrents (b) that enable the determinat ion 
of  the pat tern posi t ion re lat ive to the d iode array.  
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c c g r a d  
+  1 0 - r  

- 1 0 - -  

a r c s e c  
- T  + 3 . 2 4  

  3 . 2 4  

4  P h o t o d i o d e s  

5 0  1 0 0  1 5 0  2 0 0  2 5 0  

A n g l e  ( d e g r e e s )  
3 0 0  3 6 0  

T o t a l  R m s  E r r o r :  2 . 7  c c g r a d  ( 0 . 9  a r c s e c )  

Fig.  o f  Typ ica l  in terpo la t ion er ror  versus angular  pos i t ion o f  
encoder  d isc .  

can be measured to determine the distance to the target. 
Three modulation frequencies are used â€” 15 MHz, 375 kHz 
and 3.75 kHz. A 360Â° phase shift for these frequencies cor 
responds to distance variations of 10, 400, and 40,000 
metres, respectively. The readings for each frequency are 
then combined to give the absolute distance. 

These modulation frequencies and the instrument read 
out give unambiguous distance displays for exceptionally 
long distances. Distances over five kilometres may be mea 
sured under ideal atmospheric conditions. 

The receiver detects the returning infrared radiation with 
a photo-avalanche diode. The diode also functions as a 
mixer and provides a gain of 75. The transmitting diode is a 
GaAs lasing diode developed by Hewlett-Packard for the 
purpose of distance measurement. Fig. 13 shows the laser 

LED 

See Fig.  10 

Patterns are 
Transparent  

Fig. 9.  Opt ical  system for 3820A t i l t  sensor.  The mercury pool 
at the bottom establ ishes a ref lect ive plane that is perpendicu 
lar  to the force of  gravi ty.  

U â€” 3240 Aim   -j 

L i m i t  S e n s o r  
P h o t o t r a n s i s t o r  
2 0 0  x  2 0 0  p i m  

4  P h o t o d i o d e s  

8 0 0  / / m  {  

800/ lÂ· imlâ€”  j  
S q u a r e  P a t t e r n  

f o r  
L i m i t  S e n s o r  

Fig.  10.  Arrangement  o f  s l i t  pat terns and opt ica l  sensors for  
t i l t  same The t i l t  posi t ion measurement technique is the same 
as that  used for  angle  measurement .  

modulation and control system. An optical feedback loop 
stabilizes the laser operating point over a wide temperature 
range. The laser and its control loop are housed inside a 
hermetically sealed metal package with an optically flat 
window. Because of the high sensitivity of the receiver and 
the high radiance of the laser beam, the instrument range is 
five kilometres with a six-prism retrore/Jector assembly. To 
prevent input circuit overload, it is necessary to use an 
attenuator on the telescope objective for distances less than 
250 metres. Alternatively, less efficient reflectors may be 
used. Since the long-range accuracy depends largely on the 
accuracy of the modulation frequency, a low-temperature- 
coefficient crystal is used. The crystal stability specification 
is Â±4 ppm from -10Â°C to +40Â°C. 

The group refractive index has been derived for standard 
air (15Â°C and 760 mmHg) and a laser radiation wavelength 
of 835 nm using two different references (see page 9): 

ng-l = 279.34xiO~6 where ng is the group index (8) 
c  =  2 9 9 , 7 9 2 . 5  k m / s  ( 9 )  

resulting in a modulation frequency with zero-ppm correc 
tion of 14.985439 MHz for standard air. In the 3820A, the 
frequency is set at +110 ppm, or 14.987087 MHz. 

Microprocessor Funct ions 
The 3820A uses a microprocessor derived from HP 

Fig. angle 1 for Typical axis tilt interpolation errors versus tilt angle for 
t i l t sensor. 
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15 MHz 

Auto  Balance and 
Beam Break Circuitry 

Beam 
Break 
Signal 

10Hz 

Fig.  d is tances Dis tance meter  b lock d iagram. This  assembly can measure d is tances up to  f ive 
k i lometres wi th Â±(5 mm + 5 mm/km) accuracy over a temperature range of  -10Â° to 40Â°C. 

pocket-calculator technology to perform various functions 
within the instrument. Among these functions are the fol 
lowing: 
â€¢ Control various measurement sequences and the display. 
â€¢ Process the intermediate results from the angle encoders, 

tilt meter, and distance meter. 
â€¢ Perform numerous calculations and corrections such as 

compensating angles for instrument tilt and computing 
projected distances. 

â€¢ Provide an internal self-test sequence, which checks for 
the presence of many internal signals in the angle encod 
ers, tilt meter, and distance meter. 
The routines needed for control and computations are 

stored in a 4K-byte ROM which is roughly divided into four 
parts of IK bytes each, corresponding to: 
â€¢ Distance measuring routines 
â€¢ Angle measuring routines 
â€¢ Self-test and service tests 
â€¢ Keyboard, display and control routines. 

1 5 M H z  
Crystal 

Oscil lator 

15 MHz 

Photosensor 

Mult i funct ion Sequence 
An example of the control function of the microprocessor 

(con t inued on  page 10)  
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F ig .  13 .  Lase r  con t ro l  and  modu la t i on  sys tem.  The  sys tem 
u s e s  a  c u s t o m  G a A s  l a s i n g  d i o d e  d e v e l o p e d  b y  H e w l e t t -  
Packard for  th is  purpose.  
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Distance Correction for Variations in 
Air Temperature and Pressure 

I n  a n  t h e  d i s t a n c e  m e t e r  t h e  d i s t a n c e  i s  d e r i v e d  f r o m  t h e  
amount the time required for the transmitted infrared beam to make the 
round to to the retroref lector and back.  Therefore,  i t  is  necessary to 
accurately know the velocity of the infrared radiation in air. In general, 
an  unmodula ted p lane wave wi l l  have a  ve loc i ty  

v  =  c / n  (1) 

where  c  i s  t he  ve loc i t y  o f  l i gh t  i n  a  vacuum and  n  i s  t he  i ndex  o f  
refraction for the medium. The refractive index for air depends on the 
radiation wavelength as well as the density of the air. The wavelength 
dependence  can  be  approx imated  by1  

( n - 1 )  x  1 0 8  =  2 7 2 5 9 . 9  +  153.58 1.318 
(2) 

where X is the radiat ion wavelength in micrometres. This expression 
is for standard air, which is dry air at 1 5Â°C and 760 mmHg pressure. 

Fo r  an  amp l i tude  modu la ted  wave  the  amp l i tude  max ima p ropa  
gate with a group velocity u. The group velocity is related to the phase 
velocity v by2 

dv (3) 

Now ,  c / u .  t he  r e f r ac t i ve  i ndex  f o r  t he  g roup  ve loc i t y ,  ng ,  as  c / u .  
For  a i r  i t  can be assumed that  

X dv 
v d \  Â« 1 

Thus,  the fo l lowing approx imat ion can be made.  

i  r  / .  x d v \ i " 1  i  r .  x d v i  
Ã ¼  =  L V V ~ v d X ) J  ~ - | _ 1  +  v d x j  

From (1) 

d v  =    o d n  (5) 

Then,  us ing (1) ,  (4)  and (5)  we can der ive the fo l lowing resul t  

6_59 

Combin ing (2)  and (6)  y ie lds  

( n g - 1 ) x 1 0 8  =  2 7 2 5 9 . 9  

For the laser wavelength used in the 3820A, 0.835 /Â¿m, this becomes 

( n g - 1 ) x  1 0 8  =  2 7 9 3 4 . 2 8  ( 8 )  
Therefore, 

ng = 1 .0002793428 

S ince  c  =  299792 .5  k i l omet res /second ,  the  g roup  ve loc i t y  i s  then  
c / n g  =  2 9 9 7 0 8 . 8  k i l o m e t r e s / s e c o n d .  T h e  m a x i m u m  m o d u l a t i o n  
wavelength,  Xm, desi red for  the inst rument is  20 metres so that  the 
modulation frequency, fm, will exhibit 360Â° of phase shift for every 1 0 
met res  o f  d is tance  be tween the  ins t rument  and  the  re t ro re f lec to r .  
Therefore,  the h ighest  modulat ion f requency is  

fm =  â€”  =  14985439 Hz 

The inf luence of water vapor in the atmosphere on group velocity has 
b e e n  o n e  s i n c e  t h i s  e f f e c t  i s  b e l i e v e d  t o  b e  l e s s  t h a n  o n e  p p m  
for near- infrared radiat ion. 

Temperature  and Pressure  Correct ion 
I t  i s  i dea l  t ha t  the  re f rac t i ve  i ndex  fo r  a i r  va r ies  f rom the  idea l  

value p, 1 .0 for vacuum in proportion to the density of the air, p, such 
that 

(9) 

fo r  smal l  var ia t ions  in  dens i ty .  S ince i t  i s  a lso  assumed that  a i r  be  
haves according to the ideal  gas law, pV = RT, and knowing that  the 
density is inversely proport ional to the volume, V, of the air ,  then the 
r e f r a c t i v e  i n d e x  f o r  a n y  t e m p e r a t u r e  T 2  a n d  p r e s s u r e  p 2  c a n  b e  
found by  

(10) 

g i v e n  t h e  v a l u e  a t  a  t e m p e r a t u r e  T ,  a n d  p r e s s u r e  p , .  S o l v i n g  f o r  
V,  and V2 us ing the Â¡dea l  gas law and us ing (8)  fo r  the re f rac t ive  
i n d e x  i n  s t a n d a r d  a i r  ( p ,  =  7 6 0  m m H g ,  T ,  =  2 7 3 . 2  +  1 5 Â ° K ) ,  e x  
press ion (10)  becomes 

( n g - 1 )  T  =  2 7 9 . 3 4  x  1 0  760 2 3 7 . 2 + T  /  J  

=  1 0 5 . 9 2 P  x  6  
(273.2+T)  

where p is the pressure in mmHg and T is the temperature in Â°C. From 
th is ,  i t  can be der ived that  the d is tance cor rect ion is  

C o r r e c t i o n  i n  p p m  =  2 7 9 . 3 4  -  ^ | | ^  ( 1 1 )  
2 7 3 . 2 +  I  

T h i s  c o r r e c t i o n  c a n  b e  e n t e r e d  i n t o  t h e  3 8 2 0 A  v i a  a  f r o n t - p a n e l  
cont ro l .  The microprocessor  then app l ies  th is  cor rec t ion  to  a l l  sub 
sequent  d is tance measurements .  
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is the routine for the MULTI key. This key activates a mea 
surement sequence that combines angle and distance read 
ings for a three-dimensional measurement result. The se 
quence is: 
â€¢ measure and output the horizontal angle 
â€¢ measure and output the zenith angle 
â€¢ measure and output the slope distance. 

To accomplish this complex control function the trans 
ducers have to be designed for control by a processor and 
also have to contain the hardware necessary for communi 
cation with the processor. Examples of these requirements 
are the eight control lines for the circle interpolators and the 
accumulator that functions as the common analog-to- 
digital converter for all systems. The control and reception 
of data from the transducers is done via the I/O module. This 
unit is the communication link between the processor and 
the measurement systems. 

With the multifunction sequence it is also possible to 
make repeated measurements at a rate of one full sequence 
every 2.7 seconds. With the 3820A, the 38001A HP-IB inter 
face and a data processor (e.g., 9825A) one can assemble a 
system that can track the position of slow moving targets, 
assuming that one can keep the telescope aimed at the target 
manually. 

Angle Correct ion 
The 3820A Electronic Total Station is the only instru 

ment presently available that compensates both horizontal 
and vertical angles for instrument tilt. It is only necessary to 
level the instrument within 120 arc seconds to maintain full 
angular accuracy. However, leveling to one arc minute is 
recommended to avoid positioning errors using the optical 
plummet. This is easily and quickly accomplished using 
the circular bubble level on the alidade of the instrument. 
The corrections for the remaining tilt of the vertical axis 
with respect to gravity are: 

Zenith angle correction=A</>=j3+y2S2cot (<Â£) (10) 
Horizontal angle correction=A0= 

8cot (<W -y2/38[ l  +  2cot2  (</>)]  (11)  
in which: /8 = tilt along the telescope axis 

8 = tilt along the trunnion axis 
4> = zenith angle 

Analysis of (10) shows that the second order term for Ac/> 
can be neglected. For example: if /3 = 8 = 120 arc seconds 
(the limit of the tilt meter), the second order term for A<Â¿> is 
only three arc seconds at a zenith angle of 1Â°. At a zenith 
angle of 45Â°, the term is less than 0.1 arc second. 

Both terms of equation (11) may be significant. In the 
3820A, only the first-order correction is applied when the 
line of sight is within 45Â° of horizontal. Beyond this range, 
both terms are used. To illustrate the importance of the 
horizontal-angle correction, consider that at a zenith angle 
of 75Â°, every four arc seconds of tilt introduces one arc 
second of error. By automatically making this correction, 
the 3820A eliminates the need for precise leveling. 

Distance  Consis tency  Check 
As in previous HP distance meters, the 3820A incorpo 

rates a consistency check on the distance data. While dis 
tance data is being accumulated, the processor keeps a 
running total of the mean and variance of the readings. If the 

Development of the 3820 A 
T h e  d e v e l o p m e n t  o f  a n  i n s t r u m e n t  o f  t h i s  c o m p l e x i t y  c a n  o n l y  b e  a c  

comp l i shed  when  many  favo rab le  f ac to rs  co inc ide .  Ex i s t i ng  t echno logy  i n  
l ight-emit t ing devices,  photodiodes, photol i thography and electronic microcir-  
cuits possible the start of the development project indicated that it was possible to 
design and compact ful ly- integrated instrument measuring both angles, t i l t  and 
distance. 

I n i t a l l y  a  sma l l  g roup  was  fo rmed  to  i nves t i ga te  me thods  fo r  ang le  mea  
surement  and des ign the bas ic  opt ica l  system of  the te lescope and d is tance 
meter.  This ear ly group included Charles Moore who contr ibuted much to both 
the opt ica l  and e lect ron ic  des igns,  Wal t  Auyer  who des igned the mechanica l  
elements of the angle transducers, Bi l ly Miracle, our mechanical design leader, 
who designed the temperature-compensated object ive cel ls for  the te lescope, 
J im Eps te in  who  des igned  mos t  o f  the  d ig i ta l  con t ro l  sys tem,  inc lud ing  the  
so f tware  des ign  fo r  the  mic roprocessor  con t ro l ,  and  Ron Kerschner  who de  
s igned the mechanica l  sys tems for  the d is tance meter  and leve l  sensor .  

This aided later became the nucleus of a much larger team and was aided by 
many  spec ia l i s t s .  Tom Chr i s ten  and  Ha l  Chase  took  over  the  des ign  o f  the  
thin-f i lm microcircuits needed to construct the angle transducers, t i l t  meter and 
d is tance meter .  The indust r ia l  des ign o f  the  ins t rument  was be ing f i rmed up 
during keeping time by Arnold Joslin who made significant contributions to keeping 
the  ins t rument  compact  and por tab le .  

When and group was increased to fu l l  strength,  Dave Daniels-Lee and San- 
ford whi le took on the major i ty of  the analog circui t  design whi le Craig Cooley 
jo ined  the  team to  des ign  the  ma in  s t ruc tu ra l  f rame and  s ide  covers  o f  the  
instrument.  Towards the end of  the design phase Craig Cooley a lso designed 
the  l eve l i ng  base .  W i th  B i l l y  M i rac le  t ak ing  on  a  l a rge r  pa r t  o f  t he  p ro jec t  
management in the mechanical area, Dave Sims joined the group to design the 
mechanical parts for the main telescope. Dave also designed the carrying case 
for the size. This case provides a high degree of protect ion in a compact size. 

Besides the central  design team, many support groups helped to real ize this 
des ign .  The  t oo l i ng  e f f o r t ,  i nvo l v i ng  seve ra l  peop le ,  was  coo rd ina ted  and  
gu ided  by  Wi lbur  Sau l .  Admin is t ra t i ve  he lp  was  coord ina ted  by  Rod Lampe 
and Vicki  Worden who control led parts supply,  mater ia l  l is ts and speci f icat ion 
drawings.  Market  research was performed by the market ing group in the Civ i l  
Engineering Division. Fri tz Sieker and Tony Robinson contr ibuted greatly in the 
areas reduction keyboard definition and software routines to be used for data reduction 
and  co r rec t ion .  Corpora te  eng ineer ing  and  HP Labs  ass is ted  in  the  ang le -  
encoder invest igat ion and also developed the sol id-state GaAs heterostructure 
l ase r  t ha t  gave  t he  d i s t ance  me te r  i t s  5 - km  range .  Spec ia l  r ecogn i t i on  i s  
deserved by the group in  HP Labs who improved the laser  character is t ics  to  
m a k e  i t  m e a  f o r  t h e  d e m a n d i n g  a p p l i c a t i o n  o f  e l e c t r o n i c  d i s t a n c e  m e a  
surement .  The encouragement  rece ived f rom Barney Ol iver  and B i l l  Hewle t t  
he lped the des ign teams overcome d i f f i cu l t  hurd les .  

During the production effort, a large group of new people was involved on the 
pro ject .  Mike Bul lock served dur ing the t rans i t ion per iod as pro ject  manager  
until White production staff under the leadership of Mike Armstrong and Jim White 
took charge of  product ion.  

Final ly special  ment ion should goto Bi l l  McCul lough, Div is ion Manager,  and 
B i l l  Smi th ,  Lab Manager ,  who be l ieved in  the pro jec t 's  u l t imate  promise and 
suppor ted the e f for t  w i th  the i r  gu idance dur ing the deve lopment  per iod.  

Alfred F .  Gort  
Al  Gor t  was  bo rn  i n  A rnhem,  Ne the r  
lands  and  s tud ied  e lec t r i ca l  eng ineer  
ing at  E indhoven Technica l  Univers i ty .  
A f te r  comple t ing  h is  undergraduate  
s tudies in  1961 he at tended Cal i forn ia 
Ins t i tu te  o f  Technology and was 
awarded an  MSEE degree  in  1962.  A l  
jo ined HP and has  been ac t ive  in  
inst rument  design for  wave analys is ,  
in f rared detect ion and ca l ibrat ion.  He 
was the  R&D pro jec t  manager  fo r  the  
3820A and  now heads  the  p roduc t ion  
engineer ing team for  the 3820A.  A l  is  
marr ied and has a son and a daughter.  
His outs ide interests include sai l ing,  

h ik ing ,  backpack ing,  c ross-count ry  sk i ing  and growing cher r ies .  
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Glossary  
A C H R O M A T I C .  T r a n s m i t s  l i g h t  w i t h o u t  s e p a  
rat ing i t  into i ts const i tuent colors.  
ALIDADE.  A s ight ing  dev ice  used for  the  mea 
s u r e m e n t  o f  a n g l e s .  A l s o  t h e  m e c h a n i c a l  
structure of a THEODOLITE. See page 1?. 
ASPHERIC. A mirror or lens surface that varies 
s l i g h t l y  f r o m  a  t r u e  s p h e r i c a l  s u r f a c e .  T h i s  
is  done to reduce lens aberrat ions.  
AUTOCOLLIMATION.  A  p rocess  o f  a l i gn ing  a  
t e l e s c o p e ' s  l i n e  o f  s i g h t  p e r p e n d i c u l a r  t o  a  
m i r r o r ' s  s u r f a c e .  T h e  t e l e s c o p e  i s  u s e d  t o  
p r o j e c t  a n  i m a g e  o f  a  p a t t e r n  t o w a r d  t h e  
m i r r o r .  B y  s u p e r i m p o s i n g  t h e  i m a g e  r e f l e c t  
e d  b a c k  b y  t h e  m i r r o r  o n t o  t h e  o r i g i n a l  p a t  
t e r n  i n  t h e  t e l e s c o p e ,  t h e  m i r r o r  a n d  t e l e  
scope are  proper ly  a l igned.  
BOUWERS. An opt ical  design, named af ter the 
o r i g ina to r ,  i n  wh ich  re f l ec t i ons  take  p lace  a t  
t w o  s i l v e r e d  c o n c e n t r i c  s p h e r i c a l  s u r f a c e s .  
S i n c e  b o t h  s u r f a c e s  h a v e  a  c o m m o n  f o c a l  
po int ,  SPHERICAL ABERRATIONS are great ly  
reduced.  
CASSEGRAIN.  A ref lect ing te lescope in  which 
t h e  l o n g  o p t i c a l  p a t h  i s  f o l d e d  b y  r e f l e c t  
i n g  t h e  i n c o m i n g  l i g h t  f r o m  a  p a r a b o l o i d a l  
p r i m a r y  m i r r o r  o n t o  a  s m a l l  h y p e r b o l o i d a l  
secondary mir ror  that  in  turn re f lec ts  the l ight  
back through a hole in the center of the primary 
mirror  to an eyepiece.  
CATADIOPTRIC. Opt ical  processes using both 
ref lect ion and refract ion of  l ight.  
CHROMATIC ABERRATION. An opt ical  lens de 
f e c t  t h a t  c a u s e s  l i g h t  c o l o r  s e p a r a t i o n  b e  
c a u s e  t h e  o p t i c a l  m a t e r i a l  f o c u s e s  d i f f e r e n t  
l igh t  co lo rs  a t  d i f fe ren t  po in ts .  A  lens  w i thout  
this defect is said to be ACHROMATIC. 
COMA.  A  symptom o f  the  p resence  o f  op t i ca l  
e r r o r s ,  s o  t h a t  a  p o i n t  o b j e c t  h a s  a n  a s y m  
m e t r i c a l  i m a g e  ( l o o k s  l i k e  a n  e g g - s h a p e d  
spot). 

D IOPTER.  A  measure  o f  t ens  power  equa l  t o  
the reciprocal of the lens focal length in metres 
GALILEAN TELESCOPE. A telescope using opti  
ca l  re f rac t ion .  I t s  p r imary  lens  i s  convex  and  
converges the incoming l ight .  The eyepiece is  
a  concave  l ens  t ha t  d i ve rges  t he  beam f rom 
the pr imary lens and presents an erect  image.  
G R A Y  C O D E .  A  m o d i f i e d  b i n a r y  c o d e .  S e  
quen t i a l  numbe rs  a re  r ep resen ted  by  b i na r y  
express ions  in  wh ich  on ly  one  b i t  changes  a t  
a t ime;  thus errors are easi ly  detected.  
MANGIN MIRROR.  A  mi r ro r  in  wh ich  the  sha l  
lower surface of a negative MENISCUS LENS is 
s i l v e r e d  t o  a c t  a s  a  s p h e r i c a l  m i r r o r .  T h e  
l i gh t  t rave l i ng  th rough  the  o the r  su r face  and  
t h e  g l a s s  t o  t h e  m i r r o r  i s  t h e n  c o r r e c t e d  b y  
the g lass for  the SPHERICAL ABERRATION of  
the mirror. 
MENISCUS LENS. A th in lens wi th one convex 
a n d  o n e  c o n c a v e  s u r f a c e .  T h e  s u r f a c e  w i t h  
the greatest  rad ius o f  curvature is  the convex 
surface for a posit ive lens and the concave one 
for  a negat ive lens.  
PARAXIAL. Lying near the axis. 
PECHAN PRISM.  A pr ism us ing  two g lass  e le  
m e n t s  t h a t  s h o r t e n s  a n  o p t i c a l  p a t h  b y  r e  
f lect ing a l ight  beam internal ly  f ive t imes.  The 
e x i t i n g  i m a g e  i s  e r e c t .  A l s o  k n o w n  a s  a  
Schmidt  pr ism. 
PLUMMET. A device for centering a THEODOLITE 
ove r  a  spec i f i c  l oca t i on .  I n  t he  3820A th i s  i s  
done opt ical ly by looking through a sight in the 
base and center ing the in terna l  c rosshai rs  on 
the locat ion required.  
PLUNGING. A technique for  cancel ing some of  
the mechanical errors in a THEODOLITE. Plung 
ing  invo lves  measur ing  the  ang les  to  a  ta rget  
twice.  The target is  s ighted and the angles are 
measured. Then the ALIDADE is rotated 180Â°, 

t he  t e l escope  i s  f l i pped  ove r  and  t he  ang les  
a r e  m e a s u r e d  a g a i n .  T h e  s i g n  o f  t h e  e r r o r  
c h a n g e s  b e t w e e n  t h e  t w o  r e a d i n g s ,  b u t  n o t  
the magnitude. By averaging the two readings, 
the error is el iminated. 
RAMSDEN EYEPIECE.  An eyep iece assembly  
u s i n g  t w o  p l a n o - c o n v e x  l e n s e s  o f  i d e n t i c a l  
power and focal length. They are mounted with 
t he i r  p l ana r  su r f aces  f ac i ng  ou t  a t  each  end  
and are separated by a d istance equal  to thei r  
common foca l  length .  
RETICLE. A pattern of intersect ing l ines, wires, 
f i laments,  or  the l ike placed in the focus of  the 
ob jec t i ve  e lemen t  o f  an  op t i ca l  sys tem.  Th i s  
pa t te rn  i s  used  fo r  s igh t ing  and  a l i gnment  o f  
the system. 
RETROREFLECTOR. A device us ing pr isms or  
a n  a r r a n g e m e n t  o f  m i r r o r s  t o  r e f l e c t  l i g h t  
radiat ion back in a path paral le l  to the incident 
path. 
S E C O N D A R Y  S P E C T R U M .  T h e  r e m a i n i n g  
C H R O M A T I C  A B E R R A T I O N  f o r  a n  A C H R O M A T I C  
l ens .  The  co r rec t i ve  techn iques  used  fo r  t he  
l e n s  a r e  n o t  e q u a l l y  e f f e c t i v e  f o r  t h e  e n t i r e  
c o l o r  s p e c t r u m  s o  t h a t  s o m e  r e g i o n s  w i l l  
exhib i t  some color  errors.  
SPHERICAL  ABERRATION.  The  op t i ca l  e r ro r  
i n t r o d u c e d  b y  t h e  f a c t  t h a t  i n c i d e n t  r a y s  a t  
d i f f e r e n t  d i s t a n c e s  f r o m  t h e  o p t i c a l  a x i s  
a re  focused a t  d i f fe ren t  po in ts  a long the  ax is  
by ref lect ion f rom spher ica l  mir ror  sur faces or  
ref ract ion by spher ical  lenses.  
THEODOLITE. An optical instrument for measur 
i n g  v e r t i c a l  a n d  h o r i z o n t a l  a n g l e s  f r o m  a  
speci f ic  locat ion to a d is tant  target .  
TRUNNION. An ax le  or  p ivot  mounted on bear  
ings for t i l t ing or rotat ing the object i t  supports. 
See F ig .  1  on page 12.  
Z E N I T H .  A  p o i n t  d i r e c t l y  o v e r h e a d .  Z e n i t h  
ang les are  ang les measured f rom th is  po in t .  

variance is within an internal limit, the mean is displayed 
as the result. If the variance exceeds this limit, the mean is 
displayed and flashed to indicate a marginal result. Finally, 
if no reading can be made, a flashing zero is displayed. A 
more complete description of the basic process is given in 
the paper by White.4 While the process in the 3820A differs 
in some details, it is essentially the same. 
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DISTANCE 
RANGE (under 9000 conditionsâ€” Ihose tound dunng Ihe day when minimal heal shimmer 

IS evident): 
1 km (3300 Hi to a single-prism assembly 
3 km (9600 f t )  to  one t r ip le pr ism assembly 
5 km 116, 4OO ft) to two triple-prism assemblies. 

ACCURACY ( rms s lope d is lance)  
Â± (5 mm t 5 mm/km) (or - 10Â° to 40t: 
+ (10 mm + lOmnVkm) for -20'  to -10Â°C and 40'  lo 55Â°C. 

UNIT OF DISPLAY (swrteh selectable) 
0.001 m or 0.001 ft in accurate mode 
0.01 m or 0.01 ft in track mode 

DISPLAY RATE (track mode): 
1 5 ^reading-s lope d is tance,  min imum 
2.5 dreading- projected distance, minimum 

LIGHT SOURCE: 
Type Sokd-stale GaAs lasing diode (non-vrsrtxe) 
Wavelength 635 nm. nominal value 
Power  Output  Compl ies  wi th  DHEW radiat ion per forms 

subchapler J. 
Beam Divergence 370 cc grad (2 arc minutes) lull angle, r 

ANGLE 
RESOLUTION: 

l a n d a r o s  2 1  C F R ,  

S P E C I F I C A T I O N S  
H P  M o d e l  3 8 2 0 A  E l e c t r o n i c  T o t a l  S t a t i o n  

Degree Mode 1 arc-second 
Grads Mode: 1 cc grad 

ACCURACY (rms 01 directwn wrth letescope <n direct and reversed posrtwn for -20Â°10 SSÂ°C) 
HORIZONTAL: Â±6 cc grad (Â±2 arc-seconds) 
VERTICAL: ^12 cc grad (Â±4 arc-seconds) 

UNIT OF DISPLAY (Swi tch  se lec tab le )  
Degrees, minutes, seconds to 1 arc-second 
Grads to 1 cc grad. 

DISPLAY RATE: 
2 spreading wrth automate level compensation 
0 5 s reading wi thout  automate tevel  compensat ion 

A U T O M A T I C  L E V E L  C O M P E N S A T I O N  
Type: Dual-axis l iquid-surface ref lect ion 
Range: Â±340CC grad I â€¢ 110 arc-seconds), approximately 

D IGITAL OUTPUT 
T Y P E  p e r i p h e r a l  b i t - s e n a l - d a l a  t r a n s f e r  f r o m  3 8 2 0 A  1 0  p e r i p h e r a l  
DATA WORD 14-rJ.gil  (56-bit) BCD word 

TELESCOPE 
M A G N I F I C A T I O N  3 0 '  
IMAGE Erect  
OBJECTIVE  APERTURE 66  mm 
FIELD OF VIEW 1,67 orad (1.5Â°) 
FOCUS RANGE 5  m (16  I I )  l o  *  
Illuminated cross hairs 

Two SKjhnng couimafors tor rapid targel acquisiton 
POWER SUPPLY llnternal. rechargeable battery): 

TYPE 3 6 Vdc nickel-cadmium (HP 1 1421A). 
O P E R A T I N G  T I M E  3  h o u r s  t y p i c a l  - 4 0 0  m e a s u r e m e n t s  
CHARGING TIME- 16 hours (full charge) 

O P E R A T I N G  C O N T R O L S  
Switch panel lor controlling operating modes of instrument 
Two function-switch-panels for convenen! sanction of measurement in either direct or 

reversed posilwn 
Concentric lock and langem screws 
Two-speed tangent screws 
Two-speed circle indexing screws. 

MECHANICAL INTERFACING 
INTERFACE HP 1 1426A Leveling Base 
ROUGH LEVELING- Circular bubble on alidade witn a sensitivity of 2.5 arc-minutes/mm 
CENTERING Optical plummel in alidade with magnificaran of 5 x and focus range of 

06 m (2 ft) to â€¢ 
D IMENSION AND WEIGHT 

INSTRUMENT 162Â«239Â«296 mm (6 4 x 94 x 1 1 7 In) .  
WEIGHT 99 kg (21 9 Ib) ( including battery) 

PRICE IN  U.S .A. :  $34 .00000 
MANUFACTURING DIV IS ION:  C IV IL  ENGINEERING DIV IS ION 

615 Fourteenth Street, S W 
Loveland Colorado 80537 u SA 
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Mechanical Design Constraints for 
a Total Station 
by Ronald  K.  Kerschner  

THE ACCURACY of a distance and angle measure 
ment system is greatly dependent on its mechani 
cal design. The geometrical constraints imposed on 

the 3820A Total Station required careful analysis and 
design for its fabrication. 

The principal axes of the 3820A are shown in Fig. 1. The 
trunnion axis establishes an axis of rotation for the tele 
scope and should be perpendicular to both the optical and 
vertical axes. The vertical axis should define an axis of 
rotation for the instrument that does not change as the 
alidade is rotated on its base. In addition, the vertical axis 
must pass through the intersection of the optical and trun 
nion axes for accurate angular measurement to targets at 
short distances. 

Vert ical  Axis 
The horizontal angle error introduced when the vertical 

axis does not intersect the optical axis can be expressed as 

Vertical-axis centering error = 

Hub 

tan-1 
Vertical-axis offset 

("apparent target] 
v  d i s t a n c e  f  

L f zenith] 
v angle Ã­ 

This equation shows that when the target distance increases 
to large values, the error decreases to zero. 

The vertical-axis centering is controlled to within 0.25 
mm (0.01 in) by the mechanical tolerances and by adjust 
ment of the optical axis. Axis wobble is a measure of the 
imperfections in the vertical axis. It is measured by taking 
readings for both horizontal-level-sensor axes versus the 

Top  V iew  Front  View 

Base 
Bearing 

Vert ical  Axis 

Fig .  1 .  P r inc ipa l  axes  o f  the  3820A.  The  ins t rument  ro ta tes  
horizontal ly about the vert ical  axis,  the telescope rotates vert i  
ca l l y  o f  the  t runn ion  ax is ,  and  the  op t i ca l  ax is  i s  the  l i ne  o f  
s ight  for  the te lescope.  

Upper Bearing Plate 
/  

Lower Bearing Plate 

F i g .  2 .  V e r t i c a l - a x i s  s u p p o r t  b e a r i n g  c r o s s - s e c t i o n .  T h e  
upper bearing is supported by three bal l  bearings that al low i t  
to rotate freely on the lower bearing. The ball bearings are kept 
in  posi t ion by a nylon reta iner  r ing.  

horizontal angle for the alidade. The level-sensor readings 
are converted to polar coordinates. The horizontal angle is 
subtracted from the level-sensor polar angle. Given a per 
fect vertical-axis bearing, the polar level vector will rotate 
in the same direction and at the same rate as the alidade 
horizontal angle. Variances in direction and rate are due to 

Retainer  Pad 

Support  Pads 

Fig .  3 .  T runn ion  ax le  bear ing .  Two in tegra l  ra ised  pads  a re  
machined 120Â° apart on the inner surface of a r ing to support 
t h e  a x l e .  A  t h i r d  p a d  l o c a t e d  a b o v e  t h e  a x l e  s e r v e s  a s  a  
retainer. 
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Horizontal-Angle Error 

Actual  Trunnion Axis  

H e i g h t - o f - S t a n d a r d s  E r r o r  

- Idea l  
Trunnion Axis  

Fig. error. Exaggerated il lustration of height-of-standards error. 
Th i s  e r ro r  con t r i bu tes  t o  e r ro r s  i n  ho r i zon ta l  ang les  when  
measur ing targets at  var ious ver t ica l  angles.  

imperfections in the vertical-axis bearing. 
Another way to explain vertical axis wobble is to imagine 

a fixed screen being placed above the instrument perpen 
dicular to the vertical axis and in a plane parallel to the 
earth's surface. The axis wobble is a plot of the movement of 
the intersection of the vertical axis with this screen as the 
alidade is rotated on its base. Vertical-axis wobble compli 
cates the determination of the horizontal level-sensor in 
dexes. Thus, the wobble is tightly controlled to minimize 
the problems encountered in determining the indexes. 

The vertical-axis bearing system is shown in Fig. 2. The 
clearance between the hub and the top bearing plate con 
trols the centering uncertainty. The lower bearing is lapped 
flat to within 0.25 fj.m (10 /nin). The balls are made with a 
diameter tolerance of 0.5 /Â¿m (20 /Â¿in). The upper bearing is 
machined to have three equidistant high points around its 
perimeter. The surface peak-to-valley variation for this 
bearing is 2.5 pun (100 Â¿tin). Thus, the lower bearing estab 
lishes a plane, the balls serve as a rolling element to reduce 
friction, and the top bearing provides three-point kinematic 
contact. The bearing plates and the hub are made from 
hardened steel to minimize wear. 

Trunnion Axis  
Since the trunnion axis is always close to being perpen 

dicular to gravity, a simple V-block bearing can be used. 
This type of bearing provides line contact on the axle. 
V-blocks are used extensively in mechanical measurement 
for establishing a reference on cylindrical parts. Because 
the instrument will be shipped and handled in positions 
other than those perpendicular to gravity, the bearing re 
quires a third retaining point. The actual bearing used is 
shown in Fig. 3 . The two lower pads provide an approxima 
tion to a V-block. The upper pad is there to retain the axle in 
abnormal positions and is not in contact with the axle 
during normal use. 

Height-of-standards error results when the trunnion axis 
is not perpendicular to the vertical axis (Fig. 4). If a height- 
of-standards error exists, horizontal-angle errors are intro 
duced when two targets are at different vertical angles. A 
plot of the horizontal-angle error between two points, one 

i 111 _ 

I S  

6 0  - r  

5 0 -  -  

4 0 - -  

3 0 -  -  

2 0 -  -  

1 0 -  -  

Height-of-Standards 
Error (arc-seconds) 

10 2 0  3 0  4 0  5 0  6 0  7 0  8 0  

Vertical Angle above Horizon (degrees) 

Fig.  5 .  Fami ly  o f  curves showing hor izonta l -angle  er rors  ver  
sus ver t ica l -angle  d i f ferences for  vary ing degrees of  he ight -  
of-standards error .  

on the horizon and the other at varying angles above the 
horizon, versus their difference in vertical angle for various 
values of height-of-standards error is given in Fig. 5.1 The 
height-of-standards error is controlled to less than five arc 
seconds in the 3820A. 

An error in horizontal angles can also be generated by 
collimation error, which results if the optical axis is not 
perpendicular to the trunnion axis. This error is corrected to 
less than five arc seconds by adjusting the telescope optics 
and fine-tuning electronically at the factory by use of pro 
grammable read-only memories (PROMs). 

Like the vertical axis, the trunnion axis also suffers from 
axis wobble. Wobble of the trunnion axis is caused by the 
profiles of the left and right ends of the axle not having the 
same geometry, or by scope imbalance. This wobble will 
create collimation and height-of-standards errors. 

All of the instrument geometry errors can be cancelled by 
plunging, except for wobble of the trunnion axis (for a 
description of the plunging technique, see the glossary on 
page 11). For this reason wobble of the trunnion axis is 
tightly controlled to less than 1.5 arc seconds. However, the 
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other errors are also controlled so that the 3820A can be 
used for single-shot readings when only moderate angle 
accuracy is needed. 
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A Compact Optical System for Portable 
Distance and Angle Measurements 
by Char les  E .  Moore  and David  J .  S ims 

THE COMBINED DISTANCE METER and telescope 
optical system of the 3820A Total Station provides 
two substantial performance advantages. It is smaller 

than the alternative of using two or more separate optical 
systems, which is an advantage for a portable field instru 
ment. Also, it uses a single sighting, directly at the center 
of the cube-corner target, for both distance and angle mea 
surements throughout the entire range of the instrument. 
A combined optical system such as this provides a difficult 
task for the lens designer. The designer must reduce the 
optical aberrations to very low order to achieve good aim 
ing for angular measurements, provide large enough optics 
to give good distance-meter range, and still design the 
shortest possible telescope. 

The conventional refractive triple used in most theodo- 
Jites proves to be unsatisfactory in two ways. First, if the 
telescope is balanced about the trunnion axle, the beam is 
quite large at the beam splitter. This requires a large, expen 
sive beam splitter and an undesirably large axle. Second, 
the spherical aberrations and secondary spectrum of the 
telescope are too large for a good theodolite. The second 

problem can be dealt with by stopping down the telescope 
with an aperture located behind the beam splitter where it 
will not affect the distance-meter optics. This reduces the 
spherical aberrations to below the Rayleigh limit of l/4\ 
optical-wavefront distortion and limits the secondary spec 
trum to an acceptable level while retaining the same clear 
aperture as most one-arc-second theodolites. The problem 
of the large beam splitter remains. 

The solution to this problem uses a catadioptric Casse- 
grain structure as shown in Fig. 1. The folded optics com 
bine with the telephoto effect provided by the negative- 
power secondary mirror to permit use of a small beam 
splitter. Spherical aberration can be reduced because the 
curved mirror provides most of the magnification for the 
system and has an inherently small spherical aberration 
due to at large effective index-of-refraction difference at 
the mirror. All chromatic aberration, including secondary 
spectrum, can be eliminated by having no net magnifica 
tion in the refractive surfaces. 

The catadioptric telescope used is not without problems. 
First, a catadioptric telescope is difficult to focus onto 
NOTE: Al l  words in  i ta l ics  in  th is  ar t ic le  are def ined in  the g lossary on page 11.  

Pechan 
Erecting 

Pr i sm 

Beam 

Corrector  Lens 

Fig.  1  .  Opt ica l  system des ign for  
3820 A. Visual  s ight ing and projec 
t ion  and recept ion  o f  the  in f ra red  
d i s tance  measurement  beam a re  
shared by the opt ical  e lements on 
t h e  r i g h t .  T h e  b e a m  s p l i t t e r  d e  
f lects the infrared port ion down to 
the  d i s tance  mete r  modu le  wh i le  
a l lowing the v is ib le port ion to con 
t inue to the eyepiece and focusing 
elements on the lef t .  
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Fig .  2 .  The mi r ro r  res ts  on  th ree pads prov id ing  s t ress- f ree  
k inemat i c  suppor t .  I t  i s  secured  by  cement ing  a t  s i x  po in ts  
around the edge.  The d i f ference between the thermal  expan 
sion of the cel l  and the mirror is compensated for by aluminum 
spacers in  the cement  jo in ts ,  and by se lect ion of  the cement  
bond th ickness.  

nearby targets. The telephoto effect that was so useful in 
permitting the use of a small beam splitter also produces a 
long effective focal length. The travel distance needed in a 
focusing system depends on the square of the effective focal 
length. This is reduced by adding a positive-power element 
behind the beamsplitter to reduce the effective focal length. 

Second, this catadioptric Cassegrain structure is difficult 
to design. Many designs, such as the achromatic objective, 
the classical Cassegrain with two aspheric reflective sur 
faces, and the Bouwers, have been analyzed and simplified 
design procedures have been worked out for them. No pre 
vious work has been done for the principles of the 3820A 
telescope and there are few readily apparent simplifica 
tions. In the objective of the telescope there are ten curved 
surfaces that can be varied to control ten aberrations or 
paraxiaJ characteristics â€” spherical aberration, coma and 
chromatic aberration at far and near focus, overall length, 
effective focal length, distance to nearest focus, and size of 
the secondary reflector. Each curvature affects all, or almost 
all, of the parameters one wishes to control. Fortunately, 
modern computer-aided lens design techniques make such 
complex designs much more manageable. 

Telescope  Assembly  
A mechanical problem is that mirrors are very sensitive to 

mounting. They must be firmly mounted because any small 
rotation of a mirror causes twice as much change in angle 
for a reflected ray. To achieve two-arc-second pointing ac 
curacy with the 3820A the main mirror should be stable to 
within one arc second, corresponding to a 0.00025-mm 
variation across the mirror. At the same time the mount 
should not exert any appreciable force on the mirror, since 
any distortion in the mirror will result in aberrations in the 
image. As little as 0.00006-mm distortion of the mirror can 
cause noticeable loss in resolution. 

To avoid these problems the mirror is placed into the cell 
so that the front surface rests gently on three small pads. 
A cross-section of this cell is shown in Fig. 2. Since three 
points locate a sphere, this provides an unambiguous loca 
tion for the front surface, while minimizing stress to the 
mirror. This principle of three-point support mounting is 
used many times in the design of the 3820A. 

The mirror has aluminum spacers cemented to its edge. 
After the mirror has been centered in the cell by three 
removable leaf springs, it is permanently attached to its cell 
by cementing the aluminum spacers to the cell. The indi 
vidual thicknesses of the aluminum spacers and of the 

epoxy-cement layers were chosen so that the combined 
thermal expansion of the glass mirror plus the cement- 
aluminum-cement stack matches that of the stainless-steel 
cell. This provides a solid mount for the mirror that does not 
distort the mirror over the temperature range the 3820A 
experiences in service. The cement attaching the pads to the 
mirror has a closely controlled compliance, which allows 
for the difference in expansion of glass and aluminum, but 
does not allow the mirror to move appreciably. 

The cell is screwed into the telescope housing and rests 
on three pads. The threads fit loosely to allow the cell to rest 
securely on the pads without having to bend. If the cell were 
bent to fit both the pads and tight threads, it would distort 
the firmly attached mirror. The threads are cemented to 
help secure the cell. 

The front element is mounted in a similar manner except 
that before the element is cemented to its cell, the centering 
is adjusted in an optical test fixture to correct aberrations 
that might be introduced by slight miscentering or tilting of 
other elements. Also, the front cell is shimmed to give the 
correct fixed focus for the distance meter. These adjust 
ments allow the parts of the telescope to be built to achiev 
able tolerances. 

Roelof 's  Pr ism Adaptor  
The 11429 A Roelof's Prism Adaptor (Fig. 3) is a mechani 

cal mount that lets the user view the sun for use in deter 
mining the azimuth of a line in surveying work. The Roelof's 
prism divides the sun into a four-quadrant pattern that is 
easily centered on the reticle crosshair pattern. 
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An Approach to Large-Scale Non-Contact 
Coordinate Measurements 
by  Douglas  R .  Johnson 

A COMMON PROBLEM in the manufacture of large 
products  is  the qual i ty control  of  cr i t ical  dimen 
sions. The problem is easily solved on a small item 

by means of  coordinate measuring machines.  These ma 
chines use a delicate manipulator arm to gently contact the 
point to be measured. The x, y, and z coordinates are de 
termined by a series of vernier scales and sensitive pres 
sure transducers. Newer machines are computer controlled 
and motor driven. Resolution approaches 0.5 /xm (20 /xin) 
on the best of these machines. 

When the item to be measured becomes larger, the cost of 
a coordinate measurement machine increases dramatically. 
Alternative methods become attractive as soon as any di 
mension of the i tem to be measured exceeds one metre.  
However ,  these  a l te rna te  so lu t ions  of ten  have  ser ious  
drawbacks such as excessive pressure during contact, delay 
in obtaining results, or highly technical operator require 
ments. Properly configured, a 3820A system can be an ideal 
solution for large-scale coordinate determination. 

The coordinate determination works on the principle of 

triangulation â€” an old, yet effective, solution. The digital 
theodolite portion of the 3820A Total Station becomes the 
workhorse of the system. Its high angular accuracy and 
resolution insure reliable results accurate to better than ten 
ppm without need for mechanical contact. The data output 
capabilities of the 3820A provide an effective way of trans 
ferring measured angular data to a small computer for real 
time analysis and comparison. At least two total stations 
are required per installation. Improved performance may 
be realized by adding additional instruments. 

Principle of  Operation 
The 3820A Coordinate Determination System (Fig. 1) 

works on the principle of triangulation. Two digital theodo 
lites mounted at known points are used to measure angles. 
They both observe the same set  of  unknown points and 
perform accurate angle measurements. The 3820A's level 
compensator insures that the horizontal plane is indeed 
horizontal. Because the digital theodolite can measure both 
horizontal and vertical angles, a three-dimensional solu- 
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Fig.  1 .  The 3820A Coordinate De 
t e r m i n a t i o n  S y s t e m  a l l o w s  a c c u  
rate dimensional  and posi t ional  in 
f o rma t i on  t o  be  read i l y  ob ta i ned  
for  large objects.  

tion is possible. Four angles are recorded to each unknown 
point â€” a vertical (zenith) angle referenced to gravity and an 
included horizontal angle from each 3 820 A. These four 

Aircraft Inspection 

In the assembly of large aircraft,  commercial or mil i tary, passenger 
or  cargo,  d imensional  contro l  p lays a key ro le.  Var ious subsect ions 
such as ta i l  assembl ies,  wing assembl ies,  engines and their  mounts 
a re  p rec i se l y  cons t ruc ted  on  r i g i d  manu fac tu r i ng  f i x t u res .  These  
f ixtures are rout inely Inspected. In addi t ion,  once the aircraf t  is  com 
p l e t e l y  a s s e m b l e d ,  a n o t h e r  d i m e n s i o n a l  i n s p e c t i o n  m u s t  b e  p e r  
formed.  This  insures that  cr i t ica l  d imensions are wi th in  to lerances,  
subassembl ies  have been proper ly  mated ,  and  abnormal  s t ress  Is  
not present. 

Current  Inspect ion methods involve many man-hours of  p lumbing,  
t ap ing ,  and  va r i ous  geome t r i c  ca l cu la t i ons .  The  need  t o  pe r f o rm  
many Ind iv idua l  s teps  to  ob ta in  one measurement  compl ica tes  the  
p rocedure .  To  ob ta in  the  coo rd ina tes  o f  a  con t ro l  r i ve t  on  a  w ing  
fue l -cover  la tch,  a  measurement  crew must  typ ica l ly :  
â€¢ Tape the horizontal distance from wing r ivet to wing trai l ing edge 

us ing  a  hand leve l ,  invar  tape,  and two p lumb bobs .  
â€¢ Establ ish the elevat ion di f ference between the r ivet  and t ra i l ing 

edge us ing t rans i t  and s tad ia .  
â€¢ Plumb the trai l ing-edge point to the ground. 
â€¢ Tape the trai l ing-edge height above the ground. 
â€¢ Tape the distance from the ground point to the coordinate origin. 
â€¢  Dete rmine  the  ang le  f rom the  con t ro l  ax is  a t  the  o r ig in  to  the  

trai l ing-edge ground point and from the control axis at the origin to 
the wing r ivet .  

â€¢ Geometr ical ly solve for the x and y coordinates of the wing r ivet 
f rom the  taped d is tance  and  measured  ang les .  

â€¢ Mathematical ly obtain the elevat ion from the ser ies of individual 
e levat ion measurements.  
The 3820A Coord inate Determinat ion System wi l l  so lve the same 

d imensional  measurement  prob lem In  less than one- tenth the man-  
hou rs  s i de  s i gn i f i can t l y  imp rov ing  coo rd ina te  accu racy  as  a  s i de  
benefi t .  A f inal benefi t  Is the reduction of errors through simple opera 
t ion,  automat ic  data t ransfer ,  and computer  cont ro l .  

angles may be readily combined to yield the three coordi 
nates X, Y, and Z of the unknown point. 

To further understand the triangulation concept, con 
sider the example shown in Fig. 2. In triangle ABP, the 
length (r) of one side (AB) and two angles (dÃ¯ and 02) ^e 
known. If A and B are in the same horizontal plane (</>t = 90Â°), 
then the law of sines and some elementary trigonometry 
yields: 

X, 
=  r  f  +  s i  

^ 

sin (gg- 

2  s i n  ( 0 2 + 0 i )  '  

Ã­ sin (02) sin 
V  s i  sin 

( D  

The 3820A horizontal-angle measurement capability 
permits determination of 0j by subtracting the angle read 
ing along line AB from line AP. 02 is similarly determined. 
To obtain the elevation or Z coordinate, vertical (zenith) 
angles are used. If fa is the zenith angle (an angle of 0Â° is 
straight up) from the 3820A at A to P, the unknown point, 
fa is the angle from the 3820A at B to P, and $t is the zenith 
angle between the 3820As (if they are at uneven elevations); 
then the following relationships may be derived. 

F i g .  2 .  B y  p l a c i n g  a  3 8 2 0 A  a t  p o s i t i o n  A ,  a n o t h e r  a t  p o s i  
t ion Band then measuring the distance r between A and B and 
the angles 0,,  02, </>,,  </>2 and </>,,  the unknown posit ion of 
po in t  P  can be determined us ing s imple  t r igonomet ry .  
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Interfacing the 3820A via 
the HP-IB 

by Gera ld  F .  Wasinger  

For the 3820A dis tance meter  to ta lk  to a contro l ler  v ia the HP-IB 
t h e  d a t a  h a s  t o  g o  t h r o u g h  s o m e  c o n v e r s i o n s .  W e  m u s t  c o n v e r t  
f rom the b inary-coded-decimal  (BCD) b i t -ser ia l  data of  the d is tance 
me te r  i s  t he  ASCI I  by te -se r i a l  da ta  o f  t he  HP- IB .  Th i s  p rocess  i s  
accomp l i shed  t h rough  t he  38001  A  D i s tance  Me te r  I n t e r f ace .  

As seen in Fig. 1 , the digital output of the 3820A consists of fourteen 
dig i ts  of  data â€” n ine dig i ts  of  measurement data and f ive mode an 
nunciators.  Since each digi t  is represented by four bi ts the complete 
data str ing contains 56 bi ts.  This data is posit ive-true and is val id on 
the fall ing edge of the clock. The frequency of the clock is 1 80 kHz so 
that a complete data transfer from the 3820A to the 38001 A occurs in 
311.1 /Â¿sec. 

Data Annunciators 

1  2  3  
S I G N M S D  

Flag 1 

8  9  1 0  1 1  
L S D  M S D  

1 2  1 3  1 4  
LSD 

Data 

Timing 

Fig.  1 .  Data format  and t iming for  the output  o f  the 38001 A.  
The annunciators ind icate to the contro l ler  what  type of  data 
is  being sent .  

Referring to Fig. 2, it is seen that the serial data is loaded into a shift 
reg is ter  w i th  four  para l le l  outputs .  Af ter  every  four th  b i t  a  negat ive 
pulse the generated that on the fal l ing edge stores the four bits of the 
sh i f t  i n c re  i n t o  t he  da ta  RAM and  t hen ,  on  t he  r i s i ng  edge ,  i n c re  
ments the RAM's address counter .  This process is  repeated unt i l  a l l  
four teen d ig i ts  have been s tored in  the RAM. 
'Hewle t t -Packard 's  implementat ion o f  IEEE Standard 488-1978.  
"See page 19 o f  June 1980 issue tor  a  l i s t  o f  the  38001 A spec i f i ca t ions .  

38001 A Distance Meter  Interface 

Af te r  t he  14 th  d ig i t ,  F lag  1  goes  l ow  te l l i ng  t he  3820A  tha t  t he  
38001  A  i s  no t  cu r ren t l y  p repa red  to  accep t  da ta .  A l so ,  t he  quad  
mu l t i p l exe r  se lec t s  t he  sequence  fo r  t he  RAM ou tpu ts .  F ina l l y ,  a  
service request is sent out on the HP-IB to tel l  the control ler that the 
38001 A has data. 

When the cont ro l le r  reads the data  f rom the in ter face the output  
m a y  n o t  b e  i n  t h e  s a m e  s e q u e n c e  a s  t h e  o n e  g e n e r a t e d  b y  t h e  
d i s tance  mete r .  The  ou tpu t  sequence  i s  p rog rammab le  v ia  the  se  
quence RAM and gives the user the option of obtaining some or al l  of 
the data,  in  any order .  

When the BCD data f lows into the four least-s igni f icant  b i ts of  the 
b u s  t r a n s c e i v e r s ,  t h e  n u m b e r  t h r e e  i s  p l a c e d  i n  t h e  f o u r  m o s t -  
signif icant bits. The result is the ASCI I representation of the data in a 
form sui table for  the HP-IB. 

After all of the digits have been placed on the bus, a carriage return 
and l ine feed are generated to terminate the data str ing. Also, Flag 1 
i s  se t  t he  t o  a l l ow  ano the r  da ta  t r ans fe r  f r om the  3820A  and  t he  
mul t ip lexer selects the now cleared 4-bi t  counter .  Thus,  the cycle is  
complete.  

A  s i m p l e  p r o g r a m  f o r  t h e  9 8 4 5 B  C o m p u t e r / C o n t r o l l e r  t o  r e a d  
3820A mul t i funct ion data f rom the 38001 A is  l is ted below.  

1 0  C L E A R  7 1 7  
2 0  O U T P U T  7 1 7  U S I N G  " # , K "  
3 0  T R I G G E R  7 1  7  
4 0  E N T E R  7 1 7 ;  D a t u m ,  A n n u n  
5 0  I F  A n n u n < > 3  T H E N  G O T O  8 0  
60  D is t=  Da tum/1  000  
7 0  G O T O  1 2 0  
8 0  I F  A n n u n o S  T H E N  G O T O  1 1 0  
90 Dir= INT (Datum/1 0) /1 E4 

1 0 0  G O T O  1 2 0  
110  Zenang= INT (Da tum/1  0 ) /1E4 
120  DISP "D i rec t ion : " ;  D i r ;  "D is tance : " ;  D is t ;  "Zen i th  Ang le : " ;  Zenang  
1 3 0  G O T O  4 0  
1 4 0  E N D  

The  f i r s t  t h ree  l i nes  se t  t he  ou tpu t  f o rma t  o f  t he  38001  A  (HP- IB  
address 717). The rest of the program simply reads the data from the 
38001 or determines whether the information is distance, direction, or 

G o e s  L o w  A f t e r  t h e  C o u n t  o f  1 4  

Handshake 
and 

Control 
Logic 

Fig. Meter Interface. diagram of the electronics of the 38001 A Distance Meter Interface. 
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zenith angle, and then displays the data on the CRT of the 9845B. The 
angles are  assumed to  be In  un i ts  o f  grads.  

The above process is not  pecul iar  to the 3820A. The 38001 A also 
t rans lates data f rom the 3808A.  3810B,  and 3850A d is tance meters 
to  a form sui table for  use on the HP-IB.  

Gera ld  F .  Wasinger  
Jer ry  Was inger  rece ived the  BSEE de 
gree from the University of Oklahoma at 
Norman in  la te  1977.  He jo ined HP in  
ear ly  1  978 and has worked on the 
3808A DM and the 38001 A.  Jer ry  is  a  
nat ive of Oklahoma City,  Oklahoma. He 
and his wi fe l ive in Loveland, Colorado 
and are expect ing the i r  f i rs t  ch i ld  th is  
fal l .  Outside of work and his studies for 
the MSEE degree a t  Colorado Sta te  
Un ivers i ty ,  Jer ry  en joys  b icyc l ing ,  h ik  
ing ,  e lec t ron ics ,  photography,  and 
computer art â€” he was an art major be 
fore taking up engineering as a career. 

= y2rsin{<f>t)[ 1 
sin 

sin (62 + 

= r sin(4>t)|  

= rsinW>t)| 

'sin (6Â»2) sin 

. sin (02 + 

sin (62) cot 

(2) 

sin (82 + 
bQ 

Since T, 0J, 02> </>i' 4>2' and <Â¿>t may aH be measured with 
out contact in a matter of seconds, Xp, Yp, and Zp may 
be determined almost instantaneously. 

The preceding mathematics calculates a single solution 
for Xp, Yp, Zp. In actual practice, four angles â€” 6^, B2, <t>\, 
and <t>2 â€” are measured and used to calculate the three 
unknown points â€” Xp> Yp, and Zp â€” through a least-squares 
reduction. This reduction finds the best fit for the four 
knowns into the three unknowns. The least-square residual 
provides a convenient check on coordinate determination 
accuracy. 

A 9845T Computer/Controller is recommended as the 
computer for the coordinate determination system. The 
9845T was chosen on the basis of its large memory, ease of 
programming, and graphics capability. The computer 
communicates with the 3820A through the 38001A HP-IB 
Interface. 

If it is unsatisfactory to have the 3820A at point A as the 
system origin or the horizontal projection of AB as the X 
axis, the 9845T may three-dimensionally rotate and trans 
late the calculated coordinates. Thus complete coordinate 
system flexibility can be maintained. Even the baseline dis 
tance r need not be measured. If two control points exist the 
9845T may inverse triangulate to define both the length and 
direction of r. 

The 984 5T also performs the functions of data transfer, 
angle averaging (in the event that additional sightings are 
made), coordinate calculation, graphics display of mea 
sured points, and operator prompting. 

Error Analysis 
In most dimensional measurement systems, there are 

three error-related items of interest â€” resolution, repeatabil 
ity, and accuracy. For the 3820A-based coordinate- 

determination package, each quantity is first a function of 
geometry. The magnitude of this geometric influence varies 
with triangle strength (relative errors are greater for com 
binations of large and small values of GI and 02)- 

System resolution referenced to the baseline distance is at 
least one part in 650,000 for most measurement applica 
tions. The figure of one part in 650,000 may be expressed as 
a dimension in the form of 1.5 /am per metre (18 /Â¿in per 
foot) of baseline. This figure assumes that the 3820A is 
outputting in the grads mode. If measurements are output 
in the degrees mode, resolution suffers by a factor of over 
three to become one part in 200,000. 

Coordinate-determination repeatability is primarily a 
function of 3820A angle accuracy. Extracting partial de 
rivatives of the least-square equations (equivalent to those 
presented in equation set (2)) yields error terms for Xp, 
Yp, and Zp as a function of each of the measured angles. 
Since most of the errors in measured angles are random 
variables, they may be squared, summed, and rooted to 

Antenna Assembly 

In  the parabol ic  antenna industry ,  new techniques are constant ly  
be ing  sough t  to  improve  manu fac tu r ing  ease  and  ve rsa t i l i t y .  One  
p rob lem is  to  des ign  and  cer t i f y  l i gh twe igh t  an tennas  su i tab le  fo r  
s p a c e  a p p l i c a t i o n s .  A  t e c h n i q u e  r e c e n t l y  d e v e l o p e d  u s e s  t h i n  
a luminized-mylar  f i lms that  are creat ively shaped into a paraboloid.  
Because o f  the th in ,  de l ica te  nature  o f  the mylar  f i lm,  d imens iona l  
m e a s u r e m e n t s  c a n n o t  b e  m a d e  b y  n o r m a l  c o n t a c t  m e a s u r e m e n t  
procedures.  

The  3820A Coord ina te  Dete rmina t ion  Sys tem becomes a  use fu l  
a l t e rna t i ve  measu r i ng  t oo l .  Because  the  sys tem i s  po r tab le ,  i t  i s  
brought  to the antenna s i te instead of  the opposi te.  The X,  Y,  and Z 
coordinates are measured to the surface wi thout  contact .  The resul t  
ing  coord ina tes  are  compared to  an  idea l  parabo l ic  sur face  fo r  an  
tenna prof i le  accuracy determinat ion.  In  th is  app l ica t ion,  the sca le  
factor  of  the basel ine is not  cr i t ical  s ince the whole antenna may be 
scaled larger or  smal ler  in s ize wi thout af fect ing the parabol ic calcu 
lations. 
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A Deflection Measurement Example 
and Error Considerations 

A short  example may serve to c lar i fy  the usefu lness of  the 3820A 
Coord inate  Determinat ion System.  Suppose we are to  measure the 
bulges of the center of a metal tank before and after being f i l led with 
l iquid (see Fig. 1 ). We select two instrument setups approximately 1 0 
metres apart located in the same horizontal plane (<Â¿>, = 90Â°). 

Measurements  are  made to  P y ie ld ing:  

8, = 45Â° 19' 12" 
62 = 46Â° 24' 18" 
r  =  9 . 9 2 9  m  
fa = 91Â° 18'  01" 
<t>z = 91Â° 19' 28" 

(1) 

The 9845T calculates coordinates for P in a matter of mil l iseconds: 

(5 .05855 ,  5 .11537 ,  -0 .16330)  me t res  (2) 

I f  r  is  known to an accuracy of  Â± 0.005 m, 0. ,  and 02 are known 
within 0Â° 00' 02" and <fa and tfe are known within 0Â° 00' 04" (3820A 
rms  e r ro r  spec i f i ca t i on ) ,  t he  abso lu te  unce r ta i n t i es  o f  t he  coo rd i  
nates are: P due to the uncertainties in r, 0-\, 62, fa and <t>2 are: 

(Â±0.00255, Â±0.00258, Â±0.00010) metres (3) 

This is  not  an except ional ly  precise determinat ion of  coordinates.  
However,  s ince we are t ry ing to determine the bulge in the tank,  we 
are more concerned wi th  the re la t ionship of  P-af ter  to  P-before.  

Af ter  the tank is  f i l led,  the fo l lowing measurements are made to P 
(P-after). 

01 =  45 
02 = 46' 
r = 9.929 m 
fa = 91Â° 18 
<f>2 = 91Â° 19 

17' 14" 
22' 19" 

(4)  
03" 
30" 

The new set  of  coord inates for  P= P-af ter  is  

Fig. 1 .  A small  change in large object dimensions such as the 
bulge in a tank wal l  before and after being f i l led can be easi ly 
measured wi th the 3820A Coordinate Determinat ion System. 

( 5 . 0 5 8 5 2 ,  5 . 1 0 9 4 9 ,  - 0 . 1 6 3 2 7 )  m e t r e s  ( 5 )  

These coord inates a lso have absolute uncer ta in t ies of  (3)  above.  
Since the measure of r is unchanged we may subtract the one set of 

coo rd ina tes  f r om the  o the r  and  ge t  a  much  imp roved  resu l t .  The  
d i f ference is  P-af ter  minus P-before equal  to  

( -0 .00003,  0 .00588,  0 .00003)  met res  

w i t h  w i t h  u n c e r t a i n t i e s  o f  ( u s i n g  t h e  r m s  e r r o r  e q u a t i o n s  w i t h  
r  =  9 .929  m)  

(Â±0.00006, Â±0.00006, Â±0.00010) metres 

Thus  a  can  s ta te  tha t  the  bu lge  occur red  in  the  Y  d i rec t ion  w i th  a  
magnitude of 5.88 Â± 0.06 mm (0.231 Â±0.002 in). 

yield expected errors in coordinates. The magnitude of the 
partial derivatives varies with triangle strength as previ 
ously discussed. 

The 3820A angle measurement system has a two arc- 
second horizontal rms error and a four arc-second vertical 
rms error when two sightings (one direct, one reverse) of an 
unknown point are taken. These angular errors are com 
posed of sighting, 3820A circle, and 3820A geometric er 
rors. Many of these errors are discussed elsewhere in this 
issue. However, when these angular error values are substi 
tuted into the partial- derivative equations for coordinate 
determination, extremely good results are obtained. For 
the triangle where 9^~02~ 45Â° and </>a = <j>2 ~ </>t ~ 90Â° tne 
rms error values for coordinate determination are: 
Ex = 1:160,000 or 6.2 Â¿un per metre (75 Â¿uin per foot) of r 
Ey = 1:160,000 or 6.2 /j.m per metre (75 /Â¿in per foot) of r 
Ez = 1:100,000 or 10 /xm per metre (120 Â¿tin per foot) of r. 
Once again, these values change as 0lt 02, <t>\, <t>2 and 
<t>t vary. 
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Automatic Measurements with a High 
Performance Universal Counter 
Bui l t - in  ca lcu la t ing capabi l i ty ,  automat ic  measurement  
routines, innovative tr igger level controls and interpolators, 
and an opt iona l  DVM add up to  a  power fu l ,  versat i le  
measurement  system. 

by Gary  D.  Sasaki  and Ronald  C.  Jensen 

HEWLETT-PACKARD'S first frequency counter, 
Model 524A, was a "new type of measuring instru 
ment" that displayed the frequency of an unknown 

input "automatically." That was 30 years ago. Since then, 
counters have become fundamental, essential instruments 
with an ever-widening range of applications. 

Lately, counter applications have increasingly called for 
more automatic measurement performance and conve 
nience. For instance, in many digital circuits, such parame 
ters as pulse width, duty cycle, and phase are significant. A 
conventional counter can be used to measure these 
parameters, but multiple setups are often needed, accom 
panied by manual calculation. 

With this in mind, the new HP Model 5335A Universal 
Counter was designed. Now these and many other parame 
ters can be measured automatically with the press of a key. 
Now with a single instrument it is possible to display fre 
quency, period, time, volts, velocity, ratios, phase, events, 
rise time, slew rate, drift, and duty cycle. 

Advanced Archi tecture  
Behind these measurements stands a solid universal 

counter. Its basic frequency range is 200 MHz and it has 

25-mV rms sensitivity. Single-shot time interval resolution 
is 2 ns. In the tradition of the HP Model 5328A,1 an optional 
Channel C extends the frequency range to 1 300 MHz, and an 
optional floating DVM measures voltage to Â±1000 volts. 

However, a look at the block diagram (Figure 2) reveals a 
counter far from the traditional vein. Two main blocks are 
the center of activity, the multiple-register counter (MRC) 
integrated circuit,2 which performs all the basic counter 
functions, and the microprocessor system. All of the other 
blocks act as support. This centralized architecture gave the 
design team tremendous flexibility, and made possible 
some unusual capabilities. 

For instance, function selection is directly controlled by 
the processor and only indirectly controlled by the 
keyboard. This means that the processor has the freedom to 
combine several measurements into one to arrive at more 
complex measurements. 

Among the innovative sections of the counter are the 
trigger controls and the interpolators. These provide a 
number of features that make the counter easier to use by 
simplifying trigger setups and increasing resolution. 

The block diagram also shows the use of matched A and B 
input amplifiers. This is important in assuring accurate 

F i g .  1 .  M o d e l  5 3 3 5 A  U n i v e r s a l  
Counter 's  outs tand ing ab i l i t ies  in  
c l u d e  9 - d i g i t / s e c o n d  f r e q u e n c y  
a n d  p e r i o d  m e a s u r e m e n t  r e s o l u  
t ion, 2-ns single-shot t ime interval  
r e s o l u t i o n ,  2 0 0 - M H z  f r e q u e n c y  
range,  25-mV sensi t iv i ty ,  opt ional  
1.3-GHz input  channel ,  automat ic  
pu l se  and  phase  measu remen ts ,  
m a n u a l  o r  a u t o m a t i c  t r i g g e r i n g ,  
versa t i le  a rming,  math  and s ta t is  
t i cs  rou t ines ,  vo l tmeter  and oven 
o s c i l l a t o r  o p t i o n s ,  H P - I B  ( s t a n  
dard) ,  and low EMI.  
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Buffer Ampli f ier  Schmitt  
External 

Arm/Gate  

Signal  
Condit ioner  

Multiple 
Register 
Counter  

T ime  
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~  
6802 Microprocessor  

System 
(16K Bytes  ROM)  

F i g .  i s  i n t e  a r c h i t e c t u r e  o f  M o d e l  5 3 3 5 A  U n i v e r s a l  C o u n t e r  i s  b a s e d  o n  t w o  m a i n  i n t e  
grated other  â€”  the mul t ip le  regis ter  counter  and the microprocessor .  A l l  o ther  b locks suppor t  

these two. 

time interval measurements, particularly since time can be 
resolved down to 100 ps. 

New Measurements  
Directly accessible from the front panel are 16 measure 

ment functions, and four additional functions are accessi 
ble via the HP-IB. Some of these functions are new for a 
universal counter and take advantage of the flexibility that 
software control affords. One such function is duty cycle. 
Before, two measurements and a calculation were needed to 
measure the duty cycle of a signal. First, a pulse width 
measurement was made. Then, the period of the signal was 
measured. Knowing these two numbers, the duty cycle in 
percent could be calculated. This was generally more 
bother than it seemed to be worth, so the duty cycle was 
usually estimated visually on an oscilloscope. 

Now, with the press of one key, DUTY CY, calculations are 
performed automatically. The user has the choice of dis 
playing the percentage of time that the signal is at its high 
level or at its low level. The selection is made through 
the SLOPE A key. 

Another new function for counters is slew rate, the 
change of voltage divided by the change in time. This is 
measured by combining the data from two other automatic 
functions in the counter, RISE/FALL TIME and TRIGGER 

â€¢The HP Interface Bus, compatible with IEEE 488-1978. 

LEVEL. Rise and fall time measurements are made by setting 
the counter's trigger levels to the 10% and 90% points of the 
signal using the automatic trigger setting circuits. A time 
interval measurement is made, and the data is stored in a 
temporary register.  The two trigger levels are then mea 
sured. Finally, with these three pieces of data, the effective 
slew rate of the signal is calculated. All of the setups and 
calculat ions are done automatical ly.  The user  needs to 
press only one key. 

Phase measurements are also possible. Several time in 
terval measurements are combined to arrive at the answer. 
One method is to measure the period of each of the two 
signals and then measure the time interval between the two 
signals. Phase is calculated using this formula: 

Phase = 
TI 

PERIOD 
x 360Â° 

This method, however, has a number of problems. For 
instance, trigger level settings have a tremendous effect on 
accuracy. Also, difficulties arise when measuring phase 
angles near 0Â°, because of limitations in time interval 
measurements near zero. 

To solve these problems some new techniques were de 
veloped. First, the counter automatically sets the trigger 
levels to the 50% point of the signal to avoid operator error. 
Then, to further attenuate the effect of the trigger level 
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T i m e  B a s e  H ~ H  1 0 0  n s  

I  I  I  I  I  I  I  I  I  I  I  I  I  

C a p a c i t o r  D i s c h a r g i n g  
at  1  /200th the Rate 

F i g .  3 .  T h e  5 3 3 5 A  a c h i e v e s  h i g h  r e s o l u t i o n  ( n e a r  1  n s )  
th rough in terpo la t ion .  The t ime between the t rue open ing o f  
the gate and the conventional opening of the gate â€” plus 100 ns 
â€” is  used to  charge C, .  The capaci tor  is  then d ischarged at  
about ^ 1200th of the charge rate to stretch the time interval so 
that  i t  can be measured to  h igh resolut ion by a convent ional  
ded icated counter .  

setting and the effect of certain harmonics of the signal, 
phase is calculated using this new formula: 

Phase = 36Â°Â° 

TIj is the time interval between the positive edges of the 
two signals and TI2 is the time interval between the nega 
tive edges of the signals. This technique results in greater 
accuracy because the error in one time interval tends to 
cancel the other. 

To eliminate problems around 0Â°, the counter automati 
cally flips the slope of one of the channels when it detects 
that the phase is going to be close to 0Â°. This effectively 
converts the measured phase angle to around 180Â°, which is 
subsequently adjusted back to around 0Â° for display. 

In all, at least five separate measurements are made for a 
phase measurement. These include measurements to assure 
that both signals are at the same frequency and within the 
requirements of the counter. To display the answer, a novel 
algorithm is used that prevents the usual confusion when 
the phase angle changes between 0Â° and 360Â°. This al 

gorithm sets the display range to Â±180Â° when displaying 
angles near zero, while setting the range to 0Â°-360Â° when 
displaying angles near 180Â°. This produces a clean, easy- 
to-follow display. 

Interpolators 
High resolution makes many measurements more practi 

cal. Most counters use a 10-MHz time base, which resolves 
time to only 100 ns. Some counters multiply the 10 MHz to 
100 MHz to achieve 10-ns resolution. To get more resolu 
tion, averaging is used, but to reach even 1 ns with a 
10-MHz time base, you need 10,000 samples. A jittered time 
base is needed to average properly, and some measure 
ments such as pulse jitter are consequently not practical. 

The 5335A achieves near 1-ns resolution through a 
technique called interpolation. It is an improved version of 
a similar technique used in the 5360A Counter.3 An ordi 
nary 10-MHz time base is used. Interpolator circuitry in 
creases resolution by determining where in relation to the 
100-ns time base pulses the counter's gate actually opens 
and closes. For instance, if the start of the gate is exactly 
between two 100-ns pulses, the interpolators will show that 
a 50-ns adjustment is needed. 

The interpolators work by rapidly charging a capacitor 
for 100 ns plus the time between the gate's opening and the 
next time base pulse (Fig. 3). the capacitor is then dis 
charged at a slower rate, roughly 1/200Ãœ1 the charge rate. 
The time it takes to discharge the capacitor is proportional 
to the charge time, and can easily be measured with a reso 
lution of about one part in 100. Thus, the basic 100-ns reso 
lution can be improved to near 1 ns. 

100 ns is always added to the charge time because it is 
easier to make pulses that range from 100 ns to 200 ns than it 
is to make pulses of 0 ns to 100 ns. This fixed offset cancels 
out, as we will see later. 

In practice, the current sources and other circuitry used to 
build the interpolators are subject to operational variations 
over temperature and time. The 5360A's interpolators were 
in a special insulated cavity and had several adjustments. 
The 5335A uses a self-calibration technique that is not 
affected by temperature and needs no adjustments. 

Before each measurement the counter performs two pre 
liminary calibration measurements. The first exercises the 
interpolators with a known 100-ns pulse. The second exer 
cises them with a 200-ns pulse. Data collected from these 
two measurements is used in the equation below to cali 
brate the interpolators. 

Adjustment time needed = START - Cioo 
f o r  s t a r t  o f  g a t e  c 2 n n  -  C ,  J100 

C100 and C20o represent the discharge time of the inter 
polator capacitor for the 100-ns and 200-ns calibration 
pulses, respectively. CSTARX represents 100 ns plus the time 
between the gate opening and the next time base pulse 
during the actual measurement. Notice how the 100-ns 
offsets in the pulses all cancel out. Using this method means 
that the only precision circuit needed is the time base itself. 

A similar adjustment must also be made for the time the 
gate closes. The time between the beginning and end of the 
gate can be as small as a few nanoseconds, so a second 
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Third Input Extends Range to 1300 MHz 
by David M.  DiPietro 

C h a n n e l  C ,  t h e  o p t i o n a l  t h i r d  c h a n n e l  f o r  t h e  5 3 3 5 A  U n i v e r s a l  
C o u n t e r ,  i s  a  1 3 0 0 - M H z  d i v i d e - b y - t w e n t y  p r e s c a l e r .  T h e  s y s t e m  
b l o c k  t h e  i s  s h o w n  i n  F i g .  1  .  S i g n a l s  a p p l i e d  e x t e r n a l l y  t o  t h e  
channel  C input  pass through a specia l  BNC connector  conta in ing a 
fast-acting fuse rated at 0. 1 25 ampere.1 The fuse blows when a signal 
ou ts ide  the  acceptab le  range o f  -5V to  +5V is  app l ied  to  the  input .  
Thus, the user is rel ieved of any worry about damaging the prescaler 
modu le .  B lown fuses  can  be  rep laced qu ick ly  f rom the  ou ts ide .  

Protect ion against damage to the sensit ive ampli f ier is provided by 
a 600-mV (peak-to-peak) l imi ter  composed of  four diodes in a br idge 
conf igurat ion. The l imiter prevents miscounts result ing from ampl i f ier 
distort ion under high input condit ions. I t  permits input signals as high 
as  1Vrms.  Sens i t iv i ty  cont ro l  i s  prov ided by  a  PIN d iode a t tenuator  
jus t  in  an  o f  the  ampl i f ie r .  Des ign  o f  the  a t tenuator  i s  s imi la r  to  an  
earl ier design. '  I t  offers a nominal range of 20 dB up to 1 GHz and 12 
dB at 1 any GHz. It preserves the input VSWR at less than 2.5:1 for any 
set t ing.  The at tenuator  is  ad justed by a cont ro l  on the f ront  panel .  

The appl ied input s ignal is ampl i f ied by a custom hybrid integrated 
circuit manufactured by HP. It provides a gain of 24 dB Â± 1 dB from 2 
MHz to  1600 MHz w i th  a  nomina l  50-ohm input  impedance.  I t  d iss i  
pates only 400 mW and is  housed in a smal l  TO-12 sty le package.2 

At the center of the prescaler design is the decade divider, which is 
a custom monol i th ic integrated circui t  fabr icated using HP's 5-GHz f i  
process.3 The decade div ider has a sensi t iv i ty of  bet ter  than -7 dBm 
ove r  t he  f r equency  range  o f  150  t o  1300  MHz ,  and  i t s  powe r  con  
sumption is 600 mW. I t  is integrated on a si l icon chip measuring only 
1 .31 mm x 1 .77 mm and is mounted in a 1 3-mm-diameter TO-8 metal 
package .  The  ou tpu t  o f  t he  decade  d i v i de r  i s  app l i ed  t o  a  b i na r y  
divider ahead of the 5335A's MRC circuit, so the overall  prescale ratio 
is 20. However, resolut ion that is normally lost in a prescaler scheme 
is  ga ined back wi th  the he lp  o f  the main f rame's  in terpo la tors .  

Sensit ivity of the decade is shown in Fig. 2, which is a plot of signal 
s t r eng th  re fe r red  t o  t he  channe l  C  i npu t  ( 50  Ã1 )  ve rsus  i npu t  f r e  
q u e n c y .  W i t h i n  t h e  s h a d e d  r e g i o n  t h e  d e c a d e  d i v i d e r  d o e s  n o t  
exhibit a stable division ratio. However, i t  can be seen from Fig. 2 that 
the decade is extremely sensit ive in the vicini ty of 1 .0 GHz. This is a 
natura l  character is t ic  feature  o f  f requency d iv iders  that  use d i rec t -  
coupled master and slave latches in a feedback loop. With zero input 
signal the decade divider actual ly osci l lates. The frequency of osci l la 
tion Other preset to 1 .0 GHz Â± 1 0 MHz by adjusting a bias voltage. Other 

Input 

Output  
to 

MRC 

Level 
Detector  

o  B i n a r V  c  
Divider 

b7 

Fig. 1 .  Block diagram of the 1 .3-GHz prescaler system in the 
5335A Counter ' s  op t iona l  channe l  C .  

s 
o 10-- 

c 
0 1  Ã¼> 
I  

1.0  - -  

Div i de -by -Ten  
Sens i t i v i t y  

4-  H    1    1  
.2 1 . 2  1 . 3  . 4  . 6  . 8  1 . 0  

Input  Frequency (GHz)  
Fig.  2 .  Level  detector  sens i t iv i ty  as a  funct ion of  f requency.  

character is t ic  fea tures  o f  osc i l la tory  master -s lave d iv iders  are  the 
rol loff  of sensit iv i ty at low frequencies to maintain the minimum input 
vo l tage s lew rate requi red to  avoid mul t ip le  count ing,  and ro l lo f f  a t  
h igh  f requenc ies  because o f  the  ga in -bandwid th  l im i ta t ions  o f  the  
fabr icat ion technology.  

Re tu rn ing  to  the  b lock  d iag ram,  F ig .  1 ,  no te  tha t  t he re  a re  two  
auxi l iary inputs to the binary div ider.  One of  these is a c lock enable 

David M. DiPietro 
Dave DiP ie t ro  has been do ing 
in tegra ted-c i rcu i t  research  and  de  
ve lopment  fo r  HP s ince  1973.  Among 
his contr ibut ions is HP's 5-GHz bipolar 
process for high-speed monol i th ic ICs. 
Born  in  End ico t t ,  New York ,  Dave  re  
ce ived BS and M.Eng.  degrees in  e lec 
t r i ca l  eng ineer ing  f rom Corne l l  Un iver  
sity in 1 965 and 1 966. After three years 
designing spacecraf t  e lect ronics he re 
sumed h is  e lect r ica l  engineer ing 
s tud ies  a t  S tanford  Un ivers i ty ,  and re  
ceived his PhD degree in 1975. As part  
o f  h is  PhD research  he deve loped an 
implantable f lowmeter  for  measur ing 

b lood  f i ve  in  the  ma jo r  a r te r ies  o f  the  body .  He has  au thored  f i ve  
papers on the flowmeter and the 5-GHz 1C process. Dave lives in San 
Jose,  Cal i forn ia,  enjoys tennis and sk i ing,  and is  in terested in real  
estate. 

2 4  H E W L E T T - P A C K A R D  J O U R N A L  S E P T E M B E R  1 9 8 0  

© Copr. 1949-1998 Hewlett-Packard Co.



input  (CE2)  f rom the microprocessor .  When b i t  b7 is  h igh,  as deter  
mined by the microprocessor  cont ro l  l ines,  the channel  C output  is  
enabled. When b7 is low, no signals can pass through the binary and 
channel  C is  d isabled.  Another c lock enable input  (CE1 )  ef fect ively 
enables the b inary whenever  the level  detector  output  is  h igh.  This  
cond i t i on  co r responds  t o  an  i npu t  s i gna l  s t r eng th  g rea te r  t han  a  
preset threshold level. The level detector consists of a bandpass f i l ter 
w i th  low- f requency ro l lo f f  a t  100 MHz and h igh- f requency ro l lo f f  a t  
1000  Hys  fo l l owed  by  a  peak  de tec to r  and  a  Schmi t t  t r i gge r .  Hys  
t e r e s i s  i n  c h a n n e l  C  i n p u t  s e n s i t i v i t y  i s  p r o v i d e d  b y  t h e  S c h m i t t  
t r igger.  The instrument wi l l  s tar t  to count at  an input level  about 5% 
higher than needed to sustain counting . Fig . 2 shows the sensitivity of 
the level  detector as a funct ion of  f requency.  The level  detector has 
b e e n  d e s i g n e d  t o  b e  a b o u t  2  d B  l e s s  s e n s i t i v e  t h a n  t h e  

d iv ider  to  ensure  unambiguous  and c r isp  t r igger ing  f rom the  chan 
nel C input.  
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identical interpolator is used. At the end of the complete 
measurement the data from both interpolators is combined 
with the time measured using the conventional method of 
counting to form a result accurate to near 1 ns. 

This high resolution benefits not only time interval mea 
surements, but also other measurements, like frequency. 
Frequency is measured by counting the time it takes for a 
given number of input signal zero crossings to occur. To 
derive the input's frequency, the number of zero crossings, 
called events, is divided by the time. This is essentially the 
direct application of the definition: 

Frequency = Events/Time 

The resolution of the measurement is a function of the 
resolution of the two quantities, events and time. Time is 
always resolved to better than 2 parts in 109, and this same 
resolution is translated over to frequency measurements. 
Thus a frequency measurement taken over a one-second 
gate time yields nine digits of display. The traditional Â±1 
count uncertainty does not exist in this method because the 
number of events is always precisely known. 

Since resolution is a function of the time base and not the 
input frequency, another benefit results. The input fre 

quency can be prescaled without any loss of resolution! For 
instance, the 1.3-GHz input channel is prescaled by 20. Yet, 
a one-second gate time measurement of a 1-GHz signal still 
gives nine digits (least significant digit of 1 Hz). This is 
equivalent to making a direct count measurement. 

LSI  Counter  
The gating, synchronizing and counting circuitry needed 

to perform these measurements is all within one custom LSI 
integrated circuit called the multiple-register counter. The 
MRC is a dedicated processor-compatible peripheral de 
signed to perform all of the high-speed functions required 
in a universal counter. Built with emitter function logic and 
PL, over 4000 active elements provide the logic to control, 
count, and give the status of a wide variety of measure 
ments. The MRC first appeared in the 5315A Universal 
Counter,4 where much of its power was used, but not all. In 
the 5335A the full power of the MRC is used to maximum 
advantage. 

For instance, the interpolation pulses required for high 
resolution are generated within the MRC. The same cir 
cuitry also generates the calibration signals. In addition, 
there is a built-in option to insert a fixed delay into the 
counter's stop channel, making possible the measuring of 

T i m e r  o  To  Rest  
o f  Sequencer  

Sequencer  
Clock 

*  ( U s u a l l y  t h e  
T ime Base)  

To  Res t  o f  
Sequencer  

Stop Arm Stop F/F 

F i g .  4 .  A n  e l a b o r a t e  s y n  
ch ron i zed  ga t i ng  c i r cu i t  assu res  
t h a t  5 3 3 5 A  m e a s u r e m e n t s  s t a r t  
a n d  s t o p  p r e c i s e l y  a s  r e q u i r e d .  
Th is  is  a  s impl i f ied por t ion o f  the 
ga te  sequencer .  The  ga te ' s  s ta r t  
can be cond i t iona l  on severa l  s ig  
nals. Exclusive-OR gates select the 
s igna l 's  s lope.  The *  symbols  rep 
r e s e n t  c o n t r o l  s i g n a l s  f r o m  t h e  
processor .  
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time intervals down to 0 ns, single shot. The delay is au 
tomatically taken into account during a special calibration 
procedure, yielding accurate time intervals in spite of time 
and temperature variations. 

An elaborate synchronized gating circuit assures that the 
measurement starts and stops exactly when required. Pro 
visions are made for arming the measurement in a number 
of different ways. Arming can be done by a TTL signal, an 
HP-IB command, automatically by the counter, or manu 
ally. A look at the simplified synchronizer circuit, Fig. 4, 
shows that a number of conditions must be met for the gate 
to open and close. The MRC's control register determines 
which condition must be met for any particular measure 
ment. For example, the opening of the gate can be made 
conditional on a signal from channel A, channel B, or chan 
nel C, as well as on a number of other signals. Such flexibil 
ity means that a function like TIME INTERVAL B TO A is just 
as easy to do as TIME INTERVAL A TO B. The 5335A provides 
both of these functions at a cost of just a few bytes of 
program memory. 

As mentioned, the ability to arm the measurement based 
on an external TTL signal is built in. Traditionally, this 
ability has been fairly restrictive, sometimes being limited 
to the arming of just the starting point. When the stopping 
point could also be armed, it was usually for time interval 
measurements only. With the MRC, none of these restric 
tions apply. 

The ability to arm the start and the stop of almost any 
measurement is an inherent ability of the MRC. There are 
over a dozen arming combinations. Arming of the start and 
stop of a measurement can be done individually or together, 
and from either slope of the arming signal. Arming and 
gating can be internal or external. Such precise control over 
when the measurement is made makes it much easier to 
make such measurements as frequency shift keying (FSK) 
and pulse repetition frequency (PRF). 

Another feature of the MRC lets its internal eight-decade 
count chains be expanded to any number of decades with 
the help of a processor. This feature is used to create a pair of 
count chains, each 20 decades long. With a 100-MHz signal, 
this chain would take more than 30,000 years to overflow. 
Consequently, the 5335A has no overflow annunciator, so 
gate times can be as short as 0 ns or as long as years. 

Input Amplif iers 
Good input amplifiers are essential to accurate measure 

ments, so a lot of attention was given to making their opera 
tion as convenient as possible. For instance, the trigger 
level setting range is Â±5 volts, about twice the range of 
previous counters. This means that a wider assortment of 
signals, such as TTL, can be handled without resorting to 
the use of attenuators. 

The wide range is accomplished by using the well-known 
split-band amplifier scheme. As Fig. 5 shows, this circuit 
has a high-frequency, ac coupled FET buffer path in parallel 
with a low-frequency, dc coupled, operational amplifier 
path. The crossover is at around 30 kHz. The high- 
frequency path gives excellent 25-mV sensitivity to 200 
MHz. The low-frequency path gives precise control over dc 
offsets. By changing the bias to the operational amplifier the 
entire signal can be raised or lowered. 

The FET buffer has a gain of about 0.95 and is matched by 
the low-frequency path with resistors Rl and R2. The over 
all transfer function of the buffer is V0 = (Vin-Vt)Rl/R2. 

Unlike traditional counters , which move the trigger to the 
signal, this counter moves the signal to the trigger level. 
This lets the trigger point of the high-speed Schmitt trigger 
be a constant zero volts. The advantage is more accurate 
triggering because the Schmitt amplifier and its associated 
circuitry are always biased at a fixed point. Also, there are 
no difficult common-mode requirements on the Schmitt 
amplifier, thus making the Â±5-volt trigger range practical. 

A lot of attention also went into the design of the Schmitt 
trigger. HP's 5-GHz bipolar 1C technology5 was used to 
produce an adjustable-hysteresis Schmitt trigger circuit 
that operates at better than 500 MHz (Fig. 6).6 Built into the 
design are connections for slope select and three-state trig 
ger lamps. The 1C was specifically designed for counter 
front ends. 

The circuit consists of three main sections: an amplifier, a 
Schmitt trigger, and a pulse stretcher for the trigger lamps. 
The amplifier has three Gilbert current gain cells that are 
used for wide bandwidth. The geometry of each transistor 
was tailored to match the expected current loads. To do this, 
extensive computer-aided design was employed. 

To adjust the hysteresis, the bias of the amplifier is 
changed to vary its gain. Hysteresis windows of nominally 

Q + V  0 + V  

Schmitt  
Tr igger  

Tr igger  Point  
of  Schmit t  Tr igger  

Set  to  0V 

To  Peak  Detectors  

F ig .  5 .  Sp l i t -band  inpu t  amp l i f i e r  
m o v e s  t h e  s i g n a l  t o  t h e  t r i g g e r  
level,  thus keeping the high-speed 
Schmit t  t r igger 's t r igger point  at  a 
constant 0V. 
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Fig .  6 .  Spec ia l  packag ing  a ids  the  per fo rmance o f  the  500-  
MHz  ad jus tab le -hys te res i s  Schmi t t  t r i gge r .  The  f l a t  24 -p in  
package permi ts  shor te r  leads  than  a  dua l  in - l i ne  package,  
thereby aiding high-frequency operat ion.  Jo keep the 1C cool  
in  sp i te  of  the large amount  o f  power i t  d iss ipates,  the 1C is  
bonded to  a  p la te  a t tached to  a  s tud,  which is  a t tached to  a  
heat  s ink (not  shown).  

20 to 100 mV can be realized. The trigger threshold can also 
be adjusted. This adjustment is used to compensate for any 
offsets the rest of the front end may have. 

The extra bandwidth and adjustment flexibility mean a 
more consistent trigger circuit and thus more accurate mea 
surements. 

Automatic  Tr igger ing 
One of the more spectacular features of the counter is its 

ability to set the trigger levels automatically. Three modes 
of automatic triggering are offered. 

Manual 
Tr igger  

Auto 
Tr igger  

+ 5V 

Preset 

-5V 

Fig.  7 .  Compar ison of  manual  and automat ic  t r igger  ranges.  
In manual tr iggering, the tr igger level knob 's adjustment range 
is -5V to +5V. PRESET is OV. In automatic triggering, the peaks 
o f  the  inpu t  s igna l  de te rm ine  the  knob 's  ad jus tment  range .  
PRESET is the 50% level. 

Auto preset sets the trigger level to the nominal 50% 
point of the input. For many applications this is all the user 
needs. This mode is invoked by pressing the AUTO TRIG key 
and turning the trigger level knob to PRESET. Once this is 
done the counter continuously tracks the signal, adjusting 
the levels as needed. 

Auto adjustable triggering is enabled when the trigger 
level knob is turned out of PRESET. The peaks of the input 
are used to set the end points of the knob's adjustment 
range, so instead of a Â±5 V range, the range might be 0.4V to 
3.5V if a TTL signal is being measured (Fig. 7). This mode 
gives much finer adjustment resolution, especially on 
smaller signals, and no other counter has it. 

The third mode sets the trigger levels to the 10% and 90% 
points of the signal. This is used for automatically making 
RISE/FALL and SLEW RATE measurements. Since these mea 
surements involve both the A and B channels, the COMMON 
A mode is automatically invoked. 

Automatic trigger level adjustment is based on knowing 
the peak values of the input. Once these are known, a simple 
voltage divider or potentiometer can be used to get the 10%, 
50%, and 90% levels. 

To find the peaks, a dual peak detector circuit is used. Fig. 
8 shows two almost identical detectors made with a basic 
diode-capacitor pair. One detector uses one diode for an 
output of (Vpeafc-Vjiodg), while the other detector uses 
two diodes for an output of (Vpeaic-2V(jio(ie). These two 
levels are buffered and fed into a summing circuit that 
performs the following calculation: 

out' Thus Vpeak=V, 
Matched diodes are used, and because each diode sees 

the same signal the detector is relatively insensitive to vari 
ations in duty cycle and temperature. Also, since the only 
switching element is a Schottky diode the circuit is effec 
tive all the way up to 200 MHz. 

For monitoring the trigger levels once they are set the 
counter provides three choices. Three-state trigger lights, 
first pioneered by the 5328A Counter, are now standard fare 
on a variety of HP counters. These give an instant indication 
of the status of the signal relative to the trigger levels. They 
act much like HP's logic probes. When the level is within 
the input the lamp flashes, but a steady on or off lamp 
indicates either improper triggering or lack of signal. 

To measure the trigger level in volts, a built-in digital 
voltmeter (DVM) simultaneously displays both the A and B 
values at the press of a key. The cost of including this DVM 
is very small because a great deal of synergism is realized 
with the rest of the counter (see page 28). An inexpensive 
monolithic voltage-to-frequency converter and an analog 
switch are all that is needed. The power supply, voltage 
reference, control and counting circuits already exist. 

The third choice of monitoring the levels is on an oscil 
loscope, using two rear-panel outputs. This method can be 
particularly useful if unusually shaped signals are being 
measured, since the trigger levels can be viewed along with 
the input signal. 

Displaying the Answer  
Once the measurement is made, it must be displayed. The 
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A Voltmeter for a Universal Counter 

by Va l  D .  McOmber  

The 5335A's microprocessor and the MRC Â¡1 controls provide the 
capabi l i t ies of a true systems voltmeter for l i t t le addit ional hardware. 
U s i n g  e r r o r  v o l t a g e - t o - f r e q u e n c y  c o n v e r t e r s  w i t h  s o f t w a r e  e r r o r  
c o r r e c t i o n  a s  t h e  c o n v e r s i o n  m e d i u m ,  a l l  o f  t h e  f e a t u r e s  o f  t h e  
5335A 's  coun t ing  cha in  a re  b rough t  to  bear ,  i nc lud ing  averag ing ,  
math,  and stat ist ics.  

The counter has two DVM channels. One DVM is standard with the 
i ns t rumen t .  I t  i s  used  fo r  t r i gge r  l eve l  measu remen t  and  i n te rna l  
d iagnost ics.  The other  channel  is  reserved for  Opt ion 20,  the "exter  
nal" four-digit dc voltmeter. Operation of the internal DVM is basical ly 
the same as that of Option 20. The major differences are the accuracy 
o f  t he  re fe rences ,  l i nea r i t y  o f  t he  V - to -F  conver te r ,  and  the  op to -  
isolators required in the four-digit optional DVM. The block diagram is 
shown in Fig.  1.  

The  fou r -d ig i t  dc  vo l tme te r  has  t h ree  ranges :  . 0001  to  9 .999V ,  
1 0.00 to 99.99V, and 1 00.0 to 1 000V. Range selection is controlled by 
the microprocessor v ia a contro l  c i rcui t  in  the DVM that  contro ls the 
swi tch ing  in  and out  o f  the  var ious  feedback  ne tworks  o f  the  input  
ampl i f ie r /buf fer .  The ampl i f ie r  has ga ins of  -1 /2 ,  -1 /20,  and -1 /200.  
Th is  cont ro l  o f  the ga in  makes the DVM fu l ly  autoranging.  

The input  bu f fe r  has  a  low-pass  f i l te r  w i th  a  corner  f requency  a t  
about  10 Hz for  ac noise re ject ion.  Because the gate for  the DVM is 
con t i nuous l y  va r i ab le ,  60 /50 -Hz  no i se  i s  more  no t i ceab le  than  i n  
DVMs that gate only at the l ine frequency. The variable gate, and thus 
the  var iab le  averag ing ava i lab le ,  p rov ides  the  DVM wi th  a  broader  
s p e c t r u m  o f  n o i s e  r e d u c t i o n  c a p a b i l i t y  t h a n  a  f i x e d  g a t e  w o u l d .  
However ,  i f  in  a par t icu lar  appl icat ion a coherent  f requency ( l ine or  
a n y  o t h e r  " l o w "  f r e q u e n c y )  c o n t r i b u t e s  t o o  m u c h  n o i s e ,  t h i s  f r e  
q u e n c y  o r  m u l t i p l e s  o f  i t  m a y  b e  a p p l i e d  t o  t h e  c o u n t e r ' s  r e a r  
panel â€” at the EXTERNAL GATE port â€” to gate the DVM at the troublesome 
f requency .  Th is  w i l l  reduce the  no ise  by  some 20 to  30  dB.  

Once  a  i npu t  vo l t age  has  been  conve r ted  by  t he  amp l i f i e r  t o  a  
usab le  by  range ,  i t  i s  conve r ted  t o  a  f r equency  t o  be  coun ted  by  
the MRC. A monol i th ic  V- to-F conver ter  is  used.  Large errors  in  the 

Microprocessor  
Lines 

Voltage In 

" r e f  m i n  Ground 
=  V 2 ( V r e ( m a ,  - V r e f ,  t a j  

" r e f  m a x  

Fig. func Typical  vol tage-to-frequency converter t ransfer func 
t ions are  non l inear .  In  the 5335A counter ,  the ends and mid  
point  o f  the t ransfer  funct ion are measured in  a microproces 
sor cal ibrat ion rout ine performed on each measurement. Then 
a  two-segment  l inear  approx imat ion  o f  the  curve  i s  used to  
reduce the convers ion error .  

V- to -F  convers ion  p rocess  caused  by  tempera tu re  va r ia t i ons  and  
dr i f t  have kept many designers from using V-to-F converters in other 
DVMs.  pe r  e r ro rs  can  eas i l y  be  hundreds  o f  pa r t s  pe r  m i l l i on  pe r  
degree.  Another  major  inconvenience is  that  many adjustments are 
often required just to get the transfer curve â€” no matter how linear â€” to 
go through the origin (sometimes called the zero adjust) and have the 
p roper  s lope  (o r  fu l l - sca le  pos i t ion ,  somet imes ca l led  the  ga in  ad  
just). In the 5335A these errors are eliminated. The only errors left are 
the vo l tage reference and input  ground sh i f ts  ( in  the input  buf fer ) .  

In addit ion to the errors normally encountered in l ining up the zero 
and ful l -scale points of the transfer curve, another error results from 
the nonlinearity of the transfer from voltage to frequency. Fig. 2 shows 
a typical transfer function and this error. Even if the two end points are 
posi t ioned exact ly,  there is st i l l  error caused by the curvature of  the 

+ 5 V  

Output  

Vo l tage  
Reference 

Circuit  

28  Vac  f rom 
Main  Transformer  

Isolation 
Transformer  

Tracking 
Vol tage 

Regulator  

+ 12V 

- 1 2 V  

Fig .  1  .  B lock  d iagram of  the  d ig i  
t a l  v o l t m e t e r ,  O p t i o n  2 0 ,  f o r  t h e  
5 3 3 5 A  U n i v e r s a l  C o u n t e r .  T h e  
s t a n d a r d  t r i g g e r - l e v e l  D V M  h a s  
t h e  s a m e  f o r m  m i n u s  t h e  i n p u t  
buffer. 
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t ransfer funct ion. The distance between the desired straight l ine and 
t he  cu r ved  l i ne  i s  t he  conve rs i on  e r ro r .  Howeve r ,  i f  a  t h i r d  po in t  
c a n  b e  o b t a i n e d  o n  t h e  V - t o - F  t r a n s f e r  c u r v e  s o  t h a t  t w o  l i n e a r  
ex t rapo la t ions  (on  the  th ree po in ts )  can be done,  the  er ror  can be 
dramat ica l ly  reduced,  as  shown by the two dot ted l ines in  F ig .  2 .  

T h i s  a n d  t w o - l i n e  c u r v e  f i t  r e m o v e s  t h e  p r o b l e m s  o f  z e r o  a n d  
gain ad just  and dr i f t  w i th  t ime and temperature in  both the in ternal  
t r i g g e r  l e v e l  D V M  a n d  O p t i o n  2 0 .  I t  i s  i m p l e m e n t e d  b y  m i c r o  
p rocesso r  ca l i b ra t i on ,  pe r f o rmed  on  each  measu remen t .  I t  i s  ac  
compl ished by providing, through a buffered vol tage mult ip lexer,  the 
three reference points needed for the l inear curve f i t .  These vol tage 
po in ts  are :  the  fu l l  sca le  max imum vo l tage o f  +5V,  the min imum of  
-5V,  and the midpoint ,  which is  ground.  These three references are 
p r o v i d e d  b y  a  p r e c i s i o n  v o l t a g e  s o u r c e  t h a t  u s e s  a  c o m m e r c i a l  
h igh-grade vo l tage re ference which inc ludes matched prec is ion  re  
s is tors for  dual  precis ion t racking references.  

One part icularly strong feature of the 5335A's DVM is that the user 
can take advantage o f  the features o f  the main f rame.  Sample  t ime 
can be adjusted for ease of  v iewing or accuracy. Math and stat ist ics 

V a l  D .  M c O m b e r  
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are available. External gating and HP-IB output round out the systems 
capabil i t ies. 

long string of digits that results from high resolution is 
broken into groups of three digits to make it easier to read. 
For short displays, however, this is not always desirable. 
This exception, and others, meant that using physically 
grouped digits was less than optimum. The solution was to 
group the digits by means of software, using the 12-digit 
display as if it were a blackboard, and positioning the num 
bers as needed. This approach gives the flexibility needed 
to display the wide variety of measurements available in the 
counter. 

Another problem arises when the signal being measured 
is unstable. This can result in a display in which several of 
the least significant digits are meaningless. To avoid this 
problem, there is a key in the statistics group called 
SMOOTH. This activates an algorithm that monitors the 
display and truncates digits that are found to be too un 
stable. The monitoring is continuous, and if the signal 
being measured becomes more stable the algorithm in 
creases the number of digits in the display. 

The SMOOTH algorithm is fairly straightforward. Each 
new measurement is compared with the previous mea 
surement to see how many digits agree. This information is 
fed into a running average that is eventually used to deter 
mine how many digits to display. A running average is used 
so that the number of digits will grow and shrink slowly to 
avoid an irritating jumpy display. 

To further stabilize the display the measurement data is 
also fed into a running average. This has the effect of at 
tenuating small glitches in the signal, while still indicating 
drift in the signal. A problem arises, however, if there is a 
large transition in the displayed value. The running average 
would distort the answer for too many readings. Therefore, 
the SMOOTH algorithm also checks for this occurrence and 
resets the average around the newest value. 

To customize the display for particular applications the 
math keys can be used. These let the measurement be mod 
ified a number of ways, a good example being the display of 
drift. This is done by telling the counter to subtract from 
each new measurement the measurement immediately pre 
ceding it. For frequency measurements this has the effect of 
displaying df/dt. The setup is easy. The operator presses 

OFFSET = MEASt_a ENTER, and given a sequence of mea 
surements, MEASj, MEAS2, MEAS3   the counter will 
display MEASt-MEAS,^. 

Analyzing the measurements through statistics is also 
possible. Arithmetic mean (average) can be used for 
measuring unstable inputs and for gaining an additional 
digit of resolution. Standard deviation can be used to mea 
sure the amount of instability in the signal. When combined 
with the math capability, a form of the two-sample Allan 
deviation can also be displayed. This is a measurement of 
frequency stability and requires the calculation of fractional 
standard deviation. The display can also be programmed 
remotely. In this mode the counter's display might show 
the results of external calculations done on measured data. 
Thus the counter appears to have made all the measure 
ments and calculations itself. For example, a controller can 
program the counter to measure the frequency of a VCO 
(voltage-controlled oscillator) while varying the tuning 

W - W  

i â€¢ Vp..k-2Vd)od. 

V o u t  
Posit ive Peak 

Fig.  8 .  S impl i f ied d iagram of  the se l f -compensat ing pos i t ive  
peak detector.  The peaks of the input s ignal  are detected and 
used to determine the 70%, 50%, and 90% levels for automatic 
tr iggering. 
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5335A Self Test and Diagnostics 

by Robert  J .  LaFol let te 

The microprocessor  that  orchest rates the 5335A Universa l  Count  
er 's  complex measurements and chains of  measurements is  equal ly  
powerfu l  and versat i le  in  prov id ing assis tance to serv ice and repai r  
personnel. The 5335A provides three levels of self test. The f irst level 
is accessed by pressing the CHECK key for a moment. This init iates a 
s l o w l y  t h e  d i s p l a y  t o  c h e c k  t h e  s e v e n - s e g m e n t  d i s p l a y s  a n d  t h e  
LED annunc ia to rs .  A  13 -s tep  tes t  o f  t he  mu l t i p le - reg is te r  coun te r  
(MRC) and the in terpolator  c i rcu i t ry  is  a lso per formed.  

Holding the CHECK key in for a few seconds accesses the second 
leve l  o f  se l f  tes t .  In  add i t ion  to  the  above  checks ,  th is  tes t  runs  a  
complete check of  the s ignal  path in the counter .  The operator  must  
connect the TIME BASE OUTPUT on the rear panel to the FREQ A input to 
provide stimulus. Failure to do so will give an ERROR 7.0 message. With 
th is  s t imu lus ,  the  program tes ts  bo th  input  channe ls ,  the  common/  
separate signal select ion circui try,  input attenuators, ac/dc coupl ing, 
the routing to the MRC, MRC operation, the interpolation circuitry, the 
computat ion of  the resu l ts ,  and the d isp lay and i ts  c i rcu i t ry .  

The  mos t  comple te  se t  o f  tes ts  and  d iagnos t i c  too ls  i s  the  th i rd  
leve l .  Over  30 tes ts  or  groups o f  tes ts  can be per formed.  They are  
accessed  th rough  a  sequence  o f  keys t rokes .  P ress ing  one  o f  t he  
blue math keys such as OFFSET and then SMOOTH wi l l  produce the 
message SPECIAL, designat ing special  funct ion access. Pressing 99 
ENTER completes the access into the diagnostics. Diagnostic #1 , the 
ent ry  a  in to  the d iagnost ics ,  is  the most  thorough tes t  o f  a l l .  I t  i s  a  
chain of several tests that starts at the microprocessor and grad ually 
works  th rough  the  c i r cu i t r y ,  add ing  b locks  o f  c i r cu i t s  on  each  suc  
cess ive  tes t .  The  repor t ing  sys tem issues  a  FAIL  r ressage fo r  any  
unsuccessful test. The messages range from FAIL 1.0 to FAIL 7 5, with 
each  in teger  ind ica t ing  a  d i f fe ren t  b lock  o f  c i r cu i t r y .  The  p rogram 
a t tempts  to  cyc le  th rough  the  tes ts  repea ted ly  even  i f  severa l  fa i l  
messages  have  occu r red .  The  t es t  checks  ROM and  RAM,  MRC,  
interpolators, tr igger level circuitry, displays, data bus, and front-end 
re lays  and  c i rcu i t ry .  I t  conc ludes  w i th  a  d isp lay  o f  the  +5-vo l t ,  -5 -  
v o l t ,  a n d  + 3 - v o l t  s u p p l y  v o l t a g e s .  E a c h  o f  t h e s e  t e s t s  a n d  o t h e r  

speci f ic  tests can be accessed by enter ing the speci f ic  test  number 
into the SCALE register. 

Three forms of  s ignature analys is  can a lso be per formed in  both  
free run and st imulus mode. The free run mode takes no ROM space 
and checks  the  address  decode log ic  and ROM pat te rns .  S t imu lus  
mode takes only 50 bytes of program code and tests the remainder of 
the addressable log ic .  

The  5335A 's  f l a t  cons t ruc t ion  p rov ides  exce l len t  se rv iceab i l i t y ,  
g i v i n g  e a s y  a c c e s s  t o  b o t h  s i d e s  o f  a l m o s t  a l l  c o m p o n e n t s .  T h e  
p rocesso r  and  d i g i t a l  sec t i ons  d i sconnec t  eas i l y  f r om the  power  
supp ly ,  the  f ron t  end  and  the  d isp lay  assembl ies  fo r  easy  rep lace  
ment pro t roubleshoot ing. Within the digi ta l  assembly a buffer is pro 
v ided to isolate the heart  components â€” the processor,  the ROMs, 
and the RAM â€”  f rom the res t  o f  the  d ig i ta l  c i rcu i t ry ,  mak ing fau l t  
location easier. 
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voltage. The counter can then be made to display the 
VCO's linearity. 

Systems 
Several considerations go into the design of an instru 

ment intended for system as well as bench-top applications. 
In systems, an important consideration is ease of program 
ming. To meet this goal the command structure of the 
counter was designed to be totally compatible with HP's 
line of computers. No special format or image statements 
are needed, and parameters can be sent in any notation. 

Another user convenience is seen every time the instru 
ment is turned on. The HP-IB address is briefly displayed so 
that it can be verified by the operator. 

Systems compatibility goes beyond the interfacing 
capabilities. Electromagnetic compatibility is also impor 
tant. Therefore, signal paths within the instrument were 
carefully designed to reduce emissions. For instance, a 
linear power supply was chosen, not only for simplicity and 
ease of repair, but also for its quiet nature. Also important 
were precautions such as keeping signal loops and ground 
returns tightly spaced, and the fact that most of the high 
speed logic was shrunk into the MRC. Most signals that 

have to travel long distances are converted to sine waves to 
reduce harmonics. The result is excellent EMI compatibil 
ity and the passing of both Germany's VDE 0871/0875 and 
FTZ 526/1979 and 527/1975 receiver law limits, and the 
U.S. MIL-STD-461A Notice 3 limits. 
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A B R I D G E D  S P E C I F I C A T I O N S  
HP Model 5335A Universal Counter 

INPUT CHARACTERIST ICS  (CHANNEL A  AND B)  
RANGE: dc coupteO: O 1O 100 MHz. 

ac  coup led :  1  Mi l .  30  Hz to  100 MHz 
Son,  200  kHz to  100  MHz 

Channe l  A  range is  200 MHz when in  Frequency  A and Rato  modes.  
SENSITIVITY:  25 mV rms s inewave to  200 MHz.  

75 mv peak- to-peak at  min imum pulse width  o f  5  ns 
DYNAMIC RANGE:  75  mv tp  5V peak- to -peak  to  100  MHz 

75 mV 10 2  5  V peak- to-peak ^100 MHz 
S IGNAL  OPERATING RANGE:  -5Vdc  t o  +  5Vdc .  

TRIGGER LEVEL SETTABIL ITY:  
AUTO TRIGGER OFF  

PRESET set  to  OVdc nomina l  
A D J U S T M E N T  R A N G E  - 5 V d c  t o  * 5 V d c .  

AUTO TRIGGER ON:  
PRESET: set  to 50% level  ot  input  nominal  
ADJUSTMENT RANGE negat ive  peak leve l  to  pos i t ive  peak leve l  o l  input  nomina l  

AUTO TRIGGER:  
RANGE 1  M i l .  30  Hz  to  200  MHz a t  50% du ty  cyc le .  

Son.  ac  coup led,  200 kHz to  200 MHz 
DUTY CYCLE:  10% to  90%.  
Single shot  measurements should not  be made wi th Auto Tr igger  on.  

F R E Q U E N C Y  A  
RANGE 0  to  200 MHZ,  p resca led  by  2  
L S D  D I S P L A Y E D  1  n s  

PERIOD A  
RANGE:  10ns  to  1  
LSD DISPLAYED:  

10's 

G a t e  T i m e  '  '  
T I M E  I N T E R V A L  A  T O  B  

RANGE:  Ona  10  1  x  10 '  s .  
LSD DISPLAYED:  1  ns .  

T I M E  v a r i a b l e  D E L A Y :  F r o n t  p a n e l  g a t e  a d j u s t  k n o b  i n s e r t s  a  v a r i a b l e  d e l a y  o f  n o m i  
na l ly  100 f is  to  4  s  between START (Channel  A)  and enabl ing o l  STOP (Channel  B) .  

T O T A L I Z E  A  
RANGE:  0  l o  100  MHz ,  0  t o  1  '  10 ' *  coun t s  
MANUAL to ta l i zed when gate  is  opened v ia  manua l  ga le  mode key .  
G A T E D :  s e t  d u r i n g  g a l e  t i m e  w h i c h  m a y  b e  m t e m a J l y  o r  e x t e r n a l l y  s e t  

R A T I O  A  B  
RANGE Channe l  A .  t o  200  MHz  Channe l  B .  t o  100  MHz .  

INVERSE TIME INTERVAL A TO B:  Per forms a  t ime in terva l  A  to  B measurement  and in  

PULSE the A:  Measures the wid th  o f  a  pu lse a t  the t r igger  po in t  set  v ia  the t r igger  leve l  
controls.  SLOPE A selects polar i ty  of  pulse.  
RANGE:  5  na  to  1  x  10 '  B .  

SLOPE A swi tch  determ 
R A N G E  2 0  n e t o  1 0  m s  
PULSE HEIGHT.  500  m 

whether r ise or (a l l  measurement made. 

. peak-to -peak 
e of effect ive sJev. rate between 10% potnl to 90% point SLEW RATE  A :  Measu rem 

of waveform, displayed in votts/s, 
DUTY when A:  D isp lays  percentage o f  t ime the s igna l  i s  h igh when SLOPE A is  pos i t i ve  

and percentage low when SLOPE A is  negat ive.  
GATE TIME:  Disp lays the gate  t ime set t ing or  t ime in terva l  de lay  set t ing T ime d isp layed 

and actual  gate t ime may di f fer  due to synchronizat ion wi th tne per iod ol  input s ignal .  
LSD DISPLAYED:  up  IO  th ree  Ag i t s  d i sp layed  w i th  Ex t  A rm Enab le  OFF.  100  ns  w i th  

Ext .  A im Enable  ON.  
TR IGGER LEVEL :  D i sp lays  Channe l  As  and  Channe l  Bs  t r i gge r  l eve l s  s imu l taneous l y  

LSD DISPLAYED:  10  mV.  
PHASE A input  B:  Measures the phase ot  Channel  A input  re lat ive to Channel  B input  and 

displays in degrees. Auto Tr igger and Preset on at  a l l  t imes. 
RANGE: -180" to +360Â°. range hold OFF; 0Â° to +360Â°. 

Range HoJd ON- 1 MH2 max. f requency.  
LSD DISPLAYED: 0.1Â°. 

MATH:  Any measurement  resu l t  can be mathemat ica l ly  mod i f ied  lo r  d isp lay  in  more  con 
ven ien t  un i t s .  O f f se t ,  No rma l i ze ,  and  Sca le  may  be  used  i ndependen t l y  o r  t oge the r  

â€¢ â€¢ . 

D i s p l a y  -  
Measu i t  -  O f fse t  

Scale 

labe led  keys  D ISABLE key  w i l l  t ogg le  o f f  and  on  a l l  

display lo Offset, Normalize, or Scale all 

Ã ­uremen i  to  be  sub t rac ted  f rom each 

Normali. 
Numbers  are  entered v ia  t l  

selectable math keys 
LAST DISPLAY Causes the value of the previous 

MEASUREMENT 1-1 :  Causes  each  nÂ«w mea;  
im medÃ­ ale ly preceding measurement 

STATISTICS 
SAMPLE SIZE Se lec tab le  between N - -  100 and N =  tOOO samples .  
STANDARD DEVIATION Disp lays a  s tandard dev ia t ion o l  se lec ted sample  s ize .  
MEAN. Displays the mean est imate of  se lected sample s ize 
SMOOTH. Performs a running weighted average and truncates unstable least signif ican! 

digi ts from the display 
PROGRAMMING 

PROGRAMMABLE CONTROLS a l l  measu remen t  f unc t i ons .  Ma th ,  S ta t i s t i c s .  Rese t ,  
Range Hold,  Check, Gate Adj . ,  RemÃ³le Gale,  Gate Mode, Cycle,  Slope. Preset.  Com 
mon A. Display. Trigger. Ext. Arm Slope-Enable. Learn Mode. Remote Display. 

Genera l  
G A T E  

ADJUSTABLE: 100 Â»xs to 20 ms and 20 ms lo 4 s nominal.  
MINIMUM min imum gate t ime.  Actua l  t ime depends on funct ion.  
MANUAL:  opens and c loses gate manual ly  

CYCLE:  determines de lay between measurements.  
NORMAL: no more than 4 readings per  second nominal .  
MINIMUM: updates display as rapid ly as possib le 
SINGLE, one measurement  taken wi th each press o l  but ton 

TRIGGER LEVEL OUT:  dc  leve l  a t  rear  BNC connec to rs  
EXTERNAL GATE OUT:  s igna l  goes  low when ga te  i s  open.  
ARMING: depressing the I ront  panel  Ext .  Arm Enable Key al lows the START and or  STOP 

points signal a measurement to be armed by either slope of a rear panel TTL input signal 
Externa l  Gate measurement  def ined by both  START and STOP armed.  

RANGE HOLD: I reezes dec imal  po in t  and exponent  o t  d isp lay.  
RESET:  when pressed,  s tar ts  a  new measurement  cyc le .  
CHECK: per forms an internal  se l l  test  and lamp test  
DISPLAY: 12 d ig i t  LED display in  engineer ing format .  
POWER REQUIREMENTS: 100.  120.  220.  240 Vac (  -5%, -  10%).  48-66 Hz;  130 VAmax.  
TIME BASE:  

FREQUENCY:  10  MHz.  
A G I N G  R A T E  < 3  x  1 0 "  / m o n t h .  
TEMPERATURE:  <2.5  x  10~6.  0  to  50Â°C.  

OPTIONS 
Opf>010:  Oven Osci l la tor  

FREQUENCY:  10  MHz.  
AGING RATE:  - ^5  x  10~10 /day  a f te r  24 -h r  warmup.  
T E M P E R A T U R E :  < 7  x  1 0 ~ 9 .  0  t o  5 0 < C .  
WARM-UP-  w i th in  5  x  10~9 o f  f ina l  va lue  in  20  mm.  

OPT 020:  dc  D ig i ta l  Vo l tmeter  
RANGE: autorangmg. autopoiari ty,  rÃ­Ãº, Â» 100, -1000V langas. 
SENSITIVITY '  100 / jV  to  100 mV depend ing on range 
LSD DISPLAYED: same as sensi t iv i ty  (up to 4 d ig i ts)  

Opt .  030:  C Channel  
INPUT CHARACTERISTICS 

RANGE. 150 MHz to  1 .3  GHz.  
SENSITIVITY:  10 mV rms,  150 MHz to  1  GHz.  

100 mV rms,  1 to 1.3 GHz.  
FUNCTIONS'  Frequency C and Rat io  C/A 

PRICES add U.S.A.: S335A Universal Counter. $2950. Opt. 010 Oven Osci l lator,  add S650 
Opl. 020 DVM, add Ã275. Opt. 030 C Channel, add $450 5316A Universal Counter, $1500 

M A N U F A C T U R I N G  D I V I S I O N :  S A N T A C L A R A  D I V I S I O N  
5301 Stevens Creek Boulevard 
Santa Clara, Cal i fornia 95050 U.S.A. 
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A Low-Cost Universal Counter for 
Systems Applications 

Since the in t roduct ion of  the HP-IB (Hewlet t -Packard 's  implemen 
tat ion of the IEEE-488 interface standard) i t  has become much easier 
to design automatic test systems. A basic element of many automatic 
sys tems is  a  un iversa l  counter ,  wh ich measures f requenc ies ,  t ime,  
and events  in  a  myr iad o f  d i f fe rent  ways.  

A new systems low-power ,  re l iab le  un iversa l  counter  for  systems 
app l ica t ions that  combines exce l lent  per formance wi th  remote pro-  
g r a m m a b i l i t y  i s  t h e  n e w  M o d e l  5 3 1  6 A  ( F i g .  1 ) .  I t s  p e r f o r m a n c e  
speci f icat ions are,  in general ,  the same as the comparable speci f ica 
t ions for  the 5315A/B.1 There are a number of  new features,  but  the 
pr imary  d i f ference is  the ab i l i ty  to  communicate  on the HP- IB.  

The dc level  at  which the counter  t r iggers is  general ly  determined 
by a pai r  o f  potent iometers on the f ront  panel .  In  the 531 6A,  these 
l eve l s  can  a l so  be  i ndependen t l y  p rog rammed  th rough  d ig i t a l - t o -  
analog conver ters (DACs) over  a range of  +2.50 vol ts  to  -2.50 vol ts  
in  10-mi l l ivo l t  increments .  The t r igger  leve ls  are brought  out  to  two 
points actual the front panel. These test points allow access to the actual 
t r igger  leve ls  whether  they are under  loca l  or  HP- IB cont ro l .  

A  usefu l  fea ture  in  sys tems app l ica t ions  is  the  ab i l i t y  to  lock  the  
internal reference oscil lator to a local standard. Any submultiple of 1 0 
MHz between 1.0 MHz and 10 MHz can be used wi th  the 5316A.  An 
in jec t ion- locked mul t ip l ie r  produces the 10-MHz t ime base used by 
the in ternal  count ing chain.  

A s ingle-chip microcomputer  consis ts  of  a  centra l  processing uni t  
( C P U ) ,  R O M ,  a n d  R A M  o n  a  s i n g l e  m o n o l i t h i c  1 C .  T h e  5 3 1  6 A  i s  
unusual in that i t  uses two di f ferent microcomputers:  a 3870 to imple 
ment  the normal  count ing funct ions such as scanning the keyboard,  
dr iv ing the d isp lay and operat ing the count ing chain,  and a 6801 to  
process the I /O such as decoding the HP-IB inst ruct ions and encod 
ing the data into ASCII.  The two processors exchange information by 
a  four -b i t  l ink  w i th  an asynchronous handshake.  

E a c h  i n  h a s  t w o  k i l o b y t e s  o f  R O M ;  t h e  s o f t w a r e  r e s i d i n g  i n  
the ROMs def ines the operat ion of the 531 6A. Software ini t ia l izat ion 
inc ludes  ROM and  RAM tes t ing  in te rna l  t o  the  I /O  p rocessor ,  and  
external testing of the four-bit data l ink between the I/O processor and 
counter  processor .  The I /O processor  programs the counter  proces 
sor for  is  check and reads the data.  I f  an error  develops,  the user is  
in fo rmed by  the  f lash ing  o ' f  the  HP- IB  s ta tus  lamps.  Th is  p rov ides  
max imum user  conf idence and a  conven ien t  t roub leshoot ing  too l  i f  
the instrument should require serv ice.  The 5316A HP-IB instruct ions 
and programming format are designed to be as simi lar as possible to 
those this the higher-performance 5335A, described elsewhere in this 
issue. 

A  number  o f  se l f - t es t  r ou t i nes  a re  bu i l t  i n t o  t he  531  6A .  These  

Fig.1 

include signature analysis and a thorough test of the l ink between the 
I/O processor and the HP-IB controller. The signature analysis routine 
i nc l udes  a  DAC p rog ramming  r ou t i ne  t ha t  gene ra tes  a  saw too th  
waveform that can be monitored at the tr igger level test points on the 
front panel.  The HP-IB l ink test is an extensive interact ive test of the 
l ink between the HP-IB contro l ler  and I /O processor ;  i t  ensures cor  
rect operation of al l  the elements of the HP-IB interconnection, includ 
ing the cab le .  Twenty- f ive  percent  o f  the ROM is  devoted so le ly  to  
tes t ing .  The tes t  rout ines use many o f  the  subrout ines in  the main  
opera t ing  sys tems,  so  tha t  the  ac tua l  pe rcen tage  o f  the  so f tware  
used in test ing is s ixty- f ive percent.  

One o f  the  ex t raord inary  fea tures  o f  the  531 6A is  i ts  low power  
c o n s u m p t i o n .  L o w - p o w e r  d e s i g n  r e d u c e s  t h e  i n t e r n a l  h e a t  r i s e ,  
thereby  grea t ly  improv ing  re l iab i l i t y .  The 531 6A is  one o f  the  few 
systems-or iented inst ruments that  does not  need a fan.  

Reference 
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