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A Fully Integrated, Microprocessor-
Gontrolled Total Station
Here's a new instrument that measures angles and
dislances, combines fhese readings, and yields true
three-dimensional position information.

by Alfred F. Gort

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

exist ing theodoli tes-optomechanical angle-measuring
instruments-to form three-dimensional measurement

systems. Fully integrated total stations that measure both
distance and angle electronically have been developed by

Hewlett-Packardl and several other companies.

The performance of the optomechanical theodolite with
an optical micrometer has been difficult to match with
elechonic 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 ing le  ins t rument  w i th  a rc -second accuracy  fo r
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:
r An optical system that functions as the transmitting and

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

r An electronic angle-measuring system comparable in

size and accuracy to a second-order theodolite.
r A two-axis gravity-sensing device to provide vertical

index and horizontal angle correction.
r A miniaturized distance-meter module with greatly re-

duced power consumption and a five-kilometre range.
r An electronic system and microprocessor to control the

instrument, perform necessary computations, and output
data to a peripheral for recording or processing.

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

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

Fig. 2. Acotodioptric telescope with a 66-mm clear aperture
is used. The design provides sufficient area for the distance
meter's hansmitting 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 secondory spectrum. The Mongin mirror
and corrector lens form an objective that is well corrected
for sphericol oberrotions and como over a 1.5" field. The

Notei All terms in italics in this article are defined in the glossary on page 11

30x telescope uses a Pechan prism to erect the image. A

symmetrical eyepiece gives a sharp field at full angle and a
'1.2-lrrrr;' eye relief. The reticle is illuminated for night work.

The optics system acts as an eight-power Goliieon te.le-

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 spechum to the eyepiece.

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

mic roprocessor .  The t ransducers  a re  the  d is tance-
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 conhol 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 ten-bit 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 (p.lung-

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 380014 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

*Compatible wjth 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 pa-rt in 256. This is
similar to reading the degree ma.rk 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

derived as follows (see Fig. 7b):
Ir:Io+Isin(@)
12 :Io +Isin({+ 90) :Is + Icos(@)
13:Is+Isin(@+ 180) :Is-Isin({)
Ia: Iq+Isin(@+ 2 70) :Is-Icos({)
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The illumination amplitude I is modulated as a function
of t ime: I(t) : Isin(<ot).  Substi tut ing into (1) through (+)
and then subtracting (3) from (1) and subtracting (a) from
(2) yields:

I1 -I. : 211itr1@)sin(ort)
Ir-Io: 2Icos({)sin(ort)

(5 )
(6)

arc seconds. has a resolution of 0.36 de-
3. Finally, the inshument in- grees, resulting in an interpo-
terpolates the position on a lation of one part in 1000 for
track comprised of 4096 ra- ; the period.
dial slits. Again, the period The above derivation as-
r u f  u d L l l  b l l l .  l s  s u u u r v r u c u  -  - -  

, T  
b u ' r u b  z u r u  b u l r b u r  w l u ( ' .

t he  c i r c l e  i n to  4 ,096 ,000  f  I  I  t he  equa t i ons  ho ld  f o r  a
par ts ,  resul t ing in  a t rue one- f  I  I  f in i te-width sensor.  This  is
cc-grad (0.32 arc-second) I because the convolution in-
resolution. I tegral of a sine function with a

These two signals are processed in such a manner that
(Ir-Ie) is phase-shifted g0'with respect to (I2-In). The re-
sulting signals are then summed in an operational ampli-
fier (see block diagram, Fig. 3).

2Isin(@)sin(art) +90' shift : 2Isin(d)cos(<.rt)
2Icos(@)sin(rot) +0' shift: 2Icos(@)sin(ort)
2lsin(@)cos(art)+zlcos(@)sin(art):2lsin(art+@) (7\

The signal (7) is compared in a phase detector with the
modulating signal sin(art) to determine @. The phase meter

to maintain horizontal-angle accuracy for steep vertical
(1) angles. In the 38204, the vertical compensator and trun-
(2) nion-axis-plate level are combined in a two-axis tilt sensor.
(3) This device eliminates the need for precise leveling.

The4096-radial-slitpatter" I ,., rectangle function is still a
is iead at diamehically op- sine or cosine function al-
posed points on the circle to though the amplitude is

The reading of the sinusoidal A typical error graph for the
track interpolator is also cor- encoder system is shown in
rected for the eccentricity Fig. B. Fourier analysis ofthe
sensed by the 4096-slit hack. graph shows an interpolation
The microprocessor com- error of 3.1 cc grad, a once-
binesthereadingsofthethree around error of 2.6 cc grad,

eliminate eccentricity errors. 
''I 

changed.

sensor systems to produce an . and a twice-around error
absolute reading. ' (graduation error) of 4.2 cc

To illustrate the principle - l,i grad. The once-around error
of interpolation, consider the can be eliminated by plung-
s i n u s o i d a l t r a c k . F i g . 7 a s f f i i n g a n d t h e t w i c e - a r o u n d
shows the hack, which varies error may be averaged out by
s inuso ida l l y  in  w id th .  The increment ing  the  c i rc le .
wavelength of the pattern is Overall, the total standard
1080 pm and the maximum deviation of the error is below
amplitude is 600 pm. Four one iuc second, making the
photodiodes are placed.at g.0" 

Fig.1. Moder 3820A Erectronic Totat station. This instrumenr 
38204 an excellent tool for

intervals with respect to the 
"o-ioinii-"i"ctronic 

distance und 
";;;;t"';;;;;,;;;;;;:;, 

second-order measurement
sinusoidal period' Each diode capabititiesintoacompactpacxage.rnerZtu"tiit"ir"J*iti work'
senses the collimated illumi- the 38204 are accurate to a few mitlimetes for distances up to
nation through the pattern. five kitometres and to afew arc seconds for horizontal and Gravity Sensing System
The photocurrent generated vertical angles, Traditionally, a theodolite
depends on the i l luminated has been equipped with a
area of the diode, which in turn is dependent on the diode's twenty-arc-second level vial parallel to the trunnion axis for
position with respect to the pattern. precise level ing and a vert ical compensator to correct

The relationship between photocurrent and position is zenith angles for residual tilt. Precise leveling is necessary

(4) The system is basically a two-axis electronic outocol-



Pechan
Erecting

Prism

Reflective
Surface

Visible/lntrared
BeamsPlitter

lnfrared
Collimatoi Lens

Mangin Mirror

Reference
Attenuatol

Receiver Diode Chopper

limotor. 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

Tranemittod Intrared
Beam +

Reflective
Surface

Fig.2. The 3820A optical system
uses a compact telescope design
for taryet sighting An infrared
laser distance measurement sys-
lem shares the use of the primaty
optical elements

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

position is read to o.7 y.m 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 ananged 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

Moto. Control

Control
Pulses

Fig.3. Electronic block diagram for 3820A Electronic Total Station

Peripheral

375 Hz
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Fig. 4. C/ose-u p view of 3820A keyboard and display There
are two of these units, one on each side of the instrument, f or
user conventence

movement combined with the one-millimetre height of the
photodiodes l imits the range to +370 cc grad (-f  120 arc
seconds). A typical error graph for the tilt sensor is shown in
F i g .  1 1 .

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:
I The optical system and sighting telescope are combined.
I Physical size is greatly reduced.
I Distance meter power consumption is reduced to 1.b W.
r A heterojunction continuous-wave GaAs lasing diode is

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

Fag.5, The angle encoder disc has three concentric metalfitm
patterns, The combination of the readings from each of these
patterns allows for the determination of angular position with
one-cc-grad (0 32-arc-second) resolution

6 lewLen-plcrARD JouRNAL sEprEtvlBER 19Bo

Flg, 6. Arrangement of the optical sensor/s for reading the
three concentric patterns on each angle encoder disc (g:ysy-
tical, 0:horizontal disc components) Eccentricity errors are
eliminated by reading the outermost pattern at two points
located across the circle from each other (F1 . F2 values)

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-a requi-re-
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

1080 pm

Photodiodes

(a)

Fig.7 (a) Section of the sinusoidal track pattern on the angle
encoder disc The amount of illumination passing through the
pattern to each of the regularly spaced photodiodes gener-
ates diff erent photocurrents (b) that enable the determination
of the pattern position relative to the diode array

,liiiiixiir

-//r,
ir-ffi



arcsec
+3.24

Patterns are
Transparenl

Limit Sensor
Phototransistor
200 x 200 pm

4 Photodiodes

pmT_

1080 pm

stir
Pattern

4 Photodiodes

o
IIJ

.- Sensors

Approximately
95 mm

0 50 100 150 200 250 300 360
Angle (degrees)

Total Rms Erroti 2.7 ccgrad (0.9 arcsec)

Flg.8. Typical interpolation error versus angular position of
encoder disc

can be measured to determine the distance to the target.
Three modulation frequencies are used-15 MHz,375 kHz

and 3.25 kHz. A 360'phase shif t  for these frequencies cor-
responds to distance variat ions 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

l l luminator
Lenses

See Fig.  10

Source
Pattern

Optical Flat

o i l

Mercury

Fig.9. Optical system for 3820A tilt sensor The mercury pool
at the bottom establishes a ref lective plane that is perpendicu-
lat to the force of gravity

. \
Slit Pattern

Square Patte.n
tor

Limit Sensor

Fig. 10. Arrangement of slit patterns and opttcal sensors /or
tilt meter The tilt position 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 retroreflector assembly. To
prevent input circuit overload, it is necessary to use an
attenuator on the telescope objective for distances Iess than
250 metres. Alternatively, Iess 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 -f4 ppm from -10T to +40T.

The group refractive index has been derived for standard
air (15'C and 760 mmHg) and a laser radiation wavelength

of 835 nm using two different references (see page 9):
n"-\:279.34x10-o where n, is the group index (S)

c: 299,792.5 km/s (e)
resulting in a modulation frequency with zero-ppm conec-
tion of 14.985439 MHz for standard air. In the 3820A, the
frequency is set at +110 ppm, or 14.987O87 MHz.

Microprocessor Functions
The 38204 uses a microprocessor derived from HP

ccgrad
+ 5

Optical Axis (Pitch)

- .04

Tilt (grads)

Trunnion Axis (Roll)

Fig. 11. Typical axis tilt interpolation errors versus tilt angle fol
lrlt sensor

.04

- 1
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15 ltlHz 37S kHz 3.75 kHz

luodulator

Transmitter

15 MHz

3.75 kHz

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

tilt meter, and distance meter.
r Perform numerous calculations and conections such as

compensating angles for instrument tilt and computing
projected distances.

r 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 1K bytes each, corresponding to:
r Distance measuring routines
r Angle measuring routines
r Self-test and service tests
r Keyboard, display and control routines.

Multifunction Sequence
An example of the control function of the microprocessor

Variable
Density

Attenuator

I

:

Receiver
t l

_ - _ l l
= .  T O P h

Dete(

Auto Balance and
Beam Bleak Circuitry

10 Hz

Fig. 12. Distance meter block diagram. This assembly can measure dlstances up to five
kilometres wrth +(5 mm + 5 mmlkm) accuracy over a temperature range of -10" to 40"C

W
Laser Module

15 MHz

Photosensor+

Lehs
-fr-*

I=8:15 nm
I=835 nm

GaAs Laser

Fig. 13. Laser control and modutation system The system
uses a custorn GaAs lasing diode devetoped by Hewlett
Packard for this purpose

T - - - - -

I

10Hz
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Distance Correction
Air Temperature

for Variations
and Pressure

Since c -- 299792 5 kilometres/second, the group velocity is then

c/no 299708 8 ki lometres/second. The maximum modulat ion

wave ngth, )tn desired for the instrument ls 20 metres so that the

modulat ion frequency, f '  wi l l  exhibit  360' of phase shif t  for every 10

metres of distance between the instrument and the retroreflector,
Therefore, the highest modulat ion frequency is

= 14985439 Hz

The influence of water vapor in the atmosphere on group velocity has

been neglected since this effect is believed to be less than one ppm

for near-infrared radiation.

Temperature and Pressure Correction
It is assumed that the refractive index for air varies from the ideal

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

that

_ 105.92p , .  ,0-o
(273.2+r)

where p is the pressure in mmHg and T is the temperature in'C From

this, i t  can be derived that the distance correction is

Correctionin ppm : 27g 34 - g*-?q (11)
z I  J . Z a  I

This correction can be entered into the 38204 via a front-panel

control The microprocessor then applies this correctlon to al l  sub-

sequent distance measurements,

Relerences
1 Froome and Essen, The Velocity ol Light and Badio Waves Academic Press 1969,pp
24-28
2 Born and Wolf, Principles ol Optlcs,2nd Ed, MacMillan, 1964

ln

In an electronic distance meter the distance is derived from the
amount of time required for the transmitted inlrared beam to make the
round trip to the retroreflector and back. Therefore, it is necessary to

accurately know the velocity of the infrared radiat ion in air '  In general '

an unmodulated plane wave wil l  have a velocity

v : c i n

where c is the velocity of l ight in a vacuum and n is the index of
refract ion for the medium The refract ive index for air depends on the
radiat ion wavelength as well  as the density of the air The wavelength
dependence can be approximated byl

I t r a  t r o  t  e l Q

(n -1)  x  108 :2725ee +  
? .  ?  

(21

where i ,  is the radiat ion wavelength in micrometres, This expression
is for standard air,  which is dry air at 15'C and 760 mmHg pressure

For an ampli tude modulated wave the ampli tude maxima propa-
gate with a group velocity u, The group velocity is related to the phase

velocity v by2

. d v
u : v - A z i t r  ( r ,

Now, define the refract ive index for the group velocity, no, as c/u
For air i t  can be assumed that

I  d \ /

f f i <<1

Thus, the fol lowing approximation can be made.

( n s - l )  |  
o r : o ;  "  

( n n - 1 )  l p ,  ( e )

for small  variat ions in density Since i t  is also assumed that air 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

refractive index for any temperature f 2 and pressure p2 can be

found by

( n s - 1 )  I  : ] ' ( n " - 1 ) l  ( 1 0 )
P z , r z  v 2  ' Y  ' P r , T r

given the value at a temperature T, and pressure p1 Solving for

V, and V, using the ideal gas law and using (B) for the refract ive
index in standard air (p1 : 760 mmHg, T1 :273.2 + 15'K)'  ex-
pression (10) becomes

(##)l

( 1 )

r m - r

J-
From (1)

Therefore.

:+[' . H] (4)["(,-H)]-'

(ns- l)  |  p,r  
:  27s34 x 1o-6 , .  [ (#) "o u : - 9 o n  ( 5 )

n-

Then, using (1), (a) and (5) we can derrve the fol lowing result

-  c  " f r - r " -1 l l :n -^+ (6)n n : r : u t -  
v n z d t r J  d r

Combining (2) and (6) yields

(nn-1)  x  1oB :272ses.  q# -  Y (7)

For the laser wavelength used in the 38204, 0 835 prm, this becomes

(nn- 1) x 108 : 2799428 (B)

ns: 1 0002793428

rggo HEWLETT-PAcrnRo ..touRruar 9



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:
r measure and output the horizontal angle
r measure and output the zenith angle
r 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 necesstlry 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 3820,4,, 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 Correction
The 38204 Electronic Total Station is the only instru-

ment presently available that compensates both horizontal
and vertical angles for instrument tilt. It is only necessary ro
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 olidode of the instrument.
The corrections for the remaining tilt of the vertical axis
with respect to gravity are:

Zenithangle correclion:[@:B+1/z62cot(Q) (10)
Horizontal angle correction :A0:

Development of the 3820A
The development of an instrument of this complexity can only be ac-

complished when many favorable tactors coincide Existing technology ln
light-emitting devtces, photodiodes, photolithography and electronic microcir-
cuits at the start of the development project indicated that it was possible to
design a compact fully-integrated instrument measuring both angles, tilt and
distance

Initally a small group was formed to invesligate methods for angle mea-
surement and design the basic optical system of the telescope and distance
meter This early group included Charles Moore who contributed much to both
the optical and electronic designs, Walt Auyer who designed the mechanical
elements of the angle transducers, Billy Miracle, our mechanical design leader,
who designed the temperature-compensated objective cells for the telescope,
Jim Epstein who designed most of the digital control system, inctuding the
so{lware design for the microprocessor control, and Ron Kerschner who de-
signed the mechanical systems for the distance meter and level sensor

This team later became the nucleus of a much larger team and was aided by
many specialists Torr Christen and Hal Chase took over the design of the
thin-film microcircuits needed to construct lhe angle transducers, tilt meter and
distance meter The industrial design of the tnstrument was being firmed up
during this time by Arnold Joslin who made significant contributions to keeping
the instrument compact and portable.

When the group was increased to full strength, Dave Daniels-Lee and San_
ford Baran took on the majority ol the analog circuit design while Craig Cooley
joined the team to design the main slructural frame and side covers of lhe
instrument Towards the end of the design phase Craig Cooley also designed
the leveling base With Bitly Miracle taking on a larger part of the project
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 3820A Thls case provides a high degree of protection in a compact size

Besides the central design team, many support groups helped to realize this
design The tooling effort, involving several people, was coordinated and
guided by Wilbur Saul Administrative help was coordinated by Bod Lampe
and Vicki Worden who controlled parts supply, material lists and speci{ication
drawings Market research was performed by the marketing group in the Civil
Engineering Division Fritz steker and Tony Robinson contributed greatly in the
areas ot keyboard definition and software routines to be used for data reduction
and correction Corporate engineering and Hp Labs assisted in the angle-
encoder investigation and also developed the solid-state GaAs heterostructure
laser that gave the distance meter its 5-km range Spectal recognition is
deserved by the group in HP Labs who improved the laser characteristics to
make it su(able for the demanding application of electronic distance mea_
surement The encouragemenl received from Barney Oliver and Bill Hewlett
helped the design teams overcome difficult hurdles

During the production effort, a large group of new people was involved on the
project Mike Bullock served during the transition period as project manager
until the production statf under the leadership of Mike Armstrong and Jim White
took charge ol production

Finally special mention should go to Bill McCullough, Division Manager, and
Bill Smith, Lab Manager, who believed in the project's ultimate promise and
supported the effort wtth their guidance during the development period

Alfred F. Gort
Al Gort was born in Arnhem, Nether-
lands and studied electr ical engineer-
ing at Eindhoven Technical University
After completing his undergraduate
studies in 1961 he attended Cali fornia
lnst i tute of Technology and was
awarded an MSEE degree in 1962 Al
joined HP and has been active in
instrument design for wave analysis,
infrared detection and cal ibrat ion He
was the R&D project manager for the

6cot(d) -lzB6lt+ zcot, (o)]
in which: B : tilt along the telescope axis

E : tilt along the trunnion axis
@ : zenith angle

( 1 1 )

Analysis of (10) shows that the second order term for A@
can be neglected. For example: if B : 6 : 120 arc seconds
(the limit of the tilt meter), the second order term for AS is
only three arc seconds at a zenith angle of 1'. At a zenith
angle of 45', the term is less than 0.1. arc second.

Both terms of equation (11) may be significant. In the
38204, only the first-order correction is applied when the
line of sight is within 45" 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 75', 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 Consistency Check
As in previous HP distance meters, the 3820,\ 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
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G/oss ary
ACHROilATIC. Transmits light without sepa-
rating it into its constituent colors
ALIDADE. A Sighting device used for the mea-

surement of  angles Also the mechanical

structure of a THEODOLITE see page 1?

AsPHERlc. A mirror or lens surface that varies
sl ight ly  f rom a t rue spher ical  sur face This
is done to reduce lens aberrations
AUTOCOLLIMATION. A process of aligning a

telescope's l ine of  s ight  perpendicular  to a
mirror 's  surtace The te lescope is used to
project an image of a pattern toward the

mirror By superimposing the image reflect-

ed back by the mirror onto the original pat-

tern in the te lescope, lhe mirror  and te le-

scope are properly aligned
BOUWERS. An optical design, named after the
originator, in which reflections take place at
two silvered concentric spherical surfaces
Since both sut laces have a common focal
point, SPHERICAL ABERRATIONS are greatly

reduced
cAssEGRAlN. A reflecting telescope in which

the long opt ical  path is  lo lded by ref lect-
ing the incoming hght  f rom a paraboloidal
pr imary mirror  onto a smal l  hyperboloidal

secondary mirror that in turn reflects the light
back lhrough a hole in the center of the primary

mirror to an eyepiece
cATADtoPTRlc. Optical processes using both
reflection and refraction of light
CHROMATIC ABERRATION. An optical lens de-
fect that causes light color separation be-
cause the optical material focuses difterent
light colors at different points A lens without
this defect is said to be AcHRotilArlc
COMA. A symptom of the presence of optical
errors, so that a point object has an asym-
metr ical  image ( looks l ike an egg-shaped
spot)

oloPTEF. A measure of lens power equal to
the reciprocal of the lens focal length in metres
GALILEAN TELESCOPE. A telescope using opti-
cal refraction lts primary lens is convex and
converges the incoming light The eyepiece is
a concave lens that diverges the beam from
the primary lens and presents an erect image

GRAY coDE. A modi f ied binary code, Se-
quential numbers are represenled by binary
expressions in which only one bit changes at
a time; thus errors are easily detected
MANGTN MIFROR. A mirror in which the shaF
lower surface of a negative l,4ENlscus LENS is
s i lvered to act  as a spher ical  mirror  The
light traveling through the other surtace and
the glass to the mirror is then corrected by
the glass for  the SPHERIcAL ABERRATIoN of
the mirror
MENISCUS LENS. A thin lens with one convex
and one concave surface The surface with
the greatest radius of curvature is the convex
surtace for a positive lens and the concave one
for a negative lens
PARAXIAL. Lying near the axis
PECHAN PFlSll. A prism using two glass ele-
ments that shortens an optical path by re-
flecting a light beam internally five times The
exi t ing image is erect  Also known as a
Schmidt prism
PLUMMET. A device for centering a THEODoLITE
over a specific location In the 3820A this is
done optically by looking through a sight in the
base and centering the internal crosshairs on
the location reouired
PLUNG|NG. A technique lor canceling some of
the mechanical errors in a THEoDoLITE Plung-
ing involves measuring the angles to a target
twice The target is sighted and the angles are
measured Then the ALIDADE is rotated 180",

the telescope is flipped over and the angles
are measured again The sign of the error
changes between the two readings, but not
the magnitude By averaging the two readings,
lhe error is eliminated
RAMSOEN EYEPIECE. An eyepiece assembly
using two plano-convex lenses of identical
power and local length They are mounted with
their planar surlaces facing out at each end
and are separated by a distance equal to their
common focal length
FETICLE. A pattern of intersecting lines, wires,
filaments, or the like placed in the locus of the
objective element ol an optical system This
pattern is used for sighting and alignment of
the system
RETROREFLECTOR. A device using prisms or
an arrangement of  mirrors to ref lect  ight
radiation back in a path parallel to the incident
path
SEcoNDARY SPEcTRUM.  The  rema in i ng
CHROIV1ATIC ABERRATION fOT AN ACHFOI\4ATIC
lens The corrective techniques used for the
lens are not equally effective for the entire
color  spectrum so that  some regions wi l l
exhibit some color errors
SPHERICAL aBERRATION. The opt ical  error
introduced by the tact that incident rays at
d i f l e ren t  d i s t ances  f r om the  op t i ca l  ax i s
are focused at ditferent points along the axis
by reflection from spherical mirror surfaces or
refraction by spherical lenses
THEODOLITE. An optical instrument tor measur-
ing vert ical  and hor izontal  angles f rom a
specific location to a distant target
TRUNNION. An axle or pivot mounted on bear-
ings for tilting or rotating the obiect it supports
See Fig 1 on page 12,
zENlTH. A point  d i rect ly  overhead Zeni th
angles are angles measured from this point

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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Mechanical Design Constraints for
a Total Station
by Ronald K. Kerschner

HE ACCURACY of a distance and angle measure-
ment system is greatly dependent on its mechani-
cal design. The geometrical conshaints 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.

Vertical Axis
The horizontal angle error introduced when the vertical

axis does not intersect the optical axis can be expressed as

Vertical-axis centering error :

("oo;i;A*Hget) x,'" ( ffi)
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

""-' I Vertical-axis offset

Front View

Alidade

Base
Bearing

Vertical Axis

Fig, 1, Principal axes of the 38204. The instrument rotates
horizontally about the vertical axis, the telescope rotates verti-
cally about the trunnion axts, and the optical axis is the line of
sight for the telescope
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Lower Bearing Plate

Fig. 2. Vertical-axis support bearing cross-section fhe
upper bearing is suppofted by three ball bearings that allow it
to rotate f reely on the lower bearing The ball bearings are kept
in position by a nylon retainer ilng.

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

Support Pads

Fig.3, Trunnion axle bearing Two integral raised pads are
machined 120" apart on the inner surface of a ilng to support
the axle A third pad located above the axle serves as a
retainer

l

Top View

End of
Trunnion Arle
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\ - -r--Actual Trunnion Axis

Height-ot-Standards Error

ldeal
Trunnion Axis

Fig, 4. Exaggerated illustration of height-of-standards error
This error contributes to errors in horizontal aneles when
measuring targets at various vertical 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 lowerbearing is lapped
flat to within O.25 pm (10 pin). The balls are made with a
diameter tolerance of 0.5 pm (20 g.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 pm (100 pin). 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. a). 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

20 30 50 60 70

Vertical Angle above Horizon (degrees)

Fig,5. Family of curves showing horizontal-angle errors ver-
sus vertical-angle differences for varying degrees of height-
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 3820,{.

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 alc seconds. However, the
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hiking and cross-country ski ing
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other errors are also conholled so that the 38204 can be
used for single-shot readings when only moderate angle
accuracy is needed.

Acknowledgments
In view of the mechanical tolerances required by the

3820A, a great deal of credit must be given to the Civil

Engineering Division precision fabrication and parts in-
spection groups. Craig Cooley designed the alidade and
bottom bearing base. Walt Auyer designed the vertical and
trunnion axis systems.
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A Compact Optical System for Portable
Distance and Angle Measurements
by Charles E. Moore and David J. Sims

HE COMBINED DISTANCE METER and telescope
optical system of the 38204 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
ofthe 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-
lites proves to be unsatisfactory in two ways. First, if the
telescope is balanced about the trunnion oxle, the beam is
quite large at the beam splitter. This requires a large, expen-
sive beam splitter and an undesirably large axle. Second,
the spherico.l oberrotions and secondory spectrum of the
telescope are too large for a good theodoli te. 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 %I
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 spl i t ter remains.

The solution to this problem uses a cotodioptric Cosse-
groin 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 the large effective index-of-refraction difference at
the mirror. All chromotic oberrotion, 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 tal ics in this art ic le are def ned in the glossary on page 1 1

Transmitted lnlrared
Beam +

Reflective
Surface

Rellected Intrared
+8eam

Fig, 1. Optical system design for
38204 Visual sighting and projec-
tion and reception of the infrared
distance measurement beam are
shared by the optical elemenls on
the right The beam splitter de-
flects the infrared portion down to
the distance meter module while
allowing the visible portion to con-
tinue to the eyepiece and focusing
elements on the left
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Fig.2. The mirror rests on three pads providing stress-free
kinematic support lt is secured by cementing at slx polnts

around the edge The difference between the thermal expan-
sion of the cell and the mirror is compensated for by aluminum
spacers in the cement joints, and by selection of the cement
bond thickness

nearby targets. The telephoto effect that was so useful in

permitting the use of a small beam splitter also produces a

Iong effective focal length. The travel distance needed in a

focusing system depends on the square ofthe 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 ochromotic objective,

the classical Cassegrain with two ospheric 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 38204

telescope and there are few readily apparent simplifica-

tions. In the obiective of the telescope there are ten curved

surfaces that can be varied to control ten aberrations or

poroxiol characteristics-spherical aberration, como 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 minor can
cause noticeable loss in resolution.

To avoid these problems the mhror 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 shess 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
minor 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 Prism Adaptor
The 11429A 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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triangulation-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 38204 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-

An Approach to Large-Scale Non-Contact
Coordinate Measurements
by Douglas R. Johnson

COMMON PROBLEM in the manufacture of large
products is the quality control of critical 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 pcm (20 y.in)
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 item to be measured exceeds one metre.
However, these alternate solut ions often have serious
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
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tion is possible. Four angles are recorded to each unknown
point-a vertical (zenith) angle referenced to gravity and an
included horizontal angle from each 3820'\. These four

Fig.1. The 38204 Coordinate De-
termination System allows accu-
rate dimensional and positional in-
formation to be readily obtained
for large oby'ects

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 (d1 and 92) are
known. If A and B are in the same horizontal plane (@1 : 90'),
then the law of sines and some elementary trigonometry
yields:

\

*n:r('.Hffi)
( 1 )

Y p : r
sin (02+01)

The 3820A horizontal-angle measurement capabil i ty
permits determination of d1 by subtracting the angle read-
ing along line AB from line AP. izis similarly determined.
To obtain the elevation or Z coordinate, vertical (zenith)
angles are used. I f  { ,  is the zenith angle (an angle of 0' is
straight up) from the 38204 at A to P, the unknown point,
{2 is the angle from the 3820,4' at B to P, and {1 is the zenith
angle between the 3B2OAs (if they are at uneven elevations);
then the following relationships may be derived.

P (Xe, Ye, Ze)

r)sin (dr) sin (d,
(

_ " ' a '

\ , - - . - - - - - - " " -

46z

B (.,0,2b)

A (0,0,0)

Fig, 2, By placing a 38204 at position A, another at posi-
tion B and then measuring the distance r between A and B and
the  ang les  0 t ,02 ,6 t ,62  and f , ,  the  unknown pos i ton  o f
point P can be determined using simple tr igonometry

Aircraft Inspection

In the assembly of large aircraft,  commercial or mil i tary, passenger
or cargo, dimensional control plays a key role Various subsectrons
such as tai l  assemblies, wing assemblies, engines and their mounts
are precisely constructed on r igid manufacturing f ixtures These
fixtures are routinely inspected ln addit ion, once the aircraft is com-
pletely assembled, another dimensional inspection must be per-
formed This insures that cr i t ical dimensions are withrn tolerances,
subassemblies have been properly mated, and abnormal stress is
not present,

Current inspection methods involve many man-hours of plumbing,
taping, and various geometric calculat ions The need to perform
many individual steps to obtain one measurement complicates the
procedure To obtain the coordinates of a control r ivet on a wing
fuel-cover latch, a measurement crew must typical ly:
r Tape the horizontal dtstance from wing r ivet to wing trai l ing edge

using a hand level, invar tape, and two plumb bobs
! Establ ish the elevation dif ference between the r ivet and trai l inq

edge using transit  and stadia
r Plumb the trai l ing-edge point to the ground
r Tape the trai l ing-edge height above the ground
r Tape the distance from the ground point to the coordinate origin
r Determine the angle from the control axis at the origin to the

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

r Geometrical ly solve for the x and y coordrnates of the wing r ivet
from the taped distance and measured angles

r lvlathematical ly obtain the elevation from the series of individual
elevation measurements
The 38204 Coordinate Determination System wil l  solve the same

dimensional measurement problem in less than one{enth the man-
hours while signif icantly improving coordinate accuracy as a side
benefi t  A f inal benefi t  is the reduction of errors through simple opera-
t ion, automatic data transfer, and comouter control
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Interfacing the 3B2OA
the HP-IB

vla

For the 3820A distance meter to talk to a controller via the HP-lB'
the data has to go through some conversions We must convert
from the binary-coded-decimal (BCD) bit-serial data of the distance
meter to the ASCII byte-serial data of the HP-IB. This process is
accomplished through the 38001A Distance Meter Interface.**

Asseen in Fig I,  thedigitaloutputof the3S20Aconsists of fourteen
digits of data-nine digits of measurement data and five mode an-
nunciators. Since each diglt is represented by four bits the complete
data str ing contains 56 bits This data is posit ive-lrue and is val id on
the fal l ing edge of the clock The frequency of the clock is 1 80 kHz so
that a complete data transfer f rom the 38204 to the 38001A occurs in
3.1 1 1 psec

Annunciators

by Gerald F. Wasinger

After the 14th digit, Flag 1 goes low telling the 38204 that the
3B001A is not currently prepared to accept data. Also, the quad
mult iplexer selects the sequence for the RAM outputs. Final ly, a
service request is sent out on the HP-lB to tel l  the control ler that the
38001A has data

When the controller reads the data from the interface the output
may not be in the same sequence as the one generated by the
distance meter, The output sequence is programmable via the se-
quence RAM and gives the user the option of obtaining some or al l  ol
the data, in any order,

When the BCD data flows into the four least-significant bits of the
bus transceivers, the number three is placed in the four most-
signif icant bits. The result is the ASCII representation of the data in a
form suitable for the HP-IB.

After all of the digits have been placed on the bus, a carriage return
and line feed are generated to terminate the data string. Also, Flag '1

is set high to ailow another data transfer from the 38204 and the
multiplexer selects the now cleared 4-bit counter Thus, the cvcle is

1 2 3 4 5 6
SIGN MSD

7  8  I  1 0  1 1  1 2
LSD MSD

Data Format

1 3  1 4
LSD

1O CLEAR 717
20 OUTPUT 717 USING "#,K";"MLKJIHGFENCO"
30 TRIGGER 717
40 ENTER 717; Dalum, Annun
50 lF Annun<>3 THEN GOTO 80
60 Disr:Datum/1000
70 GOTO 120
80 lF Annun<>6 THEN GOTO 110
90 Dir=lNT (Datum/10)/1E4

100 GoTo 120
1 10 Zenang: lNT (Datum/10)/1E4
'120 DISP "Direct ion:" ;  Dir ;  "Distance:" ;  Dist i  "Zeni th Angle:" ;  Zenang
130 GOTO 40
140  END

The first three lines set the output to(mat ol the 380014 (HP-IB
address 717) The rest  of  the program simply reads the data f  rom the
38001 A, determines whether the informat ion is  d istance.  d i rect ion.  or

38001A Distance Meter Interface e#
BCD Data

: E '
. i 0 1

Fig.2. Block diagram of the electronics of the 38001 A Distance Meter lnterface

comptete.
Frag r I v 

I A simple program for the 98458 Computer/Controller to read
36ZUA multr lunctron data trom the 38001A is l isted below

Cfo"f.

Timing

Fig. 1. Data format and timing lor the output of the 38001 A
The annunciators indicate to the controller what tvpe of data
is belng senf

Referring to Fig 2, it is seen that the serial data is loaded into a shift
register with four parallel outputs, After every fourth bit a negative
pulse rs generated that on the fal l ing edge stores the four bits of the
shift  register into the data FIAM and then, on the r ising edge, incre-
ments the RAM's address counter This orocess is reoeated unti l  al i
fourleen digits have been stored in the RAM
'Hewlett-Packard's implementation ol IEEE Standard 4Be-1978
"See page 1 9 of June 1 980 rssue for a l ist ot the 3BOO1 A specifications
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zenith angle, and then displays the dataon the CRTof the 98458 The
angles are assumed to be in units of grads

The above process is not pecul iar to the 3820A The 38001A also
translates data from the 38084, 3810B, and 38504 distance meters
to a form suitable for use on the HP-IB
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7 -

ot)

Since r, 0y 02, 6r @2, and dt may all be measured with-
out contact in a matter of seconds, Xn, Yo, and Zo may
be determined almost instantaneously.

The preceding mathematics calculates a single solution
for Xo, Y * Zp. In actual practice, four angles- 0t, 02, 6r,
and @2-are measured and used to calculate the three
unknown points-Xo, Yo, and Zo-through a least-squares
reduction. This redirct ibn f indd the best f i t  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 capabil i ty. The computer
communicates with the 38204 through the 380014 Hp-IB
Interface.

If it is unsatisfactory to have the 38204 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 9845T 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-resolution, repeatabil-
i t y ,  and accuracy .  For  the  382OA-based coord ina te-

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 91 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 pm per metre (18 g,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 382OA angle accuracy. Extracting partial de-
rivatives of the least-square equations (equivalent to those
presented in equation set (2)) yields error terms for Xn,
Yo, and Zo 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

ln the parabolic antenna industry, new techniques are constantly
being sought to improve manufacturing ease and versati l i ty One
problem is to design and cert i fy l ightweight antennas surtable for
space applications A technique recently developed uses thin
aluminized-mylar f i lms that are creatively shaped into a paraboloid
Because of the thin, del icate nature of the mylar f i lm, dimensional
measurements cannot be made by normal contact measurement
procedures

The 38204 Coordinate Determination System becomes a useful
alternatave measuring tool Because the system is portable, i t  is
brought to the antenna site instead of the opposite The X, Y, and Z
coordinates are measured to the surface without contact The result-
ing coordinates are compared to an rdeal paraboilc surface for an-
tenna profi le accuracy determination In this appl icat ion, the scale
factor of the basel ine is not cr i t ical since the whole antenna may be
scaled larger or smaller in size without affect ing the parabolic calcu-
lat ions
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A Deflection Measurement Example
and Error Considerations

A short example may serve to clarify the usefulness of the 3820A
Coordinate Determination System. Suppose we are to measure the
bulges of the center of a metal tank before and after being filled with
l iquid (see Fig. 1) We selecttwo instrument setups approximately 10
metres apart located in the same horizontal plane (fi : 90'),

Measurements are made to P yielding:

i l  = 45" 19' 12"
0z = 46" 24' 18'
r :  9 . 9 2 9  m  ( 1 )

d r  :  9 1 "  1 8 ' 0 1 "
6z = 91" 19' 28"

The 9B45Tcalculates coordinates for P in a matter of milliseconds:

(5.05855, 5 1 1537, -0 16330) metres (2)

lf r is known to an accuracy of + 0 005 m, 01 and d, are known
within 0'00' 02" and g and S, are known within 0'00' 04'(38204
rms error specification), the absolute uncertaintres of the coordi-
nates for P due to the uncertaint ies in r,  dj,  02,51 and g2are:

(*0 00255, *0,00258, +0.00010) metres (3)

This is not an exceptionally precise determination of coordinates
However, since we are trying to determine the bulge in the tank, we
are more concerned with the relationship of P-after to P-before

After the tank is filled, the following measurements are made to P
(P-after),

i l :  45" 17',  14"
0z: 46" 22' 19'
r : 9 9 2 9 m  ( 4 \

d r  :  9 1 ' 1 8 ' 0 3 "
6z = 91" 19' 30"

The new set of coordinates Jor P=P-after is

Fig, 1, A small change in large object dimensions such as the
bulge in a tank wall before and after being filled can be easity
measured with the 38204 Coordinate Determination System,

(5.05852, 5,10949, -0 16327) metres (5)

These coordinates also have absolute uncertainties of (3) above
Since the measure of r is unchanged we may subtract the one set of

coordinates from the other and get a much improved result. The
difference is P-after minus P-before eoual to

(-0.00003, 0,00588, 0 00003) metres

with relat ive uncertaintres of (using the rms error equations with
r = 9 9 2 9 m )

(a0 00006, +0 00006, *0.00010) metres

Thus we can state that the bulge occurred in the Y direction with a
magnitude of 5 88 + 0.06 mm (0 231 +0.002 in),

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

The 38204 angle measurement system has a two arc-
second horizontal rms error and a four arc-second vertical
rms emor 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, exhemely good results are obtained. For
the triangle where 0t o 0z: 45o and Qt- Qz: 6t- 90o the
rms error values for coordinate determination are:
Ex : 1:160,000 or 6.2 pm per metre (75 pin per foot) of r
E, : 1:160,000 or 6.2 g,m per metre (75 pr,in per foot) of r
E, : 1:100,000 or 10 pm per metre (120 pin per foot) of r.
Once again, these values change as 0r, 02, @1, @2 and
0t vary.
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Automatic Measurements with a High-
Performance Universal Gounter
Built-in calculating capability, automatic measurement
routines, innovative trigger level controls and interpolators,
and an optional DVM add up to a powerful, versatile
measurement sysrem.

by Gary D. Sasaki and Ronald C. Jensen

EWLETT-PACKARD'S f i rs t  f requency 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
convent iona l  counter  can be  used to  measure  these
parameters, but multiple setups are often needed, accom-
panied by manual calculat ion.

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, t ime, volts, velocity, rat ios, phase, events,
rise time, slew rate, drift, and duty cycle.

Advanced Architecture
Behind these measurements stands a solid universal

counter. Its basic frequency range is 2OO MHz and it has

2S-mV rms sensitivity. Single-shot time interval resolution
is 2 ns. In the tradit ion of the HP Model 5328A,1 an optional
Channel C extends the frequency range to 1300 MHz, and an
optiopal floating DVM measures voltage to -r1000 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. AII of the other
blocks act as support. This centralized architecture gave the
design team tremendous flexibility, and made possible
some unusual capabil i t ies.

For instance, function selection is directly controlled by
the  processor  and on ly  ind i rec t l y  con t ro l led  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

Fig. 1. Model 53354 tJniversat
Counter's outstandi ng abilities in-
clude 9-digitlsecond frequency
and peilod measurement resolu-
tion, 2-ns slng/e-shot time interval
resolution, 200-MHz frequency
range, 25-mV sensitivity, optional
1 3-GHz input channel, automattc
pulse and phase measurements,
manual or automatrc triggering.
versatile arming, math and statis-
tics routines, voltmeter and oven
osci l lator options, HP-lB (stan-
dard), and low EMI
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Amplifier/Schmltt

(Option 030)

(Option 020)

Fig.2. Advanced architecture of Model 5335A Universal Counter is based on two main inte-
grated circuitslhe multiple register counter and the microprocessor. All other blocks support

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 TME and TRIGGER

'The HP Intertace Bus, compatible with IEEE 488-1978
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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
calculations are done automatically. 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: f f i  teoo '

This method, however, has a number of problems. For
instance, trigger level settings have a hemendous effect on
accuracy. Also, difficulties arise when measuring phase
angles neal 0o, because of limitations in time interval
measurements nea-r 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



Tlme Base

l l
F+l 100 ns

i lt l |||| l

Fig. 3. fhe 53354 achieves high resolution (near 1 ns)
through interpolation. The time between the true opening of
the gate and the conventional opening of the gate-4lus 100 ns
----rs used to charge C,. The capacitor is then discharged at
about 1 l200th of the charge rate to stetch the time interval so
that it can be measured to high resolution by a conventional
dedicated counter.

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

Phase:#hff i  "eoo"
TI, is the time interval between the positive edges of the
two signals and TI, 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 0o, the counter automati-
cally flips the slope of one of the channels when it detects
that the phase is going to be close to 0". This effectively
converts the measured phase angle to around 180', which is
subsequently adjusted back to around 0'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 0o and 360'. This al-

gorithm sets the display range to +tB0o when displaying
angles ne€r zero, while setting the range to 0"-360o when
displaying angles near 180". 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
1O-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 53354 achieves near l.-ns resolution through a
technique called interpolation. It is an improved version of
a similar technique used in the 5360,\ 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 1/200th 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 circuitryused to
build the interpolators are subject to operational variations
over temperature and time. The S360A's interpolators were
in a special insulated cavity and had several adjustments.
The 53354 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 L00-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.

Adjustmelrt time needed - 
CsraRr - Croo 

x 100 nsfor-start of gate Czoo - Croo

Ctos and C2ss represent the discharge time of the inter-
polator capacitor for the 100-ns and 200-ns calibration
pulses, respectively. Csl6pl 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 adiustment 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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Channel C, the optional third channel for the 53354 Universal
Counter, is a 1300-MHz divide-by{wenty prescaler The system
block diagram is shown in Fig 1 Signals appl ied external ly to the
channel C input pass through a special BNC connector containing a
fast-acting f use rated at 0, .1 25 am pere t The f use blows when a stgnal
outsrde the acceptable range of -5V to +5V is appl ied to the input
Thus, the user is relreved of any worry about damaging the prescaler
module Blown fuses can be replaced quickly from the outside.

Protection against damage to the sensitive amplifier is provided by
a 600-mV (peak{o-peak) limiter composed of four diodes in a bridge
configuration The l imiter prevents miscounts result ing from ampli f ier
distort ion under high input condit ions. l t  permits input signals as high
as lVrms Sensit ivi ty control is provided by a PIN diode attenuator
just in front of the ampli f ier Design of the attenuator is similar to an
earl ier design 1 l t  offers a nominal range of 20 dB upto 1 GHzand 12
dB at 1 3 GHz lt  preserves the input VSWR at less than 2 5:1 for any
setting The attenuator is adjusted by a control on the front panel

The applied input signal is ampli f ied by a custom hybrid integrated
circuit manuf actured by HP lt provides a gain oI 24 dB + 1 dB f rom 2
MHz to 1600 MHz with a nominal 50-ohm input impedance l t  dissi-
pates only 400 mW and is housed in a small  TO-12 style package.2

At the center of the prescaler design is the decade divider, which is
a custom monoli thic integrated circuit  fabricated using HP's S-GHz fr
process.3 The decade divider has a sensit ivi ty of better than -7 dBm
over the trequency range of 150 to 1300 MHz, and i ts power con-
sumption is 600 mW lt is integrated on a si l icon chip measuring only
1 31 mm x 1.77 mm and is mounted in a 13-mm-diameter TO-B metal
package The output of the decade divider is appl ied to a binary
divider ahead of the 53354's MRC circuit ,  so the overal l  prescale rat io
is 20 However, resolution that is normally lost in a prescaler scheme
is gained back with the help of the mainframe's interpolators

Sensit ivi ty of the decade is shown in Fig 2, which is a plot of signal
strength reterred to the channel C input (50 O) versus input fre-
quency Within the shaded region the decade divider does not
exhibit  a stable division ratro However, i t  can be seen from Fig 2 that
the decade is extremely sensit ive in the vicinity of 1 0 GHz This is a
natural characteristrc feature of frequency dividers that use direct-
coupled master and slave latches in a feedback loop With zero input
signal the decade divider actual ly osci l lates The f requency of osci l la-
t ion is preset to 1 0 GHz + 10 MHz by adjusting a bias voltage Other

Fig,1. Block diagram of the 1 3-GHz presca/er system in the
5335A Counter's optional channel C.

Third Input Extends Range to 1300

by David M. DiPietro

MHz

Input FrequencY (GHz)

Fig.2. Level detector sensitivity as a function of frequency

characterist ic features of osci l latory master-slave dividers are the
rolloff of sensitivity at low frequencies to mainta jn the minimum input
voltage slew rate required to avoid mult iple counting, and rol loff  at
high frequencies because of the gain-bandwidth l imitat ions of the
fabrication technology

Returning to the block diagram, Fig 1, note that there are two
auxi l iary inputs to the binary divider One of these is a clock enable
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input (CE2) from the microprocessor. When bit b7 is high, as deter-
mined by the microprocessor control lines, the channel C output is
enabled. When b7 is low, no signals can pass through the binary and
channel C is disabled. Another clock enable input (CE1) effectively
enables the binary whenever the level detector output is high This
condition corresponds to an input signal strength greater than a
preset threshold level. The level detector consists of a bandpass filter
with lowJrequency rollofl at 100 MHz and high-frequency rolloff at
1000 MHz, followed by a peak detector and a Schmitt trigger. Hys-
teresis in channel C input sensitivity is provided by the Schmitt
trigger. The instrument will start 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 function of trequency The level detector has
been des igned to  be  about  2  dB less  sens i t i ve  than the

divider to ensure unambiguous and crisp triggering from 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-
sruements, 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 10e, 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 tt
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 ofresolution! 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
I2L, 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,a where much of its power was used, but not all. In
the 53354 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-
cuihy 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

C H A

C H B

To Rest
ol Sequencer

Sequencer
Clock

(Usually the
Tlme Base)

To Rest ot
Sequencer

c H c
Time
Base

Fig. 4. An elaborate syn-
chronized gating circuit assures
that 53354 measurements staft
and stop precisely as required
Ihls /s a simplified portion of the
gate sequencer The gate's start
can be conditional on severa/ slg-
n al s. Excl u s iv e- oR g ates sel ect th e
signal's slope The * symbols rep-
resent control signals from the
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. a,
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 TME 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 ond the stop of almost ony
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 Amplifiers
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 -r5 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 R1 and R2. The over-
all transfer function of the buffer is Vo : (Vin-VJR1iR2.

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 +-S-volt trigger range practical.

A lot of attention also went into the design of the Schmitt
trigger. HP's S-GHz bipolar IC technologys 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 IC 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

Trigger
Level

Vr

High Frequency

Low Frequency

Schmitt
Trigger

Trigger Point
ol Schmitt Trigger

Set to 0V

To Peak Detectors

Fig. 5. Sp/lt-band input amplifier
moves the signal to the trigger
level, thus keeping the high-speed
Schmitt trigger's trigger point at a
constant 0V.

26 rewrer-encKAnD JoURNAL SEpTEMBER 1 980



Fig, 6. Specral packaging aids the performance of the 500-
MHz adjustable-hysferesis Schmitt trigger The flat 24-pin
package permits shorter /eads than a dual in-line package,
thereby aiding highJrequency operation To keep the lC cool
in spite of the large amount of powet ll dlss/pafes, the lC is
bonded to a plate attached to a stud, which is attached to a
heat sink (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 Triggering
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.

Auto preset sets the higger 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 adiustment
range, so instead of a t5V range, the range might be 0.4V to
3.5V if  a TTL signal is being measured (Fig. z). This mode
gives much f iner adjustment resolut ion, especial ly on
smaller signals, and no other counter has it.

The third mode sets the trigger levels to the 10% and g0%
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 automatical ly invoked.

Automatic trigger level adjustment is based on knowing
the peakvalues 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.
B shows two almost identical detectors made with a basic
diode-capacitor pair. One detector uses one diode for an
output of (Vo""1-V6io6"), while the other detector uses
two diodes fbr an output of (Vou"1-2Vaioa"). These lwo
levels are buffered and fed into a summing circuit that
performs the following calculation:

(Vo"u1- 2Vdiod") - (Vp""t- Vaio6") 
: IVp""1-V4iode) -Vout.

Thus Vpea]<:Vout.
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
ofthe status ofthe 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 2B). 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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Fig.7, Comparison of manual and automatic trtgger ranges
ln manual triggering, the trigger level knob's adjustment range
is -5V to +5y pFEsErls 0V ln automatic triggering, the peaks
of the input signal determine the knob's adjustment range
pRrser ls the 507" level
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A Voltmeter for a Universal Counter

by Val D. McOmber

The 5335A's microprocessor and the MRC it controls provide the
capabilities of a true systems voltmeter for little additional hardware
Using precision voltage-to-frequency converters with software error
correction as the conversion medium, all of the Ieatures of the
5335A's counting chain are brought to bear, including averaging,
math, and statistics.

The counter has two DVM channels. One DVM is standard with the
instrument lt is used for trigger level measurement and internal
diagnostics. The other channel is reserved for Option 20, the "exter-
nal" lour-digit dc voltmeter. Operation of the internal DVM is basically
the same as that of Option 20 The major differences are the accuracy
of the references, linearity of the V-to-F converter, and the opto-
isolators required in the tour-digit optional DVM The block diagram is
shown in Fig 1

The four-digit dc voltmeter has three ranges: .0001 to I 999V,
10 00 to 99 99V, and 100.0 to 1000V Range selection is control led by
the microorocessor via a control circuit rn the DVM that controls the
switching in and out of the various feedback networks of the input
am plifier/buffer. The amplifier has gains of - 1 12, - 1 I 20, and - 1 /200
This control of the gain makes the DVM fully autoranging

The input buffer has a low-pass filter with a corner lrequency at
about 10 Hz lor ac noise rejection Because the gate for the DVM is
continuously variable, 60/50-Hz noise is more noticeable than in
DVMs that gate only at the line frequency. The variable gate, and thus
the variable averaging available, provides the DVM with a broader
spectrum of noise reduction capability than a fixed gate would
However, if in a particular application a coherent frequency (line or
any other "low" frequency) contributes too much noise, this fre-
quency or mult iples of i t  may be applied to the counter 's rear
panel-at the EXTERNAL GArE port-to gate the DVM at the troublesome
frequency. This will reduce the norse by some 20 to 30 dB.

Once the input voltage has been converted by the amplifier to a
usable voltage range, it is converted to a f requency to be counted by
the MRC A monolithic V{o-F converter is used Large errors tn the

Vret min Vrel mar
= 1/z(Y r.1 ^", - Vref min)

Fig. 2. Typical voltagelo-frequency converter transfer func-
tions are nonlinear ln the 5335A counter, the ends and mid-
point of the transfer function are measured in a microproces-
sor calibration routine performed on each measurement Then
a two-segment linear approximation of the curve is used to
reduce the conversion error

V{o-F conversion process caused by temperature variations and
drift have kept many designers from using V{o-F converters in other
DVMs. These errors can easi ly be hundreds of parts per mil lron per
degree Another major inconvenience is that many adjustments are
often required just to get the transfer curve-no matter how linear to
go through the origrn (sometimes called the zero adjust) and have the
proper slope (or lul l-scale posit ion, sometimes cal led the gain ad-
just) In the 53354 these errors are eliminated The only errors left are
the voltage relerence and input ground shif ts ( in the input bufler)

In addit ion to the errors normally encountered in l ining up the zero
and full-scale points of the transfer curve, another error results lrom
the nonlinearity of the transfer from voltage to frequency. Fig 2 shows
a typical transfer f  unction and this error Even i i  the two end points are
positioned exactly, there is still error caused by the curvature of the
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Flg. 1. Block diagram of the digi-
tal voltmeter, Option 20, for the
5335A Universal Counter The
standard trigger-level DVM has
the same form minus the inDut
buffer
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transfer function The distance between the desired straight line and
the curved line is the conversion error. However, if a third point
can be obtained on the V-to-F transfer curve so that two linear
extrapolations (on the three points) can be done, the error can be
dramatically reduced, as shown by the two dotted lines in Fig 2.

This three-point two-line curve f it removes the problems of zero and
gain adjust and drift with time and temperature in both the internal
tr igger level DVM and Option 20 l t  is implemented by micro-
processor calibration, performed on each measurement lt is ac-
complished by providing, through a buffered voltage multiplexer, the
three reference points needed for the linear curve fit These voltage
points are: the ful l  scale maximum voltage of +5V, the minimum of
-5V, and the midpoint, which is ground. These three references are
provided by a precision voltage source that uses a commercial
high-grade voltage reference which includes matched precision re-
sistors for dual precision tracking references

One partrcularly strong feature of the 5335A's DVM is that the user
can take advantage of the features of the mainframe. Sample time
can be adjusted for ease of viewing or accuracy. Math and statistics
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are available External gating and HP-lB output round out the systems
caoabil i tres.

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 subhact 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 : MEAS,_1 ENTER, and given a sequence of mea-
surements, MEAS1, MEAS2, MEAS3, . . ., the counter will
display MEAST-MEASI-r.

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-conholled oscillator) while varying the tuning

Fig.8. Sinplified diagram of the self-compensating positive
peak detector The peaks of the input signal are detected and
used to determine the 10"/o, 50%, and 90% levels for automatic
triggering

Vp".r-2Var*

R

Vp."*-Vaioa.

sEprErvtBEF I 9Bo HEWLETT-pAcxnno louRur 29



The microprocessor that orchestrates the 53354 Universal Count-
er 's complex measurements and chains of measurements is equally
powerful and versatile in providing assistance to service and repair
personnel The 5335A provides three levels of self test The iirst level
is accessed by pressing the cnecr key lor a moment. This initiates a
slowly flashing display to check the seven-segment displays and the
LED annunciators. A .13-step test of the mult iple-register counter
(MRC) and the interpolator circuitry is also performec

Holding the cHEcK key in for a few seconds accesses the second
level of self test In addition to the above checks, this test runs a
complete check of the signal path in the counter The operator must
connect the rN/E BASE ourpur on the rear panel to the FREQA input to
provide st imulus. Fai lure to do so wil l  give an ERRoB 7 o message. With
this st imulus, the program tests both input channels, the common/
separate signal select ion circuitry, input attenuators, acldc coupling,
the routing to the MRC, MRC operation, the interpolat ion circuitry, the
computation of the results, and the display and i ts circuitry

The most complete set of tests and diagnostic tools is the third
level Over 30 tests or groups of tests can be performed They are
accessed through a sequence of keystrokes Pressing one of the
blue math keys such as oFFSET and then slaoorr will produce the
message spEcrAL, designating special function access Pressing se
ENTER completes the access into the diagnostics, Diagnostic #1, the
entry point into the diagnostics, is the most thorough test of al l .  l t  is a
chain of several tests that starts at the microprocessor and gradually
works through the circuitry, adding blocks oJ circuits on each suc-
cessive test The reporting system issues a FA|L rnessage for any
unsuccessful test. The messages range from FA|L 1 o to retr z s, with
each integer indicating a dif ferent block of circuitry The program
attempts to cycle through the tests repeatedly even if several fail
messages have occurred The test checks ROM and RAM, MRC,
interpolators, tr igger level circuitry, displays, data bus, and front-end
relays and circuitry l t  concludes with a display of the +s-volt ,  -5-

volt, and +3-volt supply voltages Each ot these tests and other

5335A Self Test and Diagnostics

by Robert J. LaFollette

specific tests can be accessed by entering the specific test number
into the scALE register

Three forms of signature analysis can also be performed in both
Jree run and stimulus mode The free run mode takes no ROM space
and checks the address decode logic and ROM patterns Stimulus
mode takes only 50 bytes of program code and tests the remainder of
the addressable logic

The 53354's flat construction provides excellent serviceability,
giving easy access to both sides of almost all components. The
processor and digital sections disconnect easily from the power
supply, the front end and the display assemblies lor easy replace-
ment or troubleshooting. Within the digital assembly a buffer is pro-
vided to isolate the heart components-the processor, the ROMs,
and the RAM-from the rest of the digital circuitry, making tault
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 compatibil i ty 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
Iinear 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
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have to havel 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 52611,979 a\d 52711.975 receiver law limits, and the
U.S. MIL-STD-461A Notice 3 l imits.
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A Low-Cost Universal Counter for
Systems Applications

Since the introduction of the HP-lB (Hewlett-Packard's implemen-
tation of the IEEE-488 interface standard) it has become much easier
to design automatic test systems. A basic element of many automatic
systems is a universal counter, which i'neasures frequencies, time,
and events in a myriad of different ways

A new low-cost, low-power, reliable universal counter tor systems
applications that combines excellent performance with remote pro-
grammabil i ty is the new Model 53164 (Fig. 1) l ts performance
specifications are, in general, the same as the comparable specifica-
tions for the 5315A/B 1 There are a number of new features, but the
primary difterence is the ability to communicate on the HP-IB

The dc level at which the counter kiggers is generally determined
by a pair of potentiometers on the front panel In the 5316A, these
levels can also be independently programmed through digital-to-
-analog converters (QACs) over a range of +2.50 volts to -2 50 volts
in 10-millivolt increments. The trigger levels are brought out to two
points on the front panel. These test points allow access to the actual
trigger levels whether they are under local or HP-lB control

A useful feature in systems applications is the ability to lock the
internal reterence oscillator to a local standard Any submultiple of 10
MHz between 1 0 MHz and 10 MHz can be used with the 531 6,4 An
injection-locked multiplier produces the 10-MHz time base used by
the internal counting chain

A Single-chip microcomputer consists of a cenkal processing unit
(CPU), ROM, and RAM on a single monoli thic lC. The 5316A is
unusual in that it uses two ditferent microcomputers: a 3870 to imple-
ment the normal counting functions such as scanning the keyboard,
driving the display and operating the counting chain, and a 6801 to
process the l/O such as decoding the HP-lB instructions and encod-
ing the data into ASCII The two processors exchange information by
a four-bit link with an asynchronous handshake

Each processor has two kilobytes of ROM;the software residing in
the ROMs defines the operation of the 5316A Software initialization
includes ROM and RAM testing internal to the l/O processor, and
external testing of the four-bit data link between the l/O processor and
counter processor The l/O processor programsthe counter proces-
sor for self check and reads the data lf an error develops, the user is
informed by the flashing of the HP-lB status lamps. This provides
maximum user confidence and a convenient troubleshooting tool if
the instrument should require service. The 53164 HP-lB instruct ions
and programming format are designed to be as similar as possible to
those of the higher-performance 53354, described elsewhere in this
ISSUE

A number of self-test routines are built into the 53164 These

Fig.l

include signature analysis and a thorough test of the link between the
l/O processor and the HP-lB controller. The signature analysis routine
includes a DAC programming routine that generates a sawtooth
waveform that can be monitored at the trigger level test points on the
front panel. The HP-lB link test rs an extensive interactive test of the
link between the HP-IB controller and l/O orocessor: it ensures cor-
rect operation of al l the elements of the HP-lB interconnection, includ-
ing the cable Twenty-five percent of the ROM is devoted solely to
testing The test routines use many of the subroutines in the main
operating systems, so that the actual percentage of the software
used in testing is sixty-five percent,

One of the extraordinary features of the 53164 rs its low power
consumption Low-power design reduces the internal heat nse,
thereby greatly improving reliability The 5316A is one of the lew
systems-oriented instruments that does not need a fan.
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