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C o n t e n t s :  A P R I L  1 9 8 3  V o l u m e  3 4  â € ¢  N u m b e r  4  
A  N e w  a n d  L a s e r  D i m e n s i o n a l  M e a s u r e m e n t  a n d  A n a l y s i s  
System,  by  Rober t  C.  Quenel le  and Lawrence J .  Wuerz  I t ' s  more compact ,  more power fu l ,  

and less expens ive than prev ious systems.  

D i m e n s i o n a l  M e t r o l o g y  S o f t w a r e  E a s e s  C a l i b r a t i o n ,  b y  L a w r e n c e  J .  W u e r z  a n d  C h r i s  
t ophe r  t ime  An  HP-85  Compu te r  au toma tes  comp lex  l ase r  ca l i b ra t i ons  t o  save  t ime  and  

reduce errors.  

A u t o m a t i c  C o m p e n s a t i o n ,  b y  D e a n e  A .  G a r d n e r  S e n s o r s  h e l p  t h e  l a s e r  m e a s u r e m e n t  
sys tem compensate for  a tmospher ic  cond i t ions and mater ia l  temperature .  

L a s e r  O p t i c a l  C o m p o n e n t s  f o r  M a c h i n e  T o o l  a n d  O t h e r  C a l i b r a t i o n s ,  b y  R i c h a r d  R .  
Bald component Larry E. Truhe, and David C. Woodruff Each optical component is designed to mea 

sure a  par t icu lar  degree o f  f reedom of  a  machine too l .  

M a n u f a c t u r i n g  t h e  L a s e r  T u b e ,  b y  R i c h a r d  H .  G r o t e  C u s t o m - d e s i g n e d  m a c h i n e s  a u t o  
mate the process to  contro l  qual i ty  a t  every s tep.  

M e c h a n i c a l  D e s i g n  F e a t u r e s  o f  t h e  L a s e r  H e a d ,  b y  C h a r l e s  R .  S t e i n m e t z  L o w  m a n u  
fac tur ing cost  and ease o f  repa i r  are  des igned in .  

N o i s e  F i g u r e  M e t e r  S e t s  R e c o r d s  f o r  A c c u r a c y ,  R e p e a t a b i l i t y ,  a n d  C o n v e n i e n c e ,  
by  Howard  L  Swa in  and  R ick  M.  Cox  Measurements  tha t  used to  be  ted ious  o r  inaccura te  

or  both are now nei ther .  

Labo ra to ry  No tebook  â€ ”  Mass  S to rage  Un i t  Exe rc i se r  The  p rob lem was  how to  p rov ide  
bui l t - in  d iagnost ics for  a  f lex ib le  d isc dr ive that  d idn ' t  come wi th  them. 

In this Issue: 
In th is surface, wor ld of  ours,  there's no such thing as a straight  edge, a f lat  surface, or  

parallel l ines. Those who inhabit the world of precision machining are constantly reminded of 
these newest as designers demand tolerances just  a l i t t le t ighter than the newest and best 

Â»  mach ine  a  can  de l i ve r .  In  th i s  env i ronment ,  i t ' s  essen t ia l  to  know jus t  how imper fec t  a  
machine too l  is .  Many machine too ls  are  computer  cont ro l led and can be programmed to  
compensate for errors i f  accurate cal ibrat ion data is avai lable.  

Because today's machine tools are very, very precise, i t  takes a super-precise measuring 
t oo l  22 ,  Lase r  t hem.  The  sub jec t  o f  t he  a r t i c l es  on  page  3  t o  22 ,  t he  HP  5528A  Lase r  

Measurement System, is such a tool .  The LMS consists of  a laser head, precis ion opt ical  components,  and a 
mic rocomputer -based measurement  and d isp lay  un i t ,  op t iona l l y  augmented w i th  an  HP-85 Computer .  The 
cover photo shows it doing its job. The LMS is used periodically or as needed to check a machine's accuracy, to 
prov ide data for  computer  error  compensat ion,  to  detect  wear ,  and to d iagnose problems.  

Back described as 1 970, HP's first laser measurement system was described in these pages as "a two-hundred- 
foo t  LMS wi th  graduat ions  every  micro inch. "  The 5528A LMS re ta ins  tha t  laser  p rec is ion  and o f fe rs  be t te r  
opt ics,  but  setup,  and more automated operat ion.  I t  measures not  only  length or  posi t ion,  but  a lso s t ra ight-  
ness ,  many  squa reness ,  p i t ch ,  yaw ,  and  pa ra l l e l i sm .  And  i t  has  many  uses  i n  add i t i on  t o  mach ine  t oo l  
cal ibrat ionâ€” for example, in metrology laboratories and integrated circuit  l i thography. 

Any t ime a  out  passes through some par t  o f  a  sys tem,  say an ampl i f ie r  o r  a  f i l te r ,  i t ' s  l i ke ly  to  come out  
no is ier  a  i t  went  in .  I t ' s  jus t  another  example of  our  imper fect  wor ld .  To descr ibe how much noise a system 
component adds to a signal, engineers use a figure of merit called noise figure. There are many ways to measure 
n o i s e  t o  s o m e  e a s i e r  t h a n  o t h e r s  a n d  s o m e  m o r e  a c c u r a t e .  I t  u s e d  t o  b e  t h a t  a c c u r a c y  p r e c l u d e d  
convenience. If you wanted a quick noise f igure measurement i t  was necessari ly inaccurate and nonrepeatable. 
The  HP 8970A No ise  F igu re  Me te r  desc r ibed  i n  the  a r t i c l e  on  page  23  i s  des igned  to  change  a l l  t ha t  by  
measur ing noise f igure convenient ly ,  accurately,  and repeatably.  Besides the 8970A design story,  the ar t ic le 
a lso g ives us some basic  in format ion on noise f igure and i ts  measurement .  

One of the built benefits of microprocessor control of instruments is that diagnostic programs can be built in so 
that  ins t ruments  can tes t  themselves.  The HP 4145A Semiconductor  Parameter  Ana lyzer  (see our  October  
1982 issue)  tests i tse l f .  However,  one of  i ts  subsystems,  the f lex ib le d isc dr ive,  is  a purchased par t ,  wasn' t  
designed article on of the 4145A, and didn't come with self-test capabil i ty. In the Laboratory Notebook article on 
page solved one of the 4145A's designers tel ls how the design team solved this typical engineering problem. 

-R.  P.  Do/an 
E d i t o r ,  R i c h a r d  P .  D o l a n  . A s s o c i a t e  E d i t o r ,  K e n n e t h  A .  S h a w .  A r t  D i r e c t o r ,  P h o t o g r a p h e r ,  A r v i d  A .  D a n i e l s o n  .  I l l u s t r a t o r s ,  N a n c y  S .  V a n d e r b l o o m ,  

Susan E.  European .  Administ rat ive Serv ices,  Typography.  Anne S.  LoPrest i ,  Susan E.  Wright  .  European Product ion Superv isor ,  Henk Van Lammeren 
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A New Microcomputer-Controlled 
Laser Dimensional Measurement and 
Analysis System 
Microcomputer  contro l  s impl i f ies machine tool  ca l ibrat ion.  
Other  appl icat ions are in  research and development ,  
genera l -purpose metro logy,  and sur face p la te ca l ibrat ion.  

by Robert  C.  Quenel le  and Lawrence J .  Wuerz  

HEWLETT-PACKARD is well known as a source of 
electronic instrumentation. Not so well known is 
that the company also makes instruments for precise 

distance and angle measurements. One family of these in 
struments uses interferometer techniques to make high- 
resolution measurements. The first product in this family 
was a laser interferometer that could measure large dis 
tances with a resolution of 10~8 meter or 10~6 inch.1 This 
first interferometer found acceptance in the machine tool 
industry as a means of certifying and calibrating machine 
tool positioning systems and distance readouts. 

Improvements to the original system allowed remote 
measurements, that is, measurements between two passive 

optical components.2 Previous measurements were all 
made between the laser and an optical component. Along 
with the remote interferometer came a new angle-sensitive 
interferometer that allowed measuring pitch, yaw, and flat 
ness more conveniently than with traditional autocol- 
limator techniques. Several years later a new interferometer 
sensitive to straightness, or deviation from travel in a 
straight line, was introduced.3 This interferometer, along 
with a precision optical square, proved very useful for 
evaluating machine tool straightness of travel, orthog 
onality between axes (squareness), and parallelism. Once 
again, the straightness interferometer replaced less accu 
rate and less convenient conventional techniques. 

F i g .  1 .  T h e  5 5 2 8 A  L a s e r  M e a  
s u r e m e n t  S y s t e m  c o n s i s t s  o f  a  
l a s e r  h e a d ,  a  m e a s u r e m e n t  d i s  
p l a y ,  a n d  p r e c i s i o n  o p t i c a l  c o m  
ponen ts .  I t  measures  l i near  pos i  
t ion,  p i tch and yaw,  s t ra ightness,  
s q u a r e n e s s ,  f l a t n e s s ,  a n d  p a r a l  
lelism. 
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The HP 5528A Laser Measurement System, Fig. 1, is a 
completely new implementation of the above measure 
ments. It is more compact, more powerful and less expen 
sive than the previous system. A new measurement control 
ler and display, Model 5508A, incorporates several func 
tions that were previously in separate boxes. Its front-panel 
keyboard and microprocessor provide more functions than 
its predecessor, and the new laser head, Model 5518A, has 
the straightness adapter optics built in. The new optical 
components are generally smaller and come with more 
versatile mounting hardware designed to simplify chang 
ing from one measurement to another. All of these new 
products were designed to be as good as the previous prod 
uct line while offering higher performance when possible 
and a lower price. 

Measurement data is available in digital form via an 
HP-IB (IEEE 488) port on the rear panel of the 5508A Mea 
surement Display. This output is used by the HP 55288A 
Dimensional Metrology Analysis System, which includes 
an HP-85 Computer and special software. With the 
55288A, the user receives convenient interpretation 
of information. Machine calibration data can be stored, 
plotted and analyzed. Calibration time is reduced, and 
complex calculations are done automatically. The 55288A 
System is recommended for simplifying surface plate cali 
brations and straightness measurements. 

Accuracy of the new 5528A Laser Measurement System is 
typically two microinches per inch of travel and resolution 
is one microinch. Distances up to 120 feet may be measured. 

Dimensional Metrology Software 
Eases Calibration 

by Lawrence J .  Wuerz  and Chr istopher  Burns 

Cal ib ra t ion  o f  mach ine  too ls  us ing  the  HP 5528A Laser  Mea 
surement  System can be per formed much more ef fect ive ly  when 
a control ler is used to assist the gathering and analyzing of data. 
For this reason, the 5508A is designed to al low programming and 
da ta  read ing  v ia  the  HP- IB  ( IEEE 488) .  The  HP 55288A D imen 
s i o n a l  c a l  A n a l y s i s  S y s t e m  i s  d e s i g n e d  t o  s i m p l i f y  t h e  c a l  
ibrat ion process by automat ing measurement  setup and contro l .  
Based on the HP-85 Personal  Computer,  i t  is  a portable package 
f lex ib le  enough to sat is fy  the d i f fer ing needs of  most  users.  

In  gather ing  data ,  the  computer  does two th ings that  a re  par  
ticularly useful. First, it records data values electronically, far more 

q u i c k l y  a n d  r e l i a b l y  t h a n  c o u l d  b e  d o n e  b y  h a n d .  S e c o n d ,  i t  
ensures that  measurements are per formed in  an organized man 
ne r .  I n  measu r i ng  t he  accu racy  o f  a  mach ine  t oo l ,  t he  t oo l  i s  
moved  i s  ta rge t  pos i t i ons  a t  wh ich  da ta  i s  taken .  Usua l l y  i t  i s  
required to move to and take a data point  at  each target several  
t imes to test the machine's repeatabil i ty. It  may also be necessary 
to  approach  the  ta rge ts  f rom d i f f e ren t  d i rec t i ons  to  check  the  
machine for  hysteresis (backlash).  Metrologists have developed 
a  n u m b e r  o f  s c h e m e s  f o r  a p p r o a c h i n g  t h e  t a r g e t s  i n  v a r i o u s  
o rders  o f  da ta  tak ing  wh ich  op t im ize  measurements  in  var ious  
ways .  When  the  HP met ro logy  so f tware  i s  used ,  the  compute r  

POSITIONING ERROR PLOT 
+.001000 

. 300000 

F ig .  1 .  A  t yp i ca l  l i nea r  e r ro r  p lo t  
fora mi l l ing machine,  produced by 
t h e  5 5 2 8 8 A  D i m e n s i o n a l  M e t r o l  
ogy Analys is  System. 
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keeps track of the measurements, rel ieving the user of this task. 
Fo r  examp le ,  cons ide r  how  a  me t ro l ogy  so f twa re  use r  wou ld  
measure the l inear  pos i t ion ing accuracy of  a  machine too l .  The 
so f tware  f i r s t  asks  fo r  ta rge t  pos i t ions .  The  opera to r  can  type  
these in individual ly or cal l  for evenly spaced targets at specif ied 
in te rva ls  be tween  spec i f i ed  beg inn ing  and  end ing  po in ts .  The  
user  then se lects  how many runs ( i .e . ,  readings at  each target )  
and what order of data taking to use. Then, for each reading, the 
computer  te l ls  the user  what  target  to  move to and stands by to 
accept  data .  The user  moves to  the target  us ing the machine 's  
posit ion control ( i .e.,  the device under test) and then presses the 
laser system's RECORD key, sending the actual machine posit ion 
to the computer. The computer then compares the actual posit ion 
wi th the target  posi t ion,  stores the di f ference as error  data,  and 
prompts the user  to  go to  the next  target  to  be measured.  

Once a l l  the data has been co l lected,  the metro logy sof tware 
of fers a choice of  several  formats for  output .  I f  desi red,  the raw 
data can be printed out on the HP-85's internal printer for analysis. 
I n  m o s t  c a s e s ,  h o w e v e r ,  m e t r o l o g i s t s  w a n t  t h e  s a m e  b a s i c  
analys is :  a graph of  machine error  versus posi t ion,  showing the 
average of  a l l  er ror  data taken at  each target  and a conf idence 
window about that average based on the standard deviation of the 
data.  The 5528A metro logy sof tware has the abi l i ty  to  generate 
these plots automatical ly on either the computer 's bui l t - in CRT or 
an HP-GL p lo t te r .  An example  o f  a  l inear  er ror  p lo t  f rom an HP 
7470A error is shown in Fig. 1 .  The f igure shows posit ional error 
versus posit ion for a mil l ing machine with data points taken every 
1 .125 inches  over  a  26- inch  t rave l .  The midd le  l ine  (do t -dash)  
deno tes  t he  mean  o r  ave rage  o f  a l l  t he  e r ro r s  a t  a  pa r t i cu l a r  
posit ion. I f  the data associated with this plot involved ten runs of 
data, l inear line denotes the average of all ten errors at each linear 
posit ion. Since the data plotted here was gathered using an order 
of  data taking in which targets were approached f rom both di rec 
t ions, the plot also shows the averages for the sets of data points 
taken on each direction separately. These are the broken l ines on 
ei ther s ide of  the middle l ine,  which show that  the posi t ioning of  
th is  mach ine exh ib i ts  a  fa i r  amount  o f  hys teres is ,  o r  back lash.  

"HP-GL:  Hewlet t -Packard Graph ics  Language 

SURFACE PLATE CONTOUR PLOT 

Plo ts  can  a l so  be  gene ra ted  w i th  bo th  d i rec t i ons  ana l yzed  to  
gether ,  i f  des i red.  The uppermost  and lowest  dot ted l ines repre 
sent the Â±3<7 or 99.7% confidence intervals calculated from the 
data at a given posit ion. The machine should perform within these 
l imits 99.7% of the t ime. 

The plot  in Fig.  1 conforms, in analysis and format,  to the VDI 
3441  spec i f i ca t i on  common l y  used  i n  Eu rope .  The  me t ro l ogy  
software can also provide simi lar plots conforming to the NMTBA 
standard used in the U.S.A.  

The metro logy system operates in  basica l ly  the same manner 
fo r  l inear  pos i t ion ing  da ta ,  angu la r  da ta ,  o r  s t ra igh tness  da ta .  
When measuring straightness, the software can remove the slope 
of the also measured, showing only out-of-straightness. It can also 
easi ly calculate the paral lel ism or squareness between two axes. 

Capab i l i t y  i s  a l so  p rov ided  to  charac te r i ze  the  f l a tness  o f  a  
s u r f a c e  p l a t e  o r  m a c h i n e  t o o l  b e d . '  F l a t n e s s  m e a s u r e m e n t s  
are der ived from angular data taken by the 5528A, with the angu 
la r  re f l ec to r  moun ted  on  a  re fe rence  basep la te  w i th  p rec i se l y  
spaced pads.  By tak ing measurements  a long a l l  four  s ides,  the 
diagonals,  and the two midl ines of  the surface plate wi th the aid 
of  the gener  sur face p la te isometr ic  contour  p lo ts  can be gener  
ated (see Fig.  2).  For a typical-s ize surface plate,  the ent i re cal i  
b r a t i o n  c a n  b e  a c c o m p l i s h e d  i n  a b o u t  o n e - f o u r t h  t h e  t i m e  r e  
qu i red by convent iona l  methods.  

Acknowledgments  
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init ial  design of this software and Karen Vahtra for convert ing the 
55288A Sof tware for  use wi th ear l ier  HP laser systems. 
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F i g .  2 .  T y p i c a l  s u r f a c e  p l a t e  
isometr ic contour plot .  
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To 5508A 

aser Head 

Polarizing Beam Splitter 

Interferometer 

F i g .  2 .  O p t i c a l  p a t h s  f o r  a  s t a n  
dard  d is tance measurement .  The 
s y s t e m  m e a s u r e s  h o w  f a r  t h e  
movab le  cube  co rner  t rave ls  du r  
ing the measurement .  

Laser  Measurement  Theory  
The 5528A Laser Measurement System uses interferome 

ter techniques to make various measurements.  Distance 
measurements are explained here as an example. All HP 
interferometers use a two-frequency laser and polarizing 
optics. This combination allows stable laser tuning, pro 
vides excellent  measurement range,  and makes special  
measurements possible. 

The 5518A Laser Head, described in detail  later,  is  a 
source of two coaxial linearly polarized monochromatic 
light beams. One is polarized parallel to the 5518A mount 
ing feet and the other is perpendicular. Their optical fre 
quencies differ by about 2 MHz, or about 4 parts in 109 
of the average optical frequency. 

All 5528A measurements are made by converting some 
physical motion, such as travel along the beam axis, into 
changes of optical path length. Fig. 2 shows the optical path 
in a standard distance measurement. Inside the 5518A the 
two coaxial beams , shown as f 1 and f 2 in Fig . 2 , are sampled 
and a portion of each is sent to the reference optical re 
ceiver. The receiver outputs a signal at the difference fre 
quency between the two components,  f l-f2 .In the inter 
ferometer,  a  polarizing beam spli t ter  separates the two 
beams. In Fig. 2, fl is directed into the variable path of the 
interferometer and f2 into the fixed path. f2 strikes a reflec 
tor called a cube corner,  which returns i t  parallel  to i ts  
original direction but with an offset, fl strikes a movable 
cube corner. Both beams return to the beam splitter where 
they recombine as a single coaxial beam. This beam returns 
to the 5518A and the frequency difference of the two com 
ponents is measured by the measurement optical receiver. 

If the measurement cube corner moves, fl is shifted ac 
cording to the Doppler effect and the beam returns at  a 
different  frequency,  indicated as f l+Af.  To look at  this  
another way, each time the cube corner moves away from 
the beam splitter by one-half wavelength, the optical path 
increases by one wavelength (one fr inge in  opt ical  ter  
minology) and one cycle of fl does not return to the mea 
surement receiver. This temporarily lowers the frequency 
of fl. The 5508A receives the outputs of both receivers and 
counts them in two forward counters, thus integrating the 
frequencies . By subtracting the contents of one counter from 
the other, the 5508A does the following operation: 

[T ( f l+Af -  f2)dt  -  fT ( f l  -  f2)dt  = fTAf dt  
J Q  J o  J o  

This result represents the change in path length that has 
occurred since the counters were reset. 

To refine the measurements further, the 5508A can au 
tomatically correct for wavelength variations caused by 
atmospheric conditions and can scale the measured dis 
tance to standard temperature (20Â°C=68Â°F) based on the 
measured material ' s  temperature and expansion coeff i  
cient. 

Measurement  Display 
The 5508A Measurement Display provides the operator 

interface for making dimensional measurements with the 
5528A Laser Measurement System. It is designed to be 
user-friendly, to simplify the process of calibrating 
machines, and to act as the center of all measurement activ 
ity. It contains special counters for processing the reference 
and measurement (Doppler) frequencies returning from the 
5518A Laser Head, analog-to-digital circuitry for process 
ing automatic wavelength compensation information, a 
keyboard with numeric keypad for easy entry of measure 
ment parameters, HP-IB circuitry, a microprocessor to con 
trol all of these functions, and power supplies for the entire 
5528A system (Fig. 3). 

Since the 5528A measures relative motion or changes in 
position, not absolute distance, measurements are begun at 
arbitrary points along the axis of movement. That is, some 
arbitrary point is defined as zero for the measurement, and 
all future values are referenced to that zero. The RESET key 
on the 5508A front panel is used to define this zero point. 
Pressing RESET clears all measurement information and all 
error conditions. In some linear measurements the operator 
might want to define that arbitrary point as having some 
value, possibly to align the machine's scale with the 5508A 
reading. The PRESET key allows this. The operator can 
enter 12 PRESET to label this starting point as 12 inches, for 
example. 

Another example of the use of the preset feature is in 
velocity mode. An operator calibrating feed rate can preset a 
negative value equal to the desired velocity, and then try to 
drive the displayed velocity to zero. In straightness mode 
the PRESET key plays a different role. Here it is used to enter 
calibration numbers corresponding to the particular set of 
matched straightness optics being used. The 5508A uses 
this calibration data to adjust the straightness measurement 
accordingly. 
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Rear Panel  Assembly 

Reference  S igna l  

Dopp le r  S igna l  

HP-IB 

Microprocessor 

Processor Assembly 

Display 
Drivers 

Keyboard 
Matrix 

Keyboard/Display Assembly 

Reference 
Counter  

Doppler 
Counter  

A-to-D 
Converter  

Counter /ADC Assembly  

The DIRECTION SENSE key allows the user to change the 
polarity of the direction in which the optics bed is assumed 
to be traveling. If moving the machine in a particular direc 
tion yields increasing positive values, pressing the 
DIRECTION SENSE key causes the 5508A to change the read 
ings to decreasing negative values. The direction of the data 
movement is mirrored around the PRESET value in linear 
and velocity modes. That is, if the zero point is 12 inches, 
and one inch of positive motion occurs, the 5 508 A will 
display 13 inches. Pressing the DIRECTION SENSE key re 
verses the sense of the measurement, but leaves the PRESET 
value alone. This yields a new distance value of 11 inches. 

The RESOLUTION key allows the operator to choose how 
many decimal digits the display will show. The maximum 
allowed in linear measurements is six decimal digits in 
English units, corresponding to microinch resolution, and 
five digits in metric units, or 0.01-micrometer resolution. 
The operator might choose fewer digits to blank out the 
jittery least-significant digits in a high-vibration environ 
ment. 

The last three measurement setup keys, MATERIAL TEM 
PERATURE, V.O.L., and EXPANSION COEFFICIENT, are used in 
conjunction with atmospheric and material compensation 
(see box, page 12). They display the current values of these 
parameters, and in the case of manual compensation, they 
allow these values to be entered. 

The keyboard also contains five mode keys, LINEAR, 
VELOCITY, ANGLE, LONG STRAIGHTNESS, and SHORT 
STRAIGHTNESS, which correspond to the five measurement 
types. Backlit keys indicate which type of measurement is 
being made. Any of the 5508A's front-panel keys, with the 
exception of RESET, can be exercised at any time without 
loss of measurement data. 

The 5508A is equipped with the HP-IB for ease in data 
taking. It has full listener and limited talker capability. All 
front-panel functions can be programmed remotely over the 

From Laser 
Head 

Sensors 

F i g .  3 .  B l o c k  d i a g r a m  o f  t h e  
5508A Measurement  D isp lay .  

HP-IB, and error conditions and display data can be read at 
any time. The AUTO RECORD key is used in conjunction 
with the HP- IB port. With it the operator can specify that the 
displayed data be sent over the HP-IB at regular time inter 
vals. For example, pressing 2 AUTO RECORD will send data 
every two seconds. This is convenient for logging data on 
external plotters, or for taking measurements on the fly. 

Also supplied with the 5508A is a remote control unit 
that aids in optical alignment and data taking from up to 15 
meters away from the 5508A. It contains a RESET key, a 
RECORD key for activating single HP-IB data transfers, and a 
beam strength meter for optical alignment purposes. It is 
especially convenient when used in conjunction with the 
55288A Dimensional Metrology Analysis System (see box, 
page 4). 

Fifteen different error messages can be displayed by the 
5508A to aid the operator in diagnosing a problem in the 
measurement setup. Most errors do not result in loss of 
measurement data, but three errors related to the laser head 
or beam require the measurement to be reset. 

Cumulat ive  Frequency Counters  
As mentioned earlier, the 5528A system measures optical 

path motions by counting the number of fringes or cycles 
incident upon the Doppler receiver and subtracting from 
this number the number of fringes or cycles incident upon 
the reference receiver. Each extra pulse the Doppler re 
ceiver sees over the reference (or conversely, each pulse the 
reference sees over the Doppler) corresponds to A/2, or 
one-half of the laser wavelength, a distance of approxi 
mately 12 microinches. To see microinch movements, the 
system multiplies the two frequencies by sixteen before 
counting them, so that each counted pulse corresponds to 
A/32, or about 0.78 microinch. The processor keeps track of 
the difference in counts in a software register called the 
software counter. The value in the software counter is di- 
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rectly proportional to the distance the optics have moved; 
the proportionality constant is A/32. This relationship dic 
tates that the 5508A counters cannot at any time fail to keep 
up with these incoming pulses, even when the counters are 
being read. It is this unintermptable cumulative require 
ment that makes these counters unusual. 

Fig. 4 shows a block diagram of the counter circuitry. The 
reference and the measurement channels are identical. 
First, for the purpose of extending the measurement resolu 
tion, the frequencies of the reference and Doppler signals 
are multiplied by 16. This makes it possible to measure 
fractional cycles of the original reference and Doppler sig 
nals by counting whole cycles of the multiplied frequency. 
The frequency multiplication is performed by a phase- 

locked loop implemented on an HP semicustom integrated 
circuit. 

An error detect block monitors the multiplier phase- 
locked loops. If the input frequency is too large or too small 
and approaches the tracking limits of the phase-locked 
loop, an error signal is generated. This indicates that the 
optics are slewing (moving) too fast. If the input goes away 
entirely, another error is generated, indicating the beam has 
been blocked so no light is returning to the receiver. 

The multiplied reference and Doppler signals are sent to 
the pulse counters. These two independent channels are 
sixteen-bit synchronous counters, clocked by the incoming 
data stream. They generate a nonmaskable interrupt when 
the most-significant bit of either changes from a zero to a 

Verifying the Laser Accuracy 
Specification 

Verifying that the 551 8A Laser Head meets its Â±1 x10~7 vacuum 
wave leng th  accuracy  spec i f i ca t ion  requ i res  spec ia l  equ ipment  
and techniques.  A ru le of  thumb for  ca l ibrat ion requi res that  the 
calibration technique have an error less than one-tenth that of the 
speci f icat ion being tested.  HP uses an iodine-stabi l ized hel ium- 
neon  Th i s  desc r i bed  be low ,  as  i t s  wave leng th  s t anda rd .  Th i s  
laser  has a vacuum wavelength error  of  less than 1 x10~10 and 
the measurement  techn ique adds no s ign i f icant  er ror .  

The iodine-stabi l ized laser components are shown in Fig.  1 .  A 
s t a n d a r d  h e l i u m - n e o n  d i s c h a r g e  t u b e  c o n t a i n s  t h e  l a s i n g  
medium. Two external  mi r rors  form the resonant  cav i ty .  Vary ing 
the mirror spacing over a range of one-half  wavelength tunes the 
output wavelength Â±4xlO~7 about l ine center.  The iodine cel l  is 
ins ide the resonant  cav i ty  and af fects  the laser  ga in and output  
power  as  t he  wave leng th  changes .  Each  t ime  the  wave leng th  
co inc ides  -w i th  an  absorp t ion  l ine  in  the  ce l l ,  the  ou tpu t  power  
changes s l ight ly .  The var iat ion in output  power is  used to adjust  
the mirrorspacing to make the laser wavelength coincide with the 
absorpt ion l ine.  These l ines are very narrow because of  the low 
pressure  in  the  ce l l .  Severa l  l i nes  occur  w i th in  the  Â±4x1 O^7 
tun ing  range .  HP uses  the  l i ne  w i th  wave leng th  632 .99123  nm 
r e c o m m e n d e d  a n d  m e a s u r e d  b y  t h e  U . S .  N a t i o n a l  B u r e a u  o f  
Standards.  

The measurement technique is also shown in Fig. 1 . Rather than 
d i r ec t l y  compar i ng  wave leng ths ,  wh i ch  i s  qu i t e  d i f f i cu l t  t o  an  
a c c u r a c y  o f  1 x 1 0 ~ 9 ,  t h e  o u t p u t  f r e q u e n c i e s  o f  t h e  i o d i n e -  
s tab i l i zed  lase r  and  the  551  8A  under  tes t  a re  compared .  The  
551 8A wavelength is  then computed us ing an accurate  number  
for c, the vacuum velocity of l ight (299,792,458 m/s). Because the 

551 8A emits l ight at two frequencies, a polarizer is used to select 
t h e  v e r t i c a l l y  p o l a r i z e d  o n e  t o  m a t c h  t h e  p o l a r i z a t i o n  o f  t h e  
iodine-stabi l ized laser. The outputs of both lasers are then added 
using a 50% beam splitter and aligned to be coaxial. The resulting 
beam is detected by a h igh-speed photodiode and receiver .  The 
receiver 's  output  is  the d i f ference in  opt ica l  f requency between 
the two lasers, typical ly 125 MHz. I t  is known that the standard's 
output frequency is greater than that of the 551 8A, so the 551 8A 
frequency equals the standard's frequency (4.7361 234039x 1 014 
Hz) minus the offset. The 551 8A wavelength is then c H- (standard 
f requency  -  o f f se t  f requency) .  

Overal l  uncertainty is about 1x10~9, including the values for c 
and the s tandard 's  output  f requency.  

Stabi l i ty  of  the iodine-stabi l ized laser is bet ter  than 1 x10^10. 
Us ing  the  techn ique  desc r i bed  above ,  many  p ro to t ype  l ase rs  
w e r e  m e a s u r e d  t o  d e t e r m i n e  t h e  n o m i n a l  w a v e l e n g t h  u s e d  
by  the  5508A Measurement  D isp lay  (632 .991393  nm) .  Typ ica l  
551 8A stability of Â±1 x 10~8 has also been measured. Production 
l a s e r s  a r e  1 0 0 %  t e s t e d  t o  e n s u r e  t h a t  t h e y  m e e t  t h e  1 x 1 0 ~ 7  
specif ication. 
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F i g .  1 .  M e a s u r e m e n t  t e c h n i q u e  
for  ver i fy ing the wavelength accu 
racy  o f  the  5518A Laser  Head.  
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Â¡â€¢â€¢â€¢̂ â̂€¢â€¢â€¢â€¢̂ â̂€¢â€¢Î Ĥ P r o c e s s o r  S e c t i o n  

Phase-Locked Loop 
Error Detect 

Frequency Input 
(Reference or Doppler)  

Nonmaskable Interrupt 

F ig .  4 .  Pu l se  coun te r  b l ock  d i ag ram.  Mu l t i p l i ca t i on  o f  t he  
input  f requency by 16 increases the reso lu t ion so that  each 
counted pu lse corresponds to  approx imate ly  0 .78 micro inch 
in  a d is tance measurement .  

one, that is, when either is half full. When this happens the 
microprocessor responds by reading the value of both 
counter channels. To avoid losing pulses during this read 
ing operation, a pulse swallowing technique is used. The 
main counter value is frozen and the incoming pulses are 
diverted to a small swallow counter. This four-bit counter 
accepts the next sixteen incoming pulses, providing 
enough time for the main counter to be read by the micro 
processor. After each swallow counter has seen sixteen 
pulses at its own counting frequency, its main counter is 
cleared and resumes counting. Note that both the reference 
and Doppler counters are halted for the same number 
of cycles, not necessarily for the same amount of time. 
The counts accumulated during this process need not 

be taken into account because the software counter contains 
only the difference in counts. 

A n a l o g  S u b s y s t e m  
The analog-to-digital converter [ADC) subsystem in the 

5508A transforms automatic compensation information 
(see box. page 12) into a form the microprocessor can use in 
its calculations. Fig. 5 shows the block diagram of this 
subsystem. Up to six external analog signals are used in 
compensation, three from the air sensor (temperature, pres 
sure, humidity), and up to three from material temperature 
sensors. Fig. 5 shows these six inputs plus two more for 
analog ground and 0.5V, which are used during power-up 
self-testing. In normal operation each sensor outputs analog 
voltages between - 1 and 1 volt. When no sensor is plugged 
into a particular channel, a resistor divider network floats 
the line at 2.5 volts. A comparator circuit checks for this 
condition, and if it exists, the microprocessor ignores that 
channel. 

The analog-to-digital converter is a 12-bit dual-slope 
integrating ADC running at about five conversions per 
second. At the end of each conversion the ADC interrupts 
the microprocessor and the next conversion is begun. The 
reference voltage for the ADC is 0.5 volt, derived from a 
ten-volt, high-stability reference through a monolithic 
matched resistor divider. Instead of potentiometers with 
their vibration and drift characteristics, a digital calibration 
scheme is used. When the 5508A is returned to the calibra 
tion laboratory for its annual calibration, the 10V and 0.5V 
reference voltages are measured, and binary representa 
t ions of  to their  values are entered on a series  of  
switches. These are read by the microprocessor, which then 
compensates for inaccuracies in these voltages in software. 
This design is very easy to calibrate and free from vibration 
and drift sensitivity. 

Self -Tests and Diagnost ics 
Extensive self-tests and diagnostics are built into the 

5508A and are exercised upon power-up. Immediately after 

Analog Subsystem 

Material 
Temperature 

Sensors 

Conversion 
Complete Interrupt 

Analog 
Ground 

Microprocessor 
Data Bus 

Processor Section 

"Unplugged" 
Comparator 

+ 1 0 V  R e f .  I I  + 0 . 5 V  R e f .  
Ca l ib ra t ion  I f :  Ca l ib ra t ion  
S w i t c h e s  I  S w i t c h e s  

F i g .  5 .  A n a l o g - t o - d i g i t a l  c o n v e r  
ter (ADC) block diagram. The ADC 
s y s t e m  t r a n s f o r m s  a u t o m a t i c  
compensa t ion  i n fo rma t ion  i n to  a  
form the microprocessor can use.  
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Nonlinearity in Interferometer 
Measurements 

The 5528A Laser Measurement System makes i ts  var ious mea 
surements by comparing the phase of the reference signal to that 
o f  t h e  p a t h  s i g n a l .  E a c h  t i m e  t h e  d i f f e r e n t i a l  o p t i c a l  p a t h  
in one of the interferometers changes by one wavelength, a phase 
sh i f t  o f  360Â° occurs  between the two s igna ls .  The 5508A Mea 
su remen t  D isp lay  uses  phase - lock  and  s ta t i s t i ca l  (ave rag ing )  
techn iques  to  reso lve  10~5 mm,  10~6 inch ,  o r  0 .1  a rc -second,  
depending on the measurement. While further resolut ion could be 
des igned in ,  a  subt le  non l inear i ty  l im i ts  the usefu lness o f  such 
efforts. 

The non l inear i ty  is  per iod ic ,  w i th  a  per iod o f  one wave length  
opt ical  path change.  I t  is  a resul t  of  not  per fect ly  separat ing the 
o p t i c a l  c o m p o n e n t s ,  f 1  a n d  f 2 ,  i n t o  t h e  t w o  a r m s  o f  t h e  i n t e r  
fe rometer .  The non l inear i ty  occurs  so le ly  as  a  resu l t  o f  op t ica l  
l e a k a g e  a n d  i s  n o t  a  r e s u l t  o f  a n y  t e c h n i q u e  u s e d  t o  r e s o l v e  
f ract ional  wavelengths.  

Leakage  o f  t he  w rong  op t i ca l  componen t  i n t o  an  a rm  o f  an  
in ter ferometer  occurs for  severa l  reasons.  The l ight  leav ing the 
551 8A is  not  per fect ly  l inear ly  po lar ized,  be ing instead s l ight ly  
e l l ip t i ca l l y  po lar ized.  Fur ther ,  the  a l ignment  perpend icu lar  and 
paral lel to the mounting feet is not perfect. The optics themselves 
are not perfect and angular misalignment between the 551 8A and 
the  in te r fe romete r  op t i cs  causes  leakage .  Manu fac tu r ing  to le r  
ances to adjustments are designed to control  a l l  these ef fects to 
an acceptably  smal l  leve l .  

Fig. 1 shows a computed error plot of nonlinearity versus optical 
path length change for  worst-case condi t ions.  The peak- to-peak 
phase error  is  5.4Â°,  corresponding to 4.8x10~6 mm (0.19x1Cr7 
in )  in  d is tance mode and 0 .03  arc -second in  ang le  mode.  Both  
t hese  e r ro r s  a re  much  sma l l e r  t han  t he  respec t i ve  reso lu t i on  
l i m i t s .  T h e  e r r o r s  f o r  s h o r t -  a n d  l o n g - r a n g e  s t r a i g h t n e s s  a r e  
1 . 7 X 1 0 - 4  m m  ( 6 . 2 x 1 0 ~ 6  i n )  a n d  1 . 7 x 1 0 - 3 m m  ( 6 . 2 x 1 0 ~ 5  i n ) ,  
respectively. The errors for straightness are larger because of the 

nature of the interferometer. 
Since the nonlinearity error is so small, it is virtually impossible to 

measure  d i rec t l y .  Ins tead ,  a  mode l  incorpora t ing  the  e l l i p t i ca l  
po la r i za t ion ,  m isa l ignments ,  and  op t i ca l  imper fec t ions  was  de  
veloped to predict the nonlinearity error. The model was then used 
to determine levels for  the var ious errors consistent  wi th the de 
s i red system per formance.  

Nonl inear i ty  caused by opt ical  leakage af fects a l l  in ter ferome 
ters ,  whether  s ing le- f requency or  two- f requency.  In  the case of  
the 5528A,  the nonl inear i ty  er ror  is  typ ica l ly  much smal ler  than 
o t h e r  d o e s  o c c u r r i n g  d u r i n g  m e a s u r e m e n t s .  T h i s  e r r o r  d o e s  
se t  a  i s  on  the  u l t imate  reso lu t ion  o f  the  in te r fe rometer  and  is  
inc luded where appropr ia te in  the speci f icat ions.  

-Robert  C.  Quenel le 

7 2 0  

Optical  Path Length Change (degrees of  phase)  

Fig. 1 .  Worei-case errors result ing from imperfect separat ion 
o f  the two beam components .  

power is applied, the 5508A performs a checkerboard RAM 
test, followed by a ROM checksum. The checksum routine 
is arranged as a sort of signature analysis algorithm, using a 
feedback shift register technique. This test is performed on 
the contents of the 16K program ROM. If the RAM or ROM 
fails its test, an error message is displayed and the 5508A is 
locked out, that is, the operator is unable to make a mea 
surement until the problem is fixed. If the 5508A passes this 
test, it begins testing the counters. 

The first counter test begins by defeating the reference 
frequency from the laser head and switching the micro 
processor's 1-MHz clock into the reference channel's 
phase-locked loops. The counter is cleared and a short time 
delay is generated in software. During this time an exactly 
known number of counts should accumulate in the refer 
ence channel if all is working properly. Since the clock 
signal being counted is the same signal that is used to 
generate the software time delay, the exact frequency of the 
clock is not critical; a delay equal to a particular number of 
system clock cycles should always produce the same 
number of pulses counted. A second time delay is then 
generated, yielding another value in the counters, this one 
the binary complement of the first. Thus both binary states 
in each bit of the reference channel counter are checked. If 

the 5508A passes this test, the message PASS 1 is displayed. 
A failure produces the message FAIL 1 and the 5508A can 
not be configured for a measurement until the problem is 
fixed. 

The second counter test is exactly like the first, except 
that the measurement channel of the counter is verified, 
rather than the reference channel. Either PASS 2 or FAIL 2 is 
displayed. 

The third self-test involves the counters in free-running 
mode. Once again the microprocessor system clock is used 
as the counter inputs, emulating the laser source's reference 
and Doppler signals. The counters are allowed to run free 
for a longer delay, during which time they interrupt 150 
times. Since both channels have the same input (the system 
clock), they should always have the same number of counts, 
plus or minus one for jitter. If they do not interrupt 150 
times in 0.5 second, or if there is a net number of counts (i.e., 
one channel is counting more than the other], the message 
FAIL 3 appears. Once again this means the 5508A must be 
repaired before a measurement can be taken. 

The last self-test on power-up involves the ADC. During 
this test the ground signal and the 0.5V reference signal are 
converted to digital form and read. The ADC is aratiometric 
device, so the exact value of the 0.5V reference doesn't 
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matter: the test only checks the activity of the ADC and the 
existence of the reference. After the conversions there is a 
time delay to wait for the ADC to interrupt at least once. 
This exercises the interrupt control circuitry. If either of the 
two conversions fails to agree with predetermined values, 
or if the ADC doesn't generate an interrupt in the time 
allotted, then the unit displays FAIL 4. Otherwise it shows 
PASS 4 and goes on. 

The 5508A then displays the values of the two digital 
calibration switches . one for the 10V reference and the other 
for the 0.5V reference, before beginning the laser head 
warmup sequence. 

Laser Head 
The 5518A contains a helium-neon laser that lases at only 

a single wavelength (single spatial and temporal modes). 
This single frequency is split into two discrete frequencies 
by applying an axial magnetic field to the laser. The field 
causes the lasing atoms to emit left-hand circularly 
polarized light at one frequency and right-hand circularly 
polarized light at a second frequency (fl and f2 in the 
measurement theory discussion). Birefringent mica plates 
are used to convert the circular polarizations into two linear 
components, one perpendicular and one parallel to the 
mounting feet. 

If not tuned, the laser can emit light varying in frequency 
about 2.5 ppm (1.2 GHz) as the laser mirror spacing varies 
by one-half wavelength. The difference frequency is only 
usable in the region Â±0.3 ppm around the center frequency 
(line center), so a control scheme is needed to maintain 
cavity length. The cavity length is in fact controlled to 
better than Â±0.3 ppm, making more accurate measurements 
possible. 

As the cavity length changes, the laser output power 
cycles. The output from each polarization peaks at a differ 
ent cavity length. Fig. 6 shows a plot of the difference in 

Difference in Power Between 
Two Beam Components  

Change in Cavity Length 
Away f rom Line Center  

Fig .  6 .  HP 's  two- f requency  laser  p roduces  l igh t  beams con 
s is t ing  o f  two components  that  d i f fe r  in  po lar iza t ion  and f re  
quency. As the laser cavity length changes, the power in each 
component  peaks at  a  d i f ferent  length.  
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F i g .  7 .  B e a m  s a m p l e r  t a k e s  a c c u r a t e  s a m p l e s  o f  t h e  t w o  
beam components so that the microprocessor can generate a 
tu rn ing  er ror  vo l tage fo r  cont ro l l ing  the  laser  cav i ty  length .  
Cavi ty  length is  var ied by heat ing a g lass rod.  

power between the two components versus cavity length. 
Note the zero crossings that occur per cycle, indicating 
points where both components have equal power. Line 
center occurs at the zero crossing on the steeper slope. The 
powers are equal at line center because the magnetic field 
splits the two frequencies symmetrically away from where 
line center would be with no field applied. 

The laser output frequency is also affected by the gas 
pressure and composition. The laser tubes are filled au 
tomatically to get repeatable performance. 

Earlier HP lasers used a polarizing beam splitter and two 
matched photodiodes, one for each beam component, to 
generate the tuning curve. The 5518A is designed to elimi 
nate the alignment and matching requirements of the ear 
lier design. The beam is now sampled by a pair of beam 
splitters arranged to cancel preferential reflection of fl or f2, 
thus ensuring an accurate beam sample. Fig. 7 shows the 
beam sampler operation. A liquid-crystal cell passes fl and 
f2 unaltered when on or rotates the polarization of each 90Â° 
when off. The polarizer passes only the vertical component, 
either fl or f2, depending on the state of the liquid crystal. 
The control circuit synchronously switches a subtracting 
sample-and-hold circuit and the liquid crystal to generate 
the tuning error voltage for controlling the cavity length. 

The 5518A also uses a new means of adjusting cavity 
length. In previous designs, the laser mirrors were sepa 
rated by a rod made of very low-thermal-expansion material 
and minor length correction was accomplished with a 
piezoelectric crystal. Thermal tuning produces a more 
economical laser. The 5518A uses an ordinary glass rod 
whose length is controlled by varying its temperature with 
a heater wire wrapped around it. Since the heater can only 
raise the temperature of the rod, a preheat cycle is required 
to ensure that the rod can always cool by losing heat to its 
surroundings. During preheating, the rod is quickly heated 
to a temperature known to exceed the temperature it would 
reach if the laser were left on indefinitely at 40Â°C without 
heater power. The heater wire itself is used to measure rod 
temperature by occasionally turning off the heater, letting 
the wire cool to the rod temperature and measuring its 
resistance. 

Although the new tube is simpler than the old one, the 
dynamic response of the heated rod is more complex than 
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Automatic Compensation 

by Deane A.  Gardner  

The 5528A Laser Measurement System measures distances in 
terms of  wavelengths of  hel ium-neon laser l ight .  In vacuum, th is 
wavelength is  a f ixed constant  of  nature,  a l lowing very high mea 
surement precis ion.  

In  an a tmosphere,  which is  a lways present  in  machine shops 
and metro logy laborator ies,  the ref ract ive index of  a i r  sh i f ts  the 
l a s e r  r e f r a c  p r o d u c i n g  a  s c a l e  f a c t o r  e r r o r .  T h i s  l o c a l  r e f r a c  
t ive index varies nonl inearly with temperature, pressure, and rela 
t ive humid i ty  accord ing to  an empir ica l ly  determined formula:1 

N  =  1  +  ( 9 .74443  x  10~b  P )  
1  +  1 0 ~ 6 P ( 2 6 . 7 - 0 . 1 8 7 T )  

0 .934915 +  0 .0020388T 

- 1 . 0 8 9 X  l C T 3 R e 0 0 3 2 5 T  

where P is  a tmospher ic  pressure in  inches o f  mercury ,  T  is  tem 
perature in degrees Fahrenheit ,  R is relat ive humidity in percent,  
and N Â¡s the calculated refractive index. The 5508A Measurement 
D isp lay  eva lua tes  a  s imp l i f i ed  ve rs ion  o f  t h i s  equa t i on ,  us ing  
information suppl ied by the 10751 A Air Sensor, to give a compen 
sated system accuracy of  1 .5 par ts  per  mi l l ion.  

The 1 0751 A Air Sensor is the system weather station. It continu 
ously furnishes data on air pressure, temperature, and humidity to 
the 5508A. Pressure is measured with a br idge-type strain gauge 
t r ansduce r  de r i ved  f r om  s tanda rd  ae rospace  componen t s .  M i  
crovolt  changes in the output of the strain gauge are ampli f ied by 
an  au toze ro  amp l i f i e r  i n  t he  10751A,  g i v ing  a  s tab le  p ressu re  
reading accurate to 1 .5 mi l l imeters of  mercury at  room tempera 
ture. 

A i r  t e m p e r a t u r e  i s  d e t e r m i n e d  w i t h  a n  i n t e g r a t e d  c i r c u i t  
cur ren t -source- type sensor .  The sensor 's  ou tpu t  cur ren t  i s  con 
ver ted to  a dc vo l tage by an operat ional  ampl i f ier ,  prov id ing the 
5508A with temperature information accurate to 0.4Â°C. 

The ef fect  of  re lat ive humidi ty  on the ref ract ive index of  a i r  is  
fa i r ly  very  and humid i ty  sensors wi th  e lect r ica l  outputs  are very  
expensive. For these reasons, a three-posit ion humidi ty switch is 
i nc l uded  on  t he  a i r  senso r  i n  l i eu  o f  a  cos t l y  t r ansduce r .  The  
operator  just  sets the swi tch to approximate ambient  condi t ions,  

Fig .  1 .  70757 A A i r  Sensor  (upper  Ien)  and 10752A Mater ia l  
Temperature Sensor ( lower r ight) .  

s e l e c t i n g  o n e  o f  t h r e e  v o l t a g e s  t o  b e  f e d  b a c k  t o  t h e  5 5 0 8 A  
cal ibrator control unit .  

The 5528A can also correct for material  expansion with temper 
ature.  The 10752A Mater ia l  Temperature Sensor,  a smal l  but ton 
a t t a c h e d  m a g n e t i c a l l y  t o  t h e  w o r k p i e c e ,  s e n d s  m a c h i n e  t o o l  
temperature information back to the 5508A in a manner similar to 
that  of  the 10751 A Air  Sensor.  Once the mater ia l 's  temperature 
coef f ic ient  o f  expans ion is  entered,  the 5508A computes expan 
sion effects and normalizes al l  measurements to 20Â°C. 

Fig.  1 shows the 10571 A and 10572A Sensors.  
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that of the piezoelectric crystal. Heat flow is three- 
dimensional and distributed. The dynamic response was 
measured and then modeled. The transfer function for 
length change per watt includes a simple pole at about 1 
mHz (the period of 1 mHz is about 1 7 minutes) , followed by 
additional phase shift that begins accumulating at about 
100 mHz, reaches 180Â° at 1 Hz and increases indefinitely 
above 1 Hz. Large-signal response is further complicated 
because heat can be added faster than it can be lost, result 
ing in asymmetrical slew rates. The controller contains an 
integrator for zero steady-state length error, a zero which 
approximately cancels the 1-mHz pole, and a lead-lag net 
work which slightly improves transient response. The con 
troller also contains a diode network to square the heater 
feedback voltage, which makes the loop gain constant for 
power, the controlled parameter. 

When the 55 ISA is switched on, the controller first pre 
heats the rod as described above. After a few minutes, when 
the rod is warm and the power level has stabilized, the 
controller switches to optical feedback derived from the 
beam sampler. The cavity length is then adjusted to be a 
multiple of one-half wavelength at line center. Cavity 
length is typically controlled to keep the output wavelength 
stable to 0.01 ppm, corresponding to a length change of 
about 1.27 nm (5 X10~8 in), or an average rod temperature 
change of only 0.003Â°C (0.0055Â°F). The average rod temper 
ature is maintained although the temperature distribution 
in the rod varies considerably during warmup and at differ 
ent operating temperatures. 

The two optical receivers in the 5518A consist of a 
polarizer, a photodiode, a semicustom HP integrated circuit 
and passive components. The two coaxial beams, fl and f2, 
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are orthogonally polarized and don't interfere. The 
polarizer is used to project both beams into a common axis 
halfway between the original axes so that they do interfere. 
The photodiode converts the resulting intensity variations 
into a current. The current, which ranges in frequency from 
0.5 to 3 MHz and in amplitude from 5 to 100 microamperes, 
is amplified, limited and converted to TIL levels by the 
semicustom 1C. The 1C also provides a dc signal propor 
tional to optical signal strength (used to drive the beam 
strength meter), LED drive signals, and automatic signal 
gating based on signal level. 

provided excellent inputs regarding the 5528A's ease of use 
and features during its development. 
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Laser  Opt ical  Components for  Machine 
Tool  and Other  Cal ibrat ions 
by Richard R.  Baldwin,  Larry  E.  Truhe,  and David  C.  Woodruf f  

IDEALLY, A MACHINE TOOL CALIBRATION device 
should be capable of completely describing the motion 
of a rigid body such as a machine tool slide. This re 

quires six independent measurements, since any moving 
object has six degrees of freedom of motion: it can translate 
in three orthogonal directions and rotate about three or 
thogonal axes (see Fig. 1). In machine tool language, the 
unwanted motions corresponding to these six degrees of 
freedom are called positioning error, horizontal positioning 
error, vertical positioning error, pitch, yaw, and roll. 

The relative importance of these unwanted motions de 
pends on the type of machine tool in question. For example, 
a properly designed single-axis measuring machine re 
quires good positioning accuracy, but need not be free of 
angular motion. A tracer lathe, however, must be free of 
angular motion, but has no "positioning accuracy." It has 
no position sensing transducer at all; it simply follows a 
template. Surface grinders require good straightness and 
must be free of roll, but can tolerate pitch and yaw so long as 
straightness is not affected (see Fig. 2). 

There are, of course, many machine tools of a more com 
plex nature, such as the coordinate measuring machine and 
the N/C (numerically controlled) mill, that are adversely 
affected by any unwanted motion. For these machines all 
six degrees of freedom are more or less equally important. It 
is interesting that the more complex machines are not only 
the most difficult to calibrate, but are also generally less 
accurate than the simpler types. 

The HP 5528A Laser Measurement System is capable of 
measuring five of the six degrees of freedom, the exception 
being roll. It can also measure related parameters such as 
f la tness ,  squareness ,  and paral le l l ism.  This  is  ac  
complished through the use of optical accessories, or inter- 

Yaw 

Grinding Wheel 

Fig. 1 . Six possible unwanted motions of a machine tool slide. 

F ig.  2.  A sur face gr inder  table shown in three posi t ions on a 
way. This type of mot ion resul ts in angular pi tch but does not 
a f fect  the s t ra ightness of  a  ground pan.  

ferometers, each of which has been specifically designed to 
measure a particular degree of freedom. 

The Linear  Interferometer  
The three basic interferometers offered as part of the 5528A 

system are linear, angular, and straightness interfer 
ometers. The HP 10766A Linear Interferometer (Fig. 3) is the 
simplest of the three. It is similar to the interferometer used 
by A. A. Michelson in the 1890s to measure the length of the 
meter. Its principal advantage over Michelson's is that it 
uses cube corner retroreflectors instead of plane mirrors. 
Since a cube corner reflects any incident light ray exactly 
parallel to its incoming direction, the cube corner requires 
no angular adjustment. The linear interferometer uses 
many of the same optical components as the previous sys 
tem's remote interferometer,1 but is smaller, lighter, and 
does not require precise lapped surfaces since it is used 
only for linear measurement. The linear interferometer is 
only 40 mm on a side and can be fixtured for almost any 
application. 

Angular  Optics 
The angular interferometer, which was previously of 

fered as an add-on for the remote interferometer,1 has been 
redesigned as a separate accessory. Since the requirements 
for linear and angular measurements are different, it is more 
cost-effective to offer two interferometers rather than a 
single interferometer that can do both kinds of measure 
ments. The linear interferometer should be small and easy 
to use, but the accuracy of the measurement depends not on 
the interferometer but on the laser, so there is no need for 
close mechanical tolerances. This is not true of the angle 
interferometer. Here the accuracy of the measurement de 
pends primarily on the interferometer. The HP 10770A Angu 
lar Interferometer (Fig. 4) consists of a rhomboid beam 
splitter, which causes the two interfering laser beams to 
come out parallel to each other, and two cube corner reflec 
tors attached to a common mount. If the reflector mount 
were to rotate about an axis perpendicular to the plane of 
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Fig. 3. HP 10766A Linear Interferometer. 

the figure, the interferometer would measure the distance 
x, which is given by 

x = Ssin0 

where S is the separation between the nodal points of the 
cube corners and 9 is the angle of rotation (see Fig . 5) . If the 
angular rotation 6 is small, which is generally true of 
machine tool pitch or yaw, then one can assume that sin0 = 
e and x = SO. 

The accuracy of the angular measurement is directly 
proportional to the accuracy of the cube corner spacing S. 
This imposes tight tolerances on cube corner location. The 
cube corner spacing error in the new angular interferometer 
causes only 0.2% error in the displayed measurement. 

It is also important that the two interfering beams leaving 
the angular interferometer be precisely parallel. If they are 
not, two problems result. The first and most obvious prob 
lem is that it is impossible to align both beams parallel to the 
reflector travel unless the two beams are themselves paral- 

(a) 
Interferometer Reflector 

(b) x = S s i n 0  

Fig.  5 .  Opt ica l  schemat ic  o f  the ang le  in ter ferometer .  In  (a)  
both beams t ravel  the same distance f rom the inter ferometer 
to the reflector. In (b) the paths differ by the amount x because 
of rotat ion of the ref lector.  For small  6, 8= x IS. 

lei. Nonparallelism causes one or both beams to move away 
from the cube corner reflectors as the reflector mount is 
moved away from the interferometer. Eventually the beams 
become so misaligned that it is impossible to make a mea 
surement. 

The second and less obvious problem is that poor beam 
parallelism can cause an error in the measurement. This 
results from what is commonly referred to as cosine error. 
This error results from the fact that the interferometer mea 
sures only the component of reflector motion that lies in the 
direction of the laser beam. The effect of this on angular 
measurement is shown in Fig. 6 which illustrates an appar 
ent pitch </> resulting from beam nonparallelism. In this case 
the angular reflector moves through a distance D. The lower 

Upper Beam 
Direction 

Lower Beam 
Direction 

Fig. 4. HP 10770 A Angular Interferometer. 

Fig.  6.  Apparent pi tch <j> resul t ing from laser beam nonparal  
le l ism.  A l though the fu l l  d is tance t rave led (D)  l ies  a long the 
lower  beam, on ly  the component  Dcosd l ies  a long the upper  
beam. 
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laser beam, which is parallel to the travel, increases in 
length by the full distance D, but the upper beam only in 
creases along the component Dcos0. This causes the inter 
ferometer to read an apparent pitch 4> even though none 
actually exists. 

Beam parallelism in the angular interferometer is deter 
mined by the accuracy of the rhomboid beamsplitter and is 
held to a tolerance that ensures that the apparent pitch error 
does not exceed 0.05 arc seconds per meter of travel. 

Straightness Opt ics 
The straightness interferometer offered with the 5528A 

System is essentially the same as that offered with the 
earlier 5526A System.2 However, it is offered with more 
fixturing and the straightness reflector has been made 
smaller for ease of use. 

The principal advantage of the new system for straight- 
ness measurement is increased convenience. The whole 
system has been designed with straightness in mind. It is no 
longer necessary to add an external resolution extender to 
adapt the system to straightness. Long- or short-range 
straightness measurements can be made by simply pushing 
a button on the 5508A Measurement Display and setting the 
turret on the 5518A Laser Head to the straightness position. 

Ease-of-Use Considerat ions 
Ease of use was an early design consideration for the 

5528A Laser Measurement System. A major drawback in 
using previous laser interferometers has been the amount of 
time required to complete the initial alignment procedure 
and the inconvenience of having to repeat it all over again 
when going from one type of measurement to another (e.g., 
linear to angular or angular to straightness). The 5528A 
optics are designed to minimize setup times and reduce the 
number of alignments. 

A key concept in the design of all components is the 
common centerline approach. The goal is to have the 
operator do one initial alignment of the 5518A Laser Head 
on a given machine tool. After that is accomplished, all 
fixtures and optical components are interchangeable on 
universal mounts. The common centerline approach re 
quires that the laser beam be aligned parallel to one axis of 
the machine and positioned 105 mm above the machine 
bed. To aid the operator, several alignment targets (dis 
cussed later) attach to the optics housings. 

Post ,  Height  Adjuster ,  and Base 
The 55280A Linear Measurement Kit includes two 

10784A Bases and three 10785A Post and Height Adjuster 
assemblies. This combination provides the user with suffi 
cient fixturing to accommodate most measurement applica 
tions. 

These parts are designed to offer flexibility in positioning 
the optics along with highly rigid structures to ensure sta 
bility during measurements. The post can be inserted into 
any of four sides of the height adjuster, and the attached 
optics can then be quickly rotated through any 90Â° interval. 
A large thumb knob secures the height adjuster to the post at 
any desired height and 90Â° rotation position. The thumb 
knob can be easily removed and the post inserted into the 
threaded hole that held the knob. This allows the post to be 

chucked into a standard lathe or milling machine collet, 
thereby expanding its range of applications. 

The 30-mm-square bolt pattern used for mounting optics 
to the height adjuster is universal for the 5528A System 
optics and fixtures. Two captive thumbscrews are pro 
vided. The captive screws contain knurled portions that 
extend beyond the large height adjustment knob for conve 
nient hand tightening. 

The post and base are constructed of durable stainless 
steel. The base is precision-ground to ensure accurate verti 
cal positioning of the post when assembled. A cross hole is 
provided in the post so that a screwdriver shank or rod can 
be inserted for tightening the post. The underside of the 
base is relieved in the center, leaving two parallel pads at 
opposite ends of the base. This minimizes problems with 
small burrs or other irregularities in a machine bed causing 
the base to mount unevenly. The base can be secured to the 
machine bed using standard clamps. 

With the height adjuster mounted on the post in the 
uppermost position, the attached optics are automatically 
at the 105-mm common centerline height. Once aligned, 
system optics can be interchanged, depending on the type 
of measurement desired, without having to go through 
realignment procedures each time. 

Level ing Plate Mount  for  Turning Mirror  
The 10772A Turning Mirror includes a leveling plate 

mount which greatly eases its alignment during setup. 
The leveling plate is a low-profile unit consisting of a 

base with an attached pivoting two-axis platform into 
which the turning mirror or other optics can be mounted. 
The base in turn can be mounted directly to a 10785A Post, 
10777A Optical Square, or 10785A Height Adjuster by 
using the standard shaft included with the kit. 

Two knurled thumb knobs provide a convenient two-axis 
adjustment for any attached optic. The adjustment range for 
each axis is Â±6Â°. 

The turning mirror consists of a highly reflective mirror 
mounted at a fixed 45Â° angle in a stainless-steel housing. 
Two captive screws are included for attaching it to the 
leveling plate or any other appropriate system component. 

Straightness Accessory Ki t  
The 10776A Straightness Accessory Kit contains a large 

63-mm-diameter retroreflector, a reflector mount for the 
10774A/75A Straightness Reflector, and mounting 
hardware and ports for the straightness interferometer. The 
reflector mount greatly simplifies straightness setup opera 
tions. Two micrometer adjustment screws are built into a 
two-axis positioning platform, and a 360Â° pivot mechanism 
with 90Â° detent stops is built into the adjustable platform. 
This combination provides a wide range of alignment posi 
tions for the attached optics. 

With this accessory kit, straightness measurements can 
be made in both horizontal and vertical axes. Because of the 
reflector mirror pivot capability, any optical straightedge 
inaccuracies can be eliminated by rotating the mirror 180Â° 
and repeating the measurement. 

All components have been designed to mount in a 
number of orientations and combinations to lend them 
selves to a wide range of applications. Captive screws are 
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Manufacturing the Laser Tube 

by Richard H.  Grote 

A concept  tha t  has  recent ly  become w ide ly  accepted  in  man 
u fac tu r ing  c i rc les  i s  tha t  p roduc ing  a  h igh-qua l i t y  p roduc t  i s  a  
matter  of  adequately control l ing i ts  manufactur ing process.  This 
means tha t  the  manufac tur ing  process must  be  des igned to  en 
sure way. every product is manufactured in exactly the same way. 
T h i s  h i g h -  i s  p a r t i c u l a r l y  s i g n i f i c a n t  i n  b u i l d i n g  a  v e r y  h i g h -  
techno logy product  such as  a  HeNe laser .  Ear ly  in  the  deve lop 
ment  of  the thermal ly  tuned 551 8A laser  tube i t  was decided to 
make  to  necessary  inves tment  i n  manu fac tu r ing  equ ipment  to  
ensure that the process would be under control. 

The  lase r  tube  was  des igned  to  opera te  i n  the  lowes t -o rde r  
t ransverse mode,  TEM00. The laser  capi l lary rod has a stepped 
b o r e  d i a m e t e r  t h a t  s u p p r e s s e s  h i g h e r - o r d e r  m o d e s  a n d  o p  
t imizes output power.  I t  is very important that the two bore holes 
are  accurate ly  dr i l led  and concent r ic .  Eccent r ic i ty  o f  these two 
bores can ser iously degrade laser tube power.  The rod is dr i l led 
w i th  a  cus tom-des igned f i ve -sp ind le  core  d r i l l i ng  and  g r ind ing  
machine (see Fig.  1) .  I t  core dr i l ls  the capi l lary holes s imul tane 
ously from both ends, then grinds a concave shape into the end of 
the  rod,  and f ina l ly  convex-beve ls  the  rod end.  I t  i s  capab le  o f  
producing very uni form parts wi th one setup and six cutt ing func 
t ions,  rep lac ing 27 manual  operat ions on two machines.  

The laser  cav i ty  length  is  tuned by  means o f  cur ren t  f low ing 
through a heater wire wrapped around the capi l lary rod to control 
the temperature and hence length of  the rod. Fai lure to wrap the 
heater wire uniformly and t ight ly results in a heat transfer charac 
terist ic that varies from one laser tube to another. A machine was 
designed and buil t  to wind wire precisely at a defined tension into 
grooves cut  in to  the rod.  Before the machine was invented,  the 
wire was wound by hand. One can see in Fig.  2 the improvement 
in heat transfer uniformity provided by the wire winding machine. 

Probably the most important components of a laser tube are the 
laser  mi r rors .  Mi r rors  w i th  out -o f - to le rance re f lec tance or  poor  
surface quality can produce a low-power laser or no laser at all. To 
manufac ture  h igh-qua l i ty  laser  mi r rors  as  we l l  as  o ther  opt ica l  

Results before Wire Winder 
â€¢ Results after Wire Winder 

. 8  1 . 0  1 . 2  1 . 4  1 . 6  1 . 8  2 . 0  2 . 2  
T ime Constant  of  Heat  F low from Wire to  Rod 

2.4 

Fig .  2 .  Improvement  in  heat  t ransfer  un i fo rmi ty  prov ided by  
the spec ia l ly  des igned wi re  wind ing machine.  

components of the 5528A laser system, a new opt ical  coater was 
purchased. This coater deposi ts th in- f i lm die lectr ic  mater ia ls on 
g l a s s  a n d  t o  p r o d u c e  h i g h l y  r e f l e c t i v e ,  a n t i r e f l e c t i v e ,  a n d  
other coat ings. I t  operates as a turnkey system. Once substrates 
are loaded in to the coater  chamber,  vacuum bakeout ,  substrate 
tempera tu re ,  mater ia l  depos i t ion  ra tes ,  and  f i lm th ickness  a re  
under computer control.  This isa major departure f  rom the classi 
ca l  manual  coat ing operat ion and has resu l ted in  much greater  
un i fo rmi ty  f rom one coat ing  run to  another .  Once laser  mi r rors  
have their coated, i t  st i l l  is an onerous job to measure al l  of their 
o p t i c a l  c h a r a c t e r i s t i c s  m a n u a l l y .  A n o t h e r  s p e c i a l  c o m p u t e r -  
contro l led machine was constructed that  measures ref lectance,  
t ransmi t tance,  fo rward  scat te r ,  and backscat te r  and ca lcu la tes  
absorption of the mirrors. 

One addi t ional  key to good laser operat ion is  the pur i ty  of  the 
HeNe mixture. Impuri t ies in the tube can cause the laser to have 
low power, high noise levels,  and shorter l i fet ime. Consequently,  
ve ry  good  vacuum p rac t i ces  a re  necessa ry  t o  ensu re  t ha t  a l l  
residual gases are removed from the laser tube before i t  is f i l led 

F i g .  1 .  C u s t o m - d e s i g n e d  f i v e -  
sp ind le  core  dr i l l ing  and gr ind ing 
machine. 
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wi th  to  HeNe mix ture .  Yet  another  custom machine was bu i l t  to  
vacuum bakeout the tube, f i l l  i t , and seal it (see Fig. 3). The entire 
processing operat ion is  automat ic .  An operator  loads tubes in to 
the  p rocess ing  s ta t ion ,  s ta r t s  the  HP-85  con t ro l  p rogram,  and  
walks  away.  Later ,  comple te ly  f i l led  and sea led laser  tubes are  
removed  f r om the  s ta t i on  ready  t o  t es t .  The  HP-85  Compu te r  
moni to rs  impor tant  p rocess parameters  and pr in ts  out  a  perma 
nent record . The laser tube processing station provides tubes that 
a re  much  more  un i fo rm w i th  much  less  human e f fo r t  t han  was  
necessary  in  the  o lder ,  manua l  p rocess ing approach.  

T h i s  h e a v y  i n v e s t m e n t  i n  m a n u f a c t u r i n g  e q u i p m e n t  a l l o w s  
m u c h  F o r  c o n t r o l  o f  t h e  p r o c e s s  o f  b u i l d i n g  l a s e r  t u b e s .  F o r  
those process  s teps  tha t  a re  no t  au tomated,  c lear  and prec ise  
documentat ion is  necessary to  te l l  the people bui ld ing the laser  
exac t l y  what  to  do  a t  every  s tage  o f  manufac tu re .  Near ly  s ix ty  
separate  process sheets  have been wr i t ten,  document ing a l l  o f  
these operat ions.  The combinat ion o f  wel l  documented process 
es  and  t ube  has  r esu l t ed  i n  a  ve r y  we l l  con t r o l l ed  l ase r  t ube  
manufactur ing process.  

Ac k no w I edg ments 
Ernie Riberdy designed, specif ied, and brought on- l ine the rod 

d r i l l i n g  m a c h i n e .  H e  a l s o  d e s i g n e d  a n d  c o n s t r u c t e d  t h e  w i r e  

Fig.  3 .  Custom-des igned machine 
b a k e s  o u t ,  f i l l s ,  a n d  s e a l s  l a s e r  
tubes. 

winder .  Jef f  Benz ing and John Tsa i  spec i f ied the opt ica l  coater  
and made i t  opera t iona l .  Je f f  a lso  des igned and bu i l t  the  laser  
processing stat ion. Dave Woodruff  designed and constructed the 
mirror tester. 

Richard H.  Grote 
Dick Grote was born in Indianapolis, 
Indiana.  He received h is  BSEE de-  

* gree from the University of Kansas in 
1969 and his MSEE from Stanford 
Universi ty in 1971. Af ter  jo in ing HP 
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I signal analysis R&D, then three 
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as product ion manager  for  laser  in  
te r fe rometer  p roducts .  He became 
project  manager for the 551 8A 
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^K  (a  f o rme r  HP  eng inee r  and  HP  Jou r -  
Â«Jw^  na l  au tho r ) ,  and  t he i r  two  sma l l  

L J E Ã ‰ F  . . ^ â € ¢ R M Â ·  d a u g h t e r s  l i v e  i n  P a l o  A l t o ,  C a l i f o r  
n i a .  and  h i s  l e i su re  ac t i v i t i es  he  l i s t s  read ing ,  mus i c ,  and  
coping with two chi ldren in diapers and a balky sprinkler system. 

included for convenience in attaching the reflector mirror. 

Optical  Square Mount  
The 10777A Optical Square is an indispensable tool for 

measuring the perpendicularity between major machine 
tool axes. To avoid cosine errors caused by misalignment of 
the optical square to the machine axis, a suitable mounting 
platform is required. While some measurements benefit 
from a stand-alone optical square, most measurements can 
accommodate the extra space required for an auxiliary 
mount that improves the accuracy and speed of setups for 
machine tool calibrations. 

By itself, when used in the flat or horizontal position, the 

optical square can be located very accurately on its three 
built-in precision-ground footpads. However, this position 
does not satisfy the common centerline criterion of the 
system. In the vertical position, the square has a narrow 
base which makes it difficult to position with the perpen 
dicular accuracy needed, and because of its relatively large 
volume, it is awkward to clamp or attach firmly to a work 
surface. The optical square mount was designed to alleviate 
these problems. 

Since a major use of the laser measurement system is to 
calibrate machine tools, it is important that the fixtures and 
mounts be compatible with standard machine require 
ments. For this reason, a knee block or right-angle plate 
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Mechanical Design Features 
of the Laser Head 

by  Cha r l es  R .  S te i nme tz  

The product  def in i t ion for  the new 5528A Laser  Measurement  
Sys tem p laced  par t i cu la r  emphas is  on  low manufac tu r ing  cos t  
and ease of use. The laser head (see Fig. 1 ) is a major component 
of  the system, and requires many compl icated mechanical  parts.  
Emphasis was put on low part costs for as many of these mechan 
i c a l  c o m p o n e n t s  a s  p o s s i b l e .  F a b r i c a t i o n  p r o c e s s e s  w e r e  
selected wi th th is in mind. 

An important design goal was that these instruments be easy to 
repa i r  in  the f ie ld .  The main subassembl ies  are  des igned to  be 
easi ly  replaceable in  the f ie ld wi thout  d is turb ing any f ixed a l ign 
ments. 

Low-Part-Cost  Design 
To meet the low-cost  goal ,  designs were made and fabr icat ion 

p rocesses  chosen  so  t ha t  as  f ew  pa r t s  as  poss i b l e  r equ i r e  a  
second fabr icat ion process.  Some of  the processes are d ie cast  
ing,  p las t ic  mold ing,  and screw machin ing.  

The two largest components used in the laser head are the laser 
base and the tube housing. Both are aluminum alloy die castings. 
These par ts  make up the s t ruc tured body o f  the  ins t rument ,  so  
they had to be r igid enough to hold the al ignment geometry of al l  
the opt ica l  components wi th in the laser  head.  

Since these parts are die cast, features are easily incorporated, 
such as cool ing f ins on the laser  tube housing,  locat ing tapers,  
k inemat ic mount ing legs,  pr inted c i rcui t  board mount ing bosses, 
and  sh ie ld ing .  Where  subsequent  mach in ing  i s  requ i red  fo r  ta  
pered holes and t ighter-tolerance hole locations, extra material is 

added.  
The laser head also contains four plastic molded parts. Two are 

used in the beam sampler assembly and two in the turret  assem 
bly.  The beam sampler requires precise angles for  mount ing the 
o p t i c s  c o n t a i n e d  i n  t h e  a s s e m b l y .  I t  h a s  t o  b e  c o m p a c t  t o  
minimize beam deviat ions and sealed to keep out stray l ight. The 
plast ic parts are molded of  ABS plast ic and incorporate features 
such as precise angled mount ing surfaces for locat ing two beam 
spl i t ters, and slots for posit ioning a polar izer and a l iquid-crystal  
shutter.  The two parts snap together to make a l ight- t ight  assem 
bly that has a molded-in locating feature for positioning in the laser 
base. 

The  tu r re t  assemb ly ,  wh ich  i s  v i s ib le  a t  the  f ron t  end  o f  the  
i n s t r u m e n t ,  c o n t a i n s  f o u r  s h e e t - m e t a l  p a r t s  a n d  t w o  p l a s t i c  
molded parts.  The two plast ic  par ts are molded of  Delr inâ„¢,  an 
aceta l  res in ,  wh ich  has  low f r i c t ion  and good wear  res is tance.  
Both parts require these propert ies.  The two parts are the turret  
base that holds the rotatable shutters in posit ion and the straight- 
ness mount that rotates with respect to the f ixed turret base and 
the  l ase r  base .  These  pa r t s  a l so  have  mo lded - i n  f ea tu res  f o r  
locating indexing balls for the shutters on the turret base, a recess 
f o r  t h e  f o r  t u r r e t  f a c e  t o  s n a p  i n t o ,  m o u n t i n g  s u r f a c e s  f o r  
optics on the straightness mount, and a cantilever spring finger for 
indexing the part  when rotated.  

The new straightness optics are part of the 551 8A Laser Head. 
On the older 5500C Laser Head, an add-on opt ics assembly had 
to be attached to the front end of the head for making straightness 

T u b e  H o u s i n g  A s s e m b l y  

B e a m  S a m p l e r  
A s s e m b l y  

L a s e r  B a s e  
A s s e m b l y  

T u r r e t  A s s e m b l y  

F ig .  1 .  55784  Laser  Head .  
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measurements.  

Modular  Design 
T h e  m a j o r  a s s e m b l e s  i n  t h e  l a s e r  h e a d  a r e  d e s i g n e d  t o  b e  

f i e l d - rep laceab le  modu les  w i th  no  ad jus tmen ts  requ i red .  Th i s  
means that  the al ignment between the laser tube housing,  beam 
sampler  and tur re t  assembles Is  cr i t ica l  and must  be as f ree as 
p o s s i b l e  o f  t o l e r a n c e  b u i l d u p .  E a c h  a s s e m b l y  h a s  c r i t i c a l l y  
al igned components that must be as free as possible of assembly 
er rors .  A l ignment  between these assembl ies  is  he ld  by locat ing 
them on the laser  base,  which has machined mount ing sur faces 
for them. 

The pr inted circuit  boards are posit ioned in the laser head with 
features that are part  of the laser head cast ing, and are fastened 
w i th  sc rews .  The  boards  a re  in te rconnec ted  w i th  edge  connec  
tors. 

The  l ase r  t ube  hous ing  assemb ly  i nco rpo ra tes  a  pos i t i oned  
laser  tube,  a  co l l imat ing te lescope,  and a  wavepla te  assembly .  
These components are adjusted to each other to give the required 
l a s e r  b e a m  c h a r a c t e r i s t i c s .  T h e  t u b e  h o u s i n g  a s s e m b l y  i s  
k inemat ica l ly  mounted onto  the laser  base and is  fas tened to  i t  
w i th  three screws that  are  access ib le  f rom the top o f  the ins t ru  
m e n t .  f o r  p r e a l i g n m e n t  a n d  a c c e s s i b i l i t y  a r e  c o n v e n i e n t  f o r  
bui l t - in appl icat ions, where the al ignment of  the system must not 
be  d is tu rbed when a  tube  hous ing  assembly  i s  rep laced.  

The beam sampler assembly also has interconnect ing features 

on both parts. This assembly is fastened to the laser base by two 
screws and is  easi ly  accessib le f rom the top of  the inst rument .  

T h e  s t r a i g h t n e s s  m o u n t  a s s e m b l y  c o n t a i n s  t w o  p r e a l i g n e d  
beam spl i t ters  and is  captured between the tur ret  base and the 
laser base casting. I t  is located at the front end of the instrument 
and  i s  access ib le  by  remov ing  the  two  sc rews  tha t  f as ten  the  
turret  base to the laser base. 

Charles R.  Steinmetz 
Char l ie  Ste inmetz was responsib le 
for the product design of the optical 
components  and par ts  o f  the  laser  
head for the 552 8A Laser Measure 
ment  System. With HP s ince 1978,  
he's also designed vacuum and 
high-pressure systems used in fre 
quency  s tandard  p roduc t ion .  He 
was born in Palo Alto, California and 
rece ived h is  BSME and MSME de-  

|  grees from the University of Cali for- 
j nia at Berkeley in 1 976 and 1 978. A 

scuba d iver  and underwater  photo-  
j  grapher ,  he enjoys vacat ion ing 
where the ocean is clear and warm. 

He and h is  wi fe  l ive in  Cuper t ino,  Cal i forn ia and are expect ing 
their f irst child. 

concept is used. The 10777A Mount is a fairly massive 
investment-cast stainless-steel design. It has cast-in clamp 
pads that clearly identify areas for securing it to a machine 
bed. These are all located opposite ground contact pads to 
eliminate the possibility of distortion caused by heavy 
clamp pressure applied in the wrong areas. Except for the 
contact pads, the entire casting is texture-finished for a 
good appearance. 

The optical square is easily attached to the mount and 
removed from it by means of a single threaded post built 
into the mount. The widely spaced contact pads ensure 
repeatability of location. The 105-mm centerline is 
achieved in both horizontal and vertical positions. 

The contact pads are precision-ground to be parallel and 
perpendicular to the optical square pads. The design of the 
optical square makes it insensitive to rotation (within the 
window aperture range) normal to the beam reflected plane. 
For this reason the mount is designed to maintain accuracy 
in only two axes. 

Used in the vertical position, the assembly can be used for 
vertical straightness measurements. The 10772A Turning 
Mirror and its leveling mount can be attached directly to the 
optical square. This combination in turn is attached by the 
10777A Mount to the machine bed. All location require 
ments for these optics are automatically met, eliminating 
much of the setup drudgery. Since the entire assembly is 
clamped to the machine bed, measurements can be per 
formed without fear of accidentally bumping and moving 
the components or of machine vibration altering the mea 
surements. 

Flatness Mirror  
The 10773A Flatness Mirror is used in conjunction with 

the angular optics system to calibrate surface plate flatness. 
It consists of a mirror mounted vertically in a frame that can 

rotate 360Â° on a rectangular base plate. The mirror remains 
in a precise vertical plane at all times with respect to the 
surface plate. 

A major design feature of this mirror is that with its 
extended base, virtually the entire area of a surface plate can 
be characterized. By positioning the base of the mirror on 
the edge of the surface plate and allowing that portion 
containing the mirror to hang over, the angular optics can 
be positioned to measure surface flatness within an inch of 
the edges. Previous designs would not allow measurement 
of a peripheral band approximately three inches wide along 
the edges of the surface plate. 

The 55282A Flatness Accessory Kit contains two flatness 
mirrors and the 10759A Footspacing Kit. With two mirrors, 
a full surface plate characterization can be accomplished 
with one setup of the laser head. The angular interferometer 
is attached to the flatness mirror base and the angular reflec 
tor is attached to one of the three precision-ground footspac- 
ing kit bases, depending upon which surface contour inter 
val is being inspected. By moving the reflector/footspacing 
assembly along a straightedge on the surface plate, and re 
cording angular data at fixed intervals, a full surface plate 
contour plot can be made. 

Tripod-to-Laser-Head Adapter  Plate  
The 10753A Tripod provides an adjustable mount for the 

5518A Laser Head. The lower portion of the tripod is fun 
damentally the same as the 10580A Tripod for the earlier 
5526A Laser Measurement System. The adapter plate for 
the new 5518A Laser Head, however, has been completely 
redesigned. 

The major design improvements the user will see are the 
fine adjustment mechanisms for aiming the laser beam. 
These allow for precise directing of the beam in pitch and 
yaw. The adjustment controls are conveniently located at 
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the rear of the 5 5 1 8 A Laser Head . The laser is attached to the 
tripod with two large socket-head screws. This is a very 
quick operation. It provides a positive and secure connec 
tion along with flexibility for the beam alignment setup 
process. 

Pitch of the laser beam is controlled by turning a threaded 
shaft that runs through the rear footpad of the laser head. It 
provides an adjustment range of Â±3Â° in the pitch angle of 
the 5518A relative to the tripod. After the proper angle has 
been established during the setup procedure, it can be se 
cured by a built-in jam nut which locks the adjustment 
screw. All of these controls are hand operated and require 
no special tools. 

The yaw adjustment is built into the rear portion of the 
tripod adapter plate. The laser head can be rotated Â±4Â° with 
respect to the tripod base. The adjustment mechanism con 
sists of a fine-threaded cross slide and shaft. A large hand 
knob provides a convenient crank and a thumbwheel for 
greater control. 

A multiaxis pivot mechanism is located near the front of 
the adapter plate. It attaches the pivot arm of the tripod 
adapter plate to the baseplate. Flexibility in both pitch and 
yaw of the 5518A is provided while firmly securing it to the 
tripod. Both movements can be locked by a hand knob 
located just under the pivot bolt. It has a built-in spring load 
that ensures firm contact between components at all times. 
Most users will find that this spring load is sufficient to 
provide a stable position for the laser head during mea 
surements, but the hand knob can be tightened if desired. 
To ensure smooth movement between the laser head and 
baseplate, the pivot arm contains two brass inserts that are 
cylindrically shaped to coincide with the pivot pitch 
radius. The base contains two corresponding hardened and 
polished steel inserts. Even with the pivot bolt drawn down 
fairly tight, the sliding action remains smooth. 

A bubble level is built into the base. This allows for initial 
leveling of the tripod leg assembly on virtually any surface. 
The tripod has a durable black textured finish. 

Computer  Model ing 
The optical system of the 5528A Laser Measurement Sys 

tem was modeled so that a computer could be used to 
develop specifications for measurement ranges and optical 
separation distances. Modeling provided the tool to deter 
mine the appropriate combinations of lower-level specifi 
cations needed to provide maximum performance of the 
system. The measurement versatility of the 5528A System 
introduces a large number of optical cases, which can best 
be handled by a comprehensive computer modeling 
technique. 

The optical system model combines several nonlinear 
functions of many variables. These functions were deter 
mined by both empirical and theoretical methods. 

The laser beam consists of two coaxial beams of slightly 
different frequencies, and it is the difference frequency 
(plus Doppler shift) that generates the measurement signal. 
Since the two beams must interfere to produce a signal, they 
must overlap coaxially by a significant amount to generate 
an acceptable signal. The two beams take different paths in 
a measurement and are subject to changes in angle, wave- 
front distortion, axial alignment, and diameter. As these 

changes increase, the two beams overlap less and generate 
less signal. Once a minimum signal level is chosen, integra 
tion over the beam overlap region on the receiver deter 
mines the necessary signal power. Since the functions are 
nonlinear,  a  high-accuracy numerical  integrat ion 
technique is used. 

The intensity profile of the beams is Gaussian, and the 
width of the profile is a function of the optical path traveled. 
The intensities of the two beams, Ireference and Imeasure' can 
be written in polar coordinates as: 

where r is the radial component and w is the spot size of the 
beam. The spot size w is the 2cr point of the Gaussian 
profile. It increases because of diffraction spreading and 
collimation of the beam. This increases the diameter of the 
beam and changes the power density. Signal power loss is 
heavily dependent on this beam spreading. The other major 
power loss is from beam alignment. The beams must inter 
fere on the detector, and because their profiles are Gaussian, 
small movements off the receiver result in large power 
losses. Air turbulence and temperature gradients are also 
first-order factors, but they can be controlled and stabiliz 
ed so that their effects are virtually eliminated. 

Secondary power losses come primarily from phase loss 
es between the two interfering beams. These losses occur 
from wavefront distortion caused by the optics, radius of 
curvature changes between the two beams, and small axial 
angles between the beams. Lower-order losses include in 
coherence, absorption, scattering, and optics efficiencies. 
Integration of the product of these functions produces the 
overall signal power. The overall power can be normalized 
to an ideal case to give a relative signal power for the 
particular optical case. Integration limits are defined by the 
effective receiver radius. Relative signal power is generated 
by the evaluation of: 

= ExV(ei,e2)xS(z,A)xL(z) 

xJJ [[lref[r,z,D(z,nl,n2), P(T), W(z,K(z,t)), 

detector 
area 

,), P(T), W(z,K(z,t)), 

xR(r)xC(z)xdA 

In this equation, 
z = optical path length of beams (OPL) 
r = radial component (beam offset) 
D(z,il1,iI2) = beam offset on detector caused by optics 

wedges and OPL 
W(z,K(z,t)J = spot size as a function of OPL and collimation, 

where collimation is a function of OPL and 
temperature 

R(r) = photodetector response over surface 
C(z) = phase loss caused by radius of curvature differences 
G(t) = initial Gaussian beam alignment (temperature 

dependent) 
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P(T) = pointing stability as a function of time 
E = optics transmission efficiencies 
S(z,A) = scattering and absorption as a function of OPL and 

air quality 
V(61; 02) = loss from nonparallelism of wavefronts and 

optics figures 
L(z) = coherence loss 

The model prompts the user for fixed variables, and then 
generates the signal power as a function of optical path 
length (range). 

Results from the model are in very close agreement with 
data accumulated from experimental testing. Several ver 
sions of the model allow the performance of each 5528A 
measurement mode to be predicted accurately. 
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Noise Figure Meter  Sets Records for  
Accuracy,  Repeatabi l i ty,  and Convenience 
Noise f igure measurements used to  be myster ious,  t ime 
consuming, di f f icult ,  and not very accurate. This instrument 
makes them qu ick ,  accura te ,  and easy.  

by Howard L .  Swain  and Rick  M.  Cox 

IT HAS BEEN TWENTY-FOUR YEARS since Hewlett- 
Packard introduced its first noise figure meter,1'2 and 
noise figure is still a widely used figure of merit for the 

noise performance of devices, subassemblies, and complete 
systems. As performance requirements have increased, it 
has become increasingly important to be able to measure 
noise figure accurately and conveniently. For example, a 
0.34-dB difference in the noise figure of low-noise 
amplifiers for satellite earth stations can translate into a 
fivefold difference in price.3 

The new HP Model 8970A Noise Figure Meter (Fig. 1) 
makes outstanding contributions to this field in accuracy, 
convenience, and flexibility. The use of a microprocessor 
enables it to correct several of the errors that have been 
accepted as part of the measurement uncertainty in the past. 
Its own broad tuning range, high sensitivity, and ability to 
control external local oscillators over the HP-IB (IEEE 488) 
provide a tremendous increase in convenience. The 8970A 
can also measure gain and display both swept noise figure 
and gain as functions of frequency on an oscilloscope. Thus 
it can gather data in a few minutes that would take hours by 
previous methods. It turns a mysterious, time consuming, 
difficult, often inaccurate measurement into one that is 
quick, accurate, easy, and pleasant. 
*Some bas ic  no ise f igure theory is  presented in  the Appendix  a t  the end of  th is  ar t ic le .  

8970A Contr ibut ions 
Three effects that have caused errors in noise figure mea 

surements in the past are eliminated by the 8970A. The first 
is the variation with frequency of the excess noise ratio 
(ENR) of the noise source used for the measurements. The 
ENR of the source must be known before the noise figure of 
the device under test can be measured. While some noise 
figure meters allow the entry of an arbitrary ENR, only one 
value can be entered. When a measurement is taken at a new 
frequency, a new value has to be entered. Thus measure 
ments must be made at one frequency at a time. 

The 8970A allows the entry of ENR for 27 frequencies at 
one time and stores this data in a table. When a measure 
ment is made, the proper value is automatically used for 
that frequency. If necessary, the 8970A interpolates linearly 
between the entered data points. 

The second error arises because the off or cold noise 
temperature of the noise source, Tc, is not equal to the 
standard reference temperature of 290K. TC is equal to the 
physical temperature of the noise source termination, which 
is approximately room temperature or about 296K. This 
6K error in TC causes an error in noise figure of about 0.1 dB 
for noise figures below 1 dB. Assuming that TC = 290K, as 
all previous noise figure meters do, simplifies the equa 
tion enough that it can be solved by analog circuits. How- 
*See Append ix .  

I  
Fig. 1 . Model 8970 A Noise Figure 
Me te r  measu res  no i se  f i gu re ,  e f  
f ec t i ve  i npu t  no i se  tempera tu re ,  
and  ga in ,  con t r i bu t i ng  l ess  t han  
Â±0.1  dB o f  uncer ta in ty  to  no ise  
f i g u r e  m e a s u r e m e n t s .  A  b u i l t - i n  
mic roprocessor  cor rec ts  au tomat  
i c a l l y  f o r  E N R  v a r i a t i o n s  a n d  
second-stage ef fects .  
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ever, the 8970A's microprocessor easily solves the exact 
equation, virtually eliminating this error. 

The third error is caused by the second-stage noise figure. 
When the noise figure of two devices in cascade is mea 
sured, the result F12 includes contributions from both 
devices: F12 = Fa + (F2 - l)/Gavl, where Fj is the noise fig 
ure (in ratio form) of the device under test, F2 is the noise 
figure of the second stage, and Gavl is the available power 
gain of the first stage. In a calibration step, the 8970A 
measures and stores its own noise figure F2. Then when it 
measures the gain of the device and the total noise figure 
F12, it can solve the above equation for the noise figure of 
the device alone, Fa. Since the gain and noise figure are 
measured at the same time, the 8970A can display the 
corrected noise figure in real time. This is extremely impor 
tant, for example, when tuning a transistor to find the 
minimum noise figure. Because the tuning also affects the 
gain, it is essential to make this correction in real time to 
find the true minimum of F^ If F12 is minimized and then 
that minimum is corrected for second-stage noise, the result 
is a different, higher, and wrong number because the tuning 
is a compromise between what minimizes Fa and what 
maximizes Gavl. Before the 8970A it was almost impossible 
to make this measurement to find the true minimum of Fj. 

Two additional factors can reduce the accuracy of the 
measured noise figure. The first is a lack of adequate resolu 
tion. The 8970A has 0.01-dB resolution to go with its 0.1-dB 
accuracy. To avoid any possibility of roundoff or other 
errors, the data sent out on the HP-IB has 0.001-dB resolu 
tion. 

The second factor is lack of adequate smoothing or filter 
ing to make use of the high resolution. The 8970A uses 
adjustable exponential averaging during fixed-frequency 
measurements.4 Two front-panel keys, INCREASE and DE 
CREASE, allow the user to adjust the smoothing for an 
optimum tradeoff between speed of response and jitter. 
Even when increased averaging is selected, the 8970A still 
updates the display three to five times per second, making 
adjustments easy. During sweeps, the 8970A averages the 

selected number of readings at each frequency before mov 
ing on. 

Besides the errors described here, many inconveniences 
have plagued those who attempt to measure noise figure. 
First, all previous noise figure meters measure at only one 
or a few fixed frequencies. Measurements over a band of 
frequencies require an additional mixer and a tunable low- 
noise local oscillator. Some noise figure meters require the 
use of an additional amplifier. It is almost impossible to 
make swept, single-frequency measurements over a broad 
bandwidth. The 8970A remedies all of these shortcomings. 
It tunes from 10 to 1500 MHz in 1-MHz (or greater) steps, 
and it has enough internal gain so that no additional 
amplifiers are needed. Thus, the 8970A and a noise source 
can measure a great many devices without any additional 
equipment. 

To measure noise figure at frequencies above 1500 MHz 
does require an external mixer and local oscillator. How 
ever, even this measurement is easy. All parameters (ENR, 
Tc, and frequencies) are still entered into the 8970A, and 
the 8970A acts as a limited HP-IB controller to set the 
frequency of the external local oscillator. Naturally, all the 
corrections mentioned above are still made. For example, 
using the HP 8672A as an external local oscillator allows 
the user to make a swept, fully corrected noise figure and 
gain measurement from 2 to 18 GHz and have a flicker-free 
display on a nonstorage oscilloscope. 

Because the 8970A can correct for second-stage noise 
figure, it can measure the noise figure of lossy devices such 
as mixers. With its broad frequency range, the 8970A can 
even measure noise figure as a function of intermediate 
frequency (IF). 

For low-noise devices and for use in systems calcula 
tions, many users want their measurement results in terms 
of effective input noise temperature Te instead of noise 
figure. The 8970A can accommodate them. In addition to 
noise figure in dB and Te, the 89 70 A can also display noise 
figure as a ratio and Y factor (see below) asa ratio and in dB . 

10-1500 MHz 
2050-MHz 

Bandpass Fi l ter 
20-MHz 

Bandpass Fi l ter  

2060-to-3550-MHz 
Local Oscillator 

Output  
to 

Noise 
Source 

Microprocessor 

T  T  
K e y b o a r d H  H P - I B  

a n d  B ( I E E E  4 8 8 )  
Display 

Digital 
Storage 

Osci l loscope 
Driver 

M  T o  E x t e r n a l  
/Osc i l loscope  

z j  

Fig.  meter  The 8970A Noise F igure Meter  is  bas ica l ly  a  tunable  power  meter  or  rece iver .  The 
m ic roprocessor  con t ro l s  the  inpu t  and  IF  a t tenua to rs  and  the  f i r s t  LO,  reads  the  ana log - to -  
d ig i ta l  source prov ides output  data  to  the d ig i ta l  s torage c i rcu i ts ,  and turns  the no ise source 

on and of f .  
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System Design 
There are many ways to measure noise figure.5 All 

techniques require at least two measurements of the output 
power from the device under test (DUT). For the first mea 
surement, the signal connected to the input of the DUT is 
noise of a known power Pv For the second, the signal is 
noise or a single-frequency continuous-wave (CW) signal of 
a different known power P2. 

The first thing to decide is whether to use noise or CW for 
P2. The use of CW has several disadvantages: it requires that 
the bandwidth of the measurement be accurately known, it 
is difficult to know the absolute power of low-level CW 
signals, and a broadband (10 MHz to 18 GHz) CW source is 
rather expensive. 

On the other hand , the advent of solid-state noise sources 
has provided a broadband, inexpensive source for P2 that 
can be accurately calibrated in power level. Furthermore, 
the use of noise eliminates the need to know the measure 
ment bandwidth accurately. Therefore, noise was chosen 
for P2 in the 8970A. 

The 8970A needs to measure the ratio of P2 to Pa, known 
as the Y factor. There are many ways to do this, depending 
on whether P2 is varied and whether Y is forced to be 2 
(the 3-dB method) or not.5 The most accurate way that is 
also convenient is to keep P2 fixed, let Y vary as determined 
by the DUT, and measure the ratio of P2 to Pa with a power 
meter. This is the technique automated with the 8970A. 

Although the quantity of interest is spot noise figure,6 
that is, noise figure at one particular frequency, in practice 
one can only measure noise averaged over a band of fre 
quencies, the measurement bandwidth. Therefore, a noise 
figure meter must define the measurement bandwidth and 
select the center frequency of that bandwidth. Hence the 
8970A is really a tunable power meter or receiver (see 
Fig. 2). 

It is easiest and most accurate to do most of the signal 
processing at some intermediate frequency. Therefore, 
some frequency conversion is needed to translate the input 
frequency to that IF. To measure noise figure at only one 
frequency, the noise figure meter must reject the image and 
other responses of the input mixer. 

There are two ways to do this. One is to use a preselector. 
The other is to have the first mixer up-convert the input 
signal to a first IF that is higher than any desired input 
frequency. This has two advantages over preselection. First, 
a simple fixed low- pass filter rather than a tunable low-pass 
or bandpass filter can be used. This is important when a 
range greater than two decades must be covered. Second, 
the first local oscillator (LO) has to tune less than an octave 
to provide greater than two decades of frequency coverage. 
Therefore, the 8970A uses the up-convert method. 

As can be seen in Fig. 3, the 8970A down-converts from 
the first IF of 2050 MHz to the last IF of 20 MHz in two steps. 
This helps eliminate undesired responses. An isolator be- 

Input Power Detector 
and Comparators 

1 550-MHz LPF 

To Microprocessor  

2050-MHz BPF 300-MHz BPF 

10 dB 20-dB 
Input Amplif ier 

10 dB 

>  F Ã S  d B  M t a  Â°r Â«Â¿p"10- <& 
1 0  d B  - X + - S  

2060-to 
3550-MHz LO 

1750-MHz LO 

B P F  

20-MHz 
BPF 

20-MHz 
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Frequency Calibration 
Detector Output 

7 d B  

LPF =  Low-Pass F i l ter  
BPF =  Bandpass F i l ter  

A-to-D 
Converter To Microprocessor  

Fig. 20-MHz processing. RF block diagram. Input signals are convened to a 20-MHz IF for processing. 
Gain,  f i l ter ing,  and step at tenuat ion are d ist r ibuted along the IF chain.  
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A Noise Source for Noise Figure 
Measurements 

The no ise source used for  a  no ise f igure measurement  is  the 
s tandard  o f  the  measurement ,  tha t  i s ,  the  ca l ib ra t ion  and accu 
racy of  the noise source are t ransferred d i rect ly  to  the measure 
ment. veri f i  the noise characterist ics of devices to be easi ly veri f i  
ab le  be vendors '  and customers '  p lants ,  no ise sources must  be 
s tab le  and accurate ly  ca l ibrated.  

The source impedance of an ideal noise source is exactly equal 
to the characterist ic impedance of the system in which the device 
under test is intended to operate â€” 50 ohms is the most common 
va lue.  Because the measured noise f igure of  many dev ices is  a  
sensi t ive funct ion of  the source impedance, any deviat ion of  the 
noise source impedance from the nominal value introduces errors 
into the measurement. These errors require correction i f  accurate 
compar i sons  a re  to  be  made  us ing  d i f fe ren t  measurement  sys  
tems.  There fore ,  fo r  rap id ,  conven ien t ,  eas i l y  comparab le  mea 
surements,  the noise source should have an impedance as close 
to 50Ã1 as possible. The source should also be useful over a wide 
f requency range.  

These  requ i rements  governed  the  des ign  o f  the  346B No ise  
Source  and  had  cons iderab le  impac t  on  the  spec i f i cs  o f  i t s  im  
p lemen ta t i on .  The  no i se  gene ra to r  i n  t he  346B  i s  a  spec ia l l y  
cons t ruc ted  s i l i con  d iode  opera ted  in  ava lanche  b reakdown to  
achieve the hot temperature or on condition. 1 12 To ensure that the 
d iode  b reakdown charac te r i s t i cs  and  the  resu l t i ng  no ise  spec  
trum are consistent from diode to diode and each t ime each diode 
i s  t u r n e d  o n ,  t h e  a n o d e  i s  s u r r o u n d e d  w i t h  a  g u a r d  r i n g ,  a s  
depicted in Fig. 1 . The guard r ing region has a higher breakdown 
voltage than the anode and conf ines the breakdown region to the 
area d i rect ly  under  the anode,  thereby e l iminat ing edge ef fec ts  
that can cause f luctuations in the noise spectrum. The active area 
o f  t h e  d i o d e  i s  s m a l l  t o  m i n i m i z e  t h e  e f f e c t s  o f  m a t e r i a l  i n -  
homogeneit ies.  

The d iode ch ip  is  mounted d i rec t ly  on the meta l  car t r idge for  
op t imum hea t  s ink ing  to  ma in ta in  the  lowes t  poss ib le  junc t ion  
temperature and best  long-term stabi l i ty  of  the cal ibrat ion.3 '4 

I t  w a s  d e s i r e d  t h a t  t h e  3 4 6 B  N o i s e  S o u r c e  h a v e  w i d e  
b a n d w i d t h ,  b o t h  f o r  m e a s u r e m e n t  c o n v e n i e n c e  a n d  f o r  t h e  
economy  resu l t i ng  f r om  need ing  on l y  one  sou rce  f o r  a  b road  
r a n g e  o f  a p p l i c a t i o n s .  H o w e v e r ,  t h e  d i o d e  i m p e d a n c e  v a r i e s  
greatly over the desired frequency range of 1 0 MHz to 1 8 GHz, so 
i t  was essent ial  to develop an imbedding circui t  that matches the 
d iode impedance to 50 ohms and s imul taneously  prov ides a f la t  
ENR-ve rsus - f requency  cha rac te r i s t i c .  Th is  i s  done  by  us ing  a  
comb ina t ion  o f  l oss  and  reac t i ve  match ing  as  ind ica ted  in  the  
equivalent  c i rcui t  shown in Fig.  2.  

As  shown in  F ig .  3 ,  the  no ise  d iode and match ing  c i rcu i t  a re  
sealed in a hermet ic  package.  A wideband hermet ic  feedthrough 

p  D i f f used  
G u a r d  R i n g  

S e c t i o n  A - A  

p +  C o n t a c t  
(Anode)  

I 

Area 

Fig. 1 .  Noise diode guard r ing detai l .  The guard r ing ensures 
cons is tent  ava lanche breakdown character is t ics .  

Open-Circuit 
Stub 

N o i s e  W  
D i o d e  ^  

Noise 
Output 

3500 pF 
Bias Current 

F i g .  2 .  S c h e m a t i c  d i a g r a m  o f  t h e  b r o a d b a n d  i m p e d a n c e -  
m a t c h i n g  i m b e d d i n g  c i r c u i t  f o r  t h e  0 . 0 1 - t o - 1 8 - G H z  n o i s e  
diode. 

w a s  s p e c i a l l y  d e v e l o p e d  t o  p r o v i d e  a  l o w - S W R  t r a n s m i s s i o n  
s t ructure and to form par t  o f  the mechanica l  t rans i t ion f rom the 
3 .5-mm coax ia l  s t ruc ture  ex terna l  to  the  no ise  car t r idge to  the  
microstr ip matching circuit  within the cartr idge. An internal transi 
t ion f rom 3.5 mm to 7 mm is used when type N or APC-7 connec 
tors are desired. To improve the source match, a 6-dB pad is used 
between the external  connector  and the no ise car t r idge,  prov id  
i n g  a n  4  1 2 - d B  i m p r o v e m e n t  i n  t h e  r e t u r n  l o s s .  F i g .  4  
shows the typ ica l  source match of  the 346B Noise Source.  

The avai lable noise power produced by the avalanche process 
is inversely proportional to the diode current. Therefore, it is impor 
tant that the current be well controlled to obtain repeatable results. 
The 346B conta ins a bui l t - in  current  regulator  to  ensure the cor  
rec t  va lue o f  d iode cur rent  under  a l l  cond i t ions ,  such as  might  
occur with different drive cable lengths or operation from a supply 
separa te  f rom the  8970A.  The  d iode  cu r ren t  f o r  each  346B i s  
factory adjusted to the opt imum value dur ing the cal ibrat ion pro 
cedure. 

ENR Calibration 
Because so l id -s ta te  no ise  sources  are  not  fundamenta l  s tan  

dards ,  they  mus t  be  ca l ib ra ted  us ing  a  fundamenta l  s tandard ,  
namely a physical ly heated or cooled resistor.  The United States 
Nat ional Bureau of Standards (NBS) provides regular cal ibrat ion 
serv ice on ly  a t  the f requenc ies shown in  F ig .  5 ,  us ing res is t ive 
terminat ions that are at  the temperatures l is ted. 

Herme t i c  Package  

Cur ren t  
Regu la to r  

3 . 5 - m m  C o a x i a l  M i c r o w a v e  
S t r u c t u r e  O u t p u t  

C o n n e c t o r  J 

+ 2 8 V  

_ J Â ¿  _ ^ ? _  _ _ Y J  
B l o c k i n g  C a p a c i t o r  

B r o a d b a n d  M i c r o w a v e  
H e r m e t i c  F e e d t h r o u g h  

N o i s e  D i o d e  M o u n t e d  
o n  P a c k a g e  F l o o r  

Fig .  3 .  B lock  d iagram of  the  HP 346B Noise  Source.  
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Fig .  4 .  Typ ica l  source match o f  the  346B Noise  Source.  

The s tandards laboratory  o f  Hewlet t -Packard 's  Stanford Park 
D iv is ion regu lar ly  sends i ts  t ransfer  s tandard no ise  sources to  
NBS for  ca l ibrat ion.  For  the f requencies at  which NBS does not  
prov ide serv ice,  the SPD standards lab main ta ins  hot  and co ld  
loads for  use as standards.  Cross checks are done between the 
t ransfer  s tandards and the hot  and co ld  loads and between the 
two waveguide transfer standards to assure the highest possible 
conf idence. 

Then  the  t rans fe r  s tandards  and  the  ho t  and  co ld  loads  a re  
used be ca l ib ra te  four  so l id -s ta te  no ise  sources  (346Bs)  to  be  
used  as  work ing  s tandards  in  p roduc t ion .  These  work ing  s tan  
dards  the  fo r  each  connec tor  op t ion)  a re  used to  ca l ib ra te  the  
units for shipment. 
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-Dona ld  R.  Chambers  

tween the first mixer and first IF filter minimizes reflections 
and assures a smooth frequency response. The losses of the 
first two mixers, the isolator, and the 1550-MHz and 
2050-MHz filters, combined with the noise figure of the 
15-dB, 300-MHz amplifier result in a 15-dB noise figure 
looking into the first mixer. 

Adding a low-noise 20-dB amplifier to the input reduces 
this noise figure to about 6 dB at low frequencies. High 
input powers from high-gain devices under test make it 
necessary to switch out the input amplifier and add some 
attenuation. The microprocessor reads a detector at the 
input to the first mixer to keep the level incident on the 
mixer below -20 dBm when the noise source is turned on. 

Filtering is distributed in the 20-MHz IF. The first filters 
keep the 280-MHz LO feedthrough and the total broadband 
noise from overloading the amplifier stages. The last filter 
makes sure the detector responds to the noise in only the 
4-MHz bandwidth. The step attenuators are also distributed 
so the noise figure can be kept low and the amplifiers are not 
overdriven. These IF step attenuators and the input RF step 
a t tenuators  are  kept  f ixed as  the  noise  source  is  
turned on and off for P2 and P-j. Thus their attenuation 
errors do not affect the Y-factor accuracy. 

There are several tradeoffs in selecting the IF bandwidth 
and the integration time of the analog-to-digital converter 
(ADC) that measures the detected power level. Whenever 

noise power is detected (converted to dc), the resulting dc is 
noisy. For the 8970A's detector the noise-to-signal ratio is 
1/VBr, where B is the predetection (IF) noise bandwidth 
and r is the postdetection filter time constant. Thus, for 
minimum display jitter, both B and T should be maximized. 
A large B also minimizes susceptibility to electromagnetic 
interference (EMI). Because the "signal" is noise, a larger B 
makes a larger "signal." 

An ADC that integrates the input signal can provide the 
needed postdetection filtering. This is advantageous be 
cause the microprocessor can turn the integrator on and off 
in synchronism with the noise source drive. Thus, the 
8970A does not have to wait many time constants for a 
separate filter to reach steady state before the A-to-D con 
version can take place. Filtering and conversion happen at 
the same time with one circuit doing both. In this case, the 
filter time constant r is just the integration time. Therefore, 
a large T also makes it easier to build an ADC with the ^\^ 
bits required to make its quantization error less than 0.005 
dB. 

On the other hand, if B is too large, the measurement is no 
longer of spot noise figure, especially at the lowest RF 
measurement frequency of 10 MHz. Furthermore, it be 
comes harder to measure narrowband units. If r is too large, 
the reading update rate will be too low, making it hard to 
adjust or tune a circuit for minimum noise figure. 
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Verifying the 8970A's Accuracy in 
Production 

The  s igna l  pa th  o f  t he  8970A No ise  F igu re  Me te r  can  be  de  
scr ibed as a receiver  that  has up to  100 dB of  very  s tab le ga in,  
fo l lowed by a noise power detector  and an analog- to-d ig i ta l  con 
ver ter .  To ver i fy  that  the 8970A meets  i ts  no ise f igure  accuracy 
spec i f ica t ions,  the l inear i ty  o f  these c i rcu i ts  must  be measured 
dur ing product ion tes t ing.  

To  measu re  t he  8970A 's  amp l i f i e r ,  de tec to r ,  and  ana log - to -  
d ig i ta l  converter  l inear i ty over a 22-dB range wi th 0.001-dB reso 
lut ion, the automatic test system shown in Fig. 1 is used. Typical  
repeatabi l i ty  of  th is  system is  about  0.005 dB.  

The test  system measures the 8970A's l inear i ty  by compar ing 
t he  ou tpu t  o f  t he  8970A ' s  de tec to r  t o  t ha t  o f  an  8484A  Power  
Sensor  and  a  436A Power  Mete r  as  the i r  common inpu t  power  
leve l  i s  s tepped over  the  22-dB range.  Us ing  a  power  meter  to  
measure  the  inpu t  power  to  the  8970A a t  each  s tep  e l im ina tes  
e r ro rs  non-  by  tes t  sys tem inpu t  a t tenua to r  inaccurac ies ,  non-  
repeatabi l i ty ,  and mismatch.  

Errors caused by nonl inear i ty  in  the power sensor  are great ly  
reduced  by  opera t ing  the  sensor  over  on ly  a  5 -dB range ,  f rom 
- 3 8  d B m  t o  - 4 3  d B m .  O v e r  t h i s  r a n g e ,  t h e  s e n s o r  a n d  p o w e r  
meter are l inear within 0.005 dB and measurement noise and dri f t  
a re  neg l ig ib le .  Read ing the  power  meter 's  recorder  ou tput  w i th  
the 3456A Digi ta l  Vol tmeter gives greater resolut ion than is avai l  
ab le  f rom the power  meter 's  HP- IB output .  The ent i re  re ference 
channel is per iodical ly cal ibrated by the HPstandards laboratory. 

After the correct  start ing power levels are set up, readings are 
taken from each channel. Then the test system input attenuation is 
increased and the change in power in both channels is measured. 
This change in noise power should be equal for both the reference 
and test channels. Any dif ference between the two is the l ineari ty 
er ror  o f  the 8970A under  tes t  (see F ig .  9  on page 31) .  

Th is been repeated until the test system input attenuation has been 
i nc reased  by  5  dB .  Then  the  re fe rence  channe l  a t tenua t i on  i s  
decreased by 5 dB,  return ing the sensor and power meter  to the 
correct operat ing range for the next measurement. Whenever this 
a t t enua to r  i s  changed ,  e r ro rs  can  be  i n t roduced  by  i t s  non re -  
peatabi l i t ies and mismatch errors and by power spl i t ter  t rack ing 
e r ro rs .  To  reduce  these  e r ro rs ,  t he  tes t  p rog ram makes  a  new 
r e f e r e n c e  m e a s u r e m e n t  e a c h  t i m e  t h e  r e f e r e n c e  c h a n n e l  a t  
tenuator  is  s tepped.  

Because noise is used as the "signal," there is noise or j i t ter in 
the  re fe rence  and  tes t  channe l  measurements .  Th is  j i t t e r  i s  re  
duced and using the internal averaging available in the 8970A and 
the 3456A.  Also,  a  curve f i t  is  done on the f ina l  data.  

In  making a no ise f igure measurement ,  the 8970A must  make 
two power measurements â€” one with the noise source on and one 

Reference Channel  
Programmable 

Attenuators .  

0.15T 

2 4  1 6  1 2  1 8  
Noise Figure (dB) 

Fig.  2 .  8970A noise f igure error  versus noise f igure.  

with from off. Their ratio is the Y factor, and its error can be read from 
the  l i nea r i t y  e r ro r  cu rve  by  tak ing  the  d i f f e rence  be tween  the  
errors at the two power levels. For each possible Y factor, the test 
system program determines Y-f actor error for all possible allowed 
combinations of the two powers from the l inearity curve. Then, the 
worst error is found for each Y factor. Next, the Â¡deal noise figure is 
calculated for each Y factor. Noise f igure is also calculated using 
these Y factors and the previously calculated worst-case Y-factor 
e r ro rs .  The  d i f f e rence  be tween  these  two  no ise  f i gu res  i s  the  
8970A's noise f igure measurement  error ,  F ig.  2.  

The test system also measures the 20-MHz IF attenuator error, 
and by combining this with the detector l inearity error (Fig. 9, page 
31) ,  determines the ga in  measurement  accuracy o f  the 8970A.  

A major benefit of this test system is its flexibil ity to change. The 
test noise source can be replaced by a signal generator or broad 
band noise source.  By readjust ing the input,  reference, and test  
a t tenua to r  leve ls ,  power  l i near i t y  measurements  can  be  made 
ove r  w ide  f r equency  ranges  f o r  many  dev i ces  such  as  power  
sensors and microwave detectors .  

-Harry Bunting 

Input 
Noise 

Source 

Input 
Attenuators 

8484A â€¢â€¢ 436A 
P o w e r  S ^  P o w e r  
S e n s o r  H B  M e t e r  

Recorder 
Output 3456A 

Voltmeter 

5 0 Ã 1  ^  A m p l i f i e r  
L o a d  >  G a i n  ~  8 0  d B  

Test  Channel  
Programmable 

Attenuators 

HP 9845T 
Computer  

8970A Noise 
Figure Meter 
Under  Test  

HP-IB 

Fig. 1 . Test setup for verifying the 
l inearity of the amplif iers, detector, 
and analog- to-d ig i ta l  conver ter  o f  
the 8970A Noise F igure Meter .  
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Clearly, a compromise is required. The 8970A has an IF 
bandwidth B of 4 MHz and an ADC integration time r of 16 
ms. These combine to give a low jitter of 0.05 dB peak, a 
reasonable spot size, and a reading rate of about five per 
second, which includes time for two A-to-D conversions 
and time for the microprocessor to calculate, display, and 
perform other functions. This compromise made the ENÃI 
shielding not too difficult and eased the design of the 16-bit 
ADC. If less jitter is required, software smoothing can be 
selected. 

Input  Assembly 
The input assembly (see Fig. 4) serves as a low-noise, 

broadband, variable-gain front end for the rest of the in 
strument. It consists of three switchable 10-dB attenuators, 
a switchable 20-dB low-noise, broadband amplifier, and a 
power detector. Input noise power incident on the first 
converter is detected and converted to a dc voltage by the 
input power detector circuit. This voltage is then sent to a 
pair of comparators that signal the controller assembly that 
the input power is either too high, at an acceptable level, or 
too low. The controller uses this information to adjust the 
overall gain of the input assembly appropriately. Gain of the 
assembly is variable in 10-dB steps from â€”30 dB to +20 dB. 
Optimum power level to the first converter is between -30 
dBm and -20 dBm. 

A few circuit details of the input amplifier are notewor 
thy. The amplifier consists of two independent high- 
frequency-transistor series-shunt feedback stages. This 
configuration gives an acceptable compromise for overall 
amplifier noise figure, gain flatness, input match, and 

bandwidth for the number of stages used. The input 
amplifier is realized using printed circuit board technol 
ogy. This requires parallel combinations of capacitors and 
resistors in several places to reduce the effects of parasitic 
lead inductance. The variable inductor in the collector of 
transistor Ql is realized by a variable-length high- 
impedance transmission line. It is used to adjust amplifier 
gain at high frequencies. Performance specifications for the 
amplifier are: 

10 to 1500 MHz 

<1.5 
20 dB Â±1 dB 

3.5 dB at 10 MHz 
5.0 dB at 1500 MHz 

dBm 

Frequency Range 

Input SWR 
Gain 

Noise Figure 

Pout at 1 dB 
compression 

The input power detector consists of a zero-bias Schottky 
detector diode operating in the square-law region followed 
by a high-dc-gain operational amplifier stage. Feedback 
around the op amp includes a thermistor to compensate for 
changes in the detection sensitivity of the Schottky diode 
with temperature. 

20-MHz IF  Assembly  
The 20-MHz IF circuit (see Fig. 3) consists of a series of 

filters, amplifiers and attenuators that determine the 
bandwidth and power level of the 20- MHz noise signal sent 
to the noise power detector. Nominal bandwidth of the 

R F O u t  
( t o  F i r s t  

C o n v e r t e r )  

i  T o  
M i c r o p r o c e s s o r  

I n p u t  P o w e r  D e t e c t o r  C o m p a r a t o r s  

Fig. 4. front 8970A's input assembly serves as a low-noise, broadband, variable-gain front end. It  
cons is ts  o f  three 10-dB at tenuators ,  a  20-dB ampl i f ie r ,  and a power  detector .  
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Resistive Divider 

RF 

Fig. and An attenuator section representative of the 20, 10, and 
5-dB step at tenuators in  the 20-MHz IF c i rcu i t .  

complete circuit is about 4 MHz. Gain of the 20-MHz IF 
circuit is variable under control of the microprocessor in 
5-dB steps from +40 dB to +75 dB. A detector is included in 
the IF circuit to detect feedthrough from the first LO when 
the LO is tuned near 2050 MHz during a frequency calibra 
tion. 

The two bandpass filters at the front end of the 20-MHz IF 
circuit combine with the bandpass filter at the output of the 
7-dB amplifier to form a composite eight-pole filter. These 
filters determine the nominal 4-MHz bandwidth of the 

+15V 

complete IF circuit. They also serve to reject unwanted 
first-LO feedthrough. 

The 20, 10 and 5-dB attenuators are realized by simple 
resistive dividers that are switched by complementarily 
driven FET stages. A representative attenuator is shown in 
the schematic of Fig. 5. The state of the control line causes 
either the upper or the lower FET to be switched into the on 
state, thereby coupling either the unattenuated or the at 
tenuated version of the input signal to the output. Resistor 
R3 causes the attenuator to present a nearly constant im 
pedance to the following stage regardless of the attenuator's 
state. This nearly constant impedance minimizes the error 
resulting from loading by the following stage. This attenua 
tion scheme was selected over a mechanically switched 
attenuator for reasons of cost, repeatability, and reliability. 

The method chosen for attenuation imposes some re 
quirements on the design of the amplifiers between the 
attenuator sections. Each of these amplifiers must have a 
low output impedance to appear as an ideal voltage-source 
driver for the resistive divider of the attenuator. Each 
amplifier must also have a high input impedance to 
minimize loading effects on the attenuator stage preceding 
it. The schematic for these amplifiers is shown in Fig . 6 . The 
FET input transistor, feedback topology, and shunt resonat 
ing input inductor combine to realize the required high 
input impedance. The emitter follower output stage and 
feedback serve to lower the output impedance of the 
amplifier. 

Frequency calibration of the 8970A is accomplished by 
tuning the first LO near 2050 MHz and then observing the 
resultant LO feedthrough by means of the frequency cali 
bration detector located in the 20-MHz IF assembly (see Fig. 
3). Feedthrough from the first LO is passed through a nar 
row bandpass filter centered in the 20-MHz IF passband. 
Output from this filter is detected, resulting in a dc level 
that is related to LO frequency. The maximum dc level 
corresponds to the center of the 20-MHz IF passband or zero 
instrument input frequency. If the LO is tuned below 2050 
MHz and then stepped up in frequency, the output of the 
frequency calibration detector always increases in level 
relative to the preceding output until a maximum is reached 
at 2050 MHz. After this, the output begins to decrease. Only 
information about whether the output of the frequency 
calibration detector is increasing or decreasing is really 
necessary to locate the zero frequency point. This allows the 
use of an economical slope detector circuit (see Fig. 7). A 

+5V 

Frequency Calibration 
Detector Input 

( f rom 20-MHz Assembly)  

F i g .  6 .  R e p r e s e n t a t i v e  2 0 - M H z  I F  a m p l i f i e r .  F e e d b a c k  
creates a h igh input  impedance and a low output  impedance 
and determines the ga in .  

Slope Detector 
(to Microprocessor) 

Sample/Hold 

F i g .  7 .  A  s i m p l e ,  e c o n o m i c a l  s l o p e  d e t e c t o r  i s  u s e d  i n  
automat ic  f requency cal ibrat ion.  
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2 0  M H z  
Noise  Inpu t  

0 . 0 1  T  

Detector 
^  O u t p u t  

(to A-to-D 
Converter) 

Fig. to The noise power detector converts fÃ­F noise signals to 
dc  leve ls  that  the microprocessor  can measure by means o f  
the ana/og-to-digi ta l  converter.  

sample-and-hold circuit saves the previous output of the 
detector circuit and Ul compares it to the current output. As 
long as successive levels increase, Ul's output to the con 
troller remains in a high state. At the maximum detector 
output level the comparator switches state, signaling the 
controller that zero instrument frequency has been located. 

Noise Power  Detector  Assembly 
The noise power detector circuit, shown in Fig. 8, con 

verts RF noise signals to dc levels that the controller can 
interpret by means of the analog-to-digital converter (ADC) . 
The basic detector consists of a common-base transistor 
stage Ql driving a pair of rectifying Schottky diodes CRl 
and CR2. The common-base stage provides a good 50Ã1 
termination for the last 20-MHz IF bandpass filter while at 
the same time functioning as a high-impedance current 
source driver for the detector diodes. Diode CR2 rectifies 
positive-going half-cycles, producing an average dc current 
in resistor R2. The resultant dc voltage across this resistor is 
the detected signal that is sent to the ADC and is propor 
tional to the square root of the RF noise power. Diode CRl 

Oscil loscope 

8970A Noise 
Figure Meter 

Calibration 

346B 
Noise Source 

-0 .05  J -  

F i g .  9 .  T y p i c a l  p e r f o r m a n c e  c u r v e  f o r  t h e  n o i s e  p o w e r  
detector.  

and resistor Rl are present to provide a symmetrical load for 
the negative-going half-cycles. Inductor LI resonates with 
the capacitance present at the collector of Ql to realize more 
closely the high-impedance current source needed for the 
diodes. 

Detector linearity is improved by biasing the diodes 
slightly. This is accomplished by applying a voltage to Rl, 
CRl, CR2, and R2 with op amp U2. This voltage must be 
temperature compensated to ensure that detector sensitiv 
ity remains constant. R5 drives R3, R4, CR3, and CR4 with a 
constant current. The resultant voltage at the noninverting 
terminal of U2 is sensed by this unity-gain op amp stage and 
applied to the detector circuit. 

The performance of the noise power detector is quite 
good. Its dynamic range extends from 0 dBm to about â€”22 
dBm. Deviation from linearity over this range is less than 
0.04 dB. A typical performance curve for the detector is 
shown in Fig. 9. 

Applications 
Fig. 10 shows an example of a VHF measurement using 

the 8970A Noise Figure Meter. The meter is making a swept 
measurement of gain and noise figure from 10 to 500 MHz. 
No additional amplifiers, local oscillators, filters, or mixers 
are needed. The 8970A is automatically correcting for ENR 
variations with frequency, using the correct Tc, and remov 
ing the second-stage noise. The results are digitally stored 
in memory and are refreshed at a rapid rate for display on a 
nonstorage oscilloscope. 

To measure at frequencies above 1500 MHz, an external 
mixer and LO are required (Fig. 11). However, the 8970A 
controls the LO's frequency and level via the HP-IB. Thus 
all corrections can be made and the results digitally stored 
for the oscilloscope display. In this measurement the 8970A 

1 0 0  2 0 0  3 0 0  4 0 0  5 0 0  

Frequency (MHz) 

Fig .  10 .  A  swept  measurement  o f  
ga in  and  no i se  f i gu re  f rom 10  to  
500 MHz. 
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8  9  1 0  1 1  
Frequency (GHz) 

F i g .  1 1 .  U s i n g  a n  e x t e r n a l  l o c a l  
oscillator (an HP 8672 A) and mixer 
to  measure above 1500 MHz.  

is tuned to 30 MHz and tunes the 8672A local oscillator 
from 7 to 12 GHz. An isolator in front of the RF port of the 
mixer reduces the mismatch uncertainty of the gain mea 
surement and reduces the sensitivity of the mixer's noise 
figure to the output impedance of the device under test. 

Electromagnetic interference (EMI) can cause errors of 
several dB . A spurious signal will add proportionately more 
power to the noise-source-off power measurement than to 
the noise-source-on measurement. This decreases the Y 
factor and thus increases the measured noise figure. 

EMI can be detected by making swept noise figure mea 
surements. For wide frequency sweeps, EMI appears as 
peaks at the frequencies of the spurious signals. Narrow 
sweeps over frequencies where a broad band of interference 
exists may show broad humps. 

Fig. 12 shows the effect of EMI on a DUT that is not in a 
tightly shielded box. EMI can also enter through connectors 
(such as BNC), through single-shielded coax, or over the 
power supply leads, and can be picked up by tuners during 
transistor measurements. 
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Appendix 
Noise Figure Basics 

Noise l imits the detection of weak signals. As a signal passes through each stage of a 
s y s t e m ,  a  i s  a d d e d .  T h u s  t h e  s i g n a l - t o - n o i s e  r a t i o  i s  r e d u c e d .  N o i s e  f i g u r e  i s  a  
measure of  th is degradat ion. 

Two main mechanisms cause the noise that is responsible for the signal degradation 
measured by noise f igure. The f i rst  is the random motion of charge carr iers caused by 
thermal agitation. This noise is called thermal noise. Nyquist noise, or Johnson noise. 1 -z 
I t  exists in al l  conductors whose temperature is above absolute zero.  

TNs  the rma l  no i se  genera tes  an  ava i l ab le  power  o f  kTB  where  k  i s  Bo l t zmann 's  
constant.  T is absolute temperature, and B is bandwidth. This is the power that can be 
del ivered to a conjugately matched load. Note that the avai lable thermal noise power is 
independent of the resistance R. If the resistor is at 290K. the available power is 4.00 x 
10~21  wa t ts  (o r  -174  dBm)  in  a  1 -Hz  bandwid th .  

The second mechanism is the random, corpuscular f low of carr iers in transistors and 
diodes. the charge carrier (electron or hole) is emitted individually and f lows across the 
device on its own. Thus the current arriving at the collecting electrode is a series of l i tt le 
p u l s e s  a  d i s t r i b u t e d  i n  t i m e ,  e a c h  h a v i n g  t h e  c h a r g e  o f  o n e  e l e c t r o n .  T h i s  i s  a  
noisy process, and the noise generated is cal led shot noise. ^ 

Noise figure is defined as the total output noise of the device under test (DUT) caused 
by both source DUT and the source, div ided by the output noise caused by the source 
a lone .  ^  i s  th i s  ra t io  depends  on  the  amount  o f  no ise  p roduced  by  the  source ,  i t  i s  
essential to specify that noise. Therefore, noise figure is defined referred to a source that 
has the avai lable output  noise power of  a resistor  at  290K-"  

Nou t  caused  by  DUT +  Nout  caused  by  source  

^out  causei*  by source 

Device by can be modeled using the fact  thatthe avai lable noise power produced by 
a resistor is kTB. In Fig. 1 a, the total output noise power is the sum of the noise caused by 
the source (kTsB) and the noise added by the noisy amplif ier with gain G. To model this 
added f ic t i t ious the ampl i f ier  is  made noiseless and an addi t ional  f ic t i t ious resistor  is  
added at the input, as shown in Fig. 1b. The temperature of this resistor, Te, is chosen so 
that noisy a. output noise power remains the same as from the noisy amplifier in Fig. 1 a. 
In th is model ,  the power f rom both resistors is  added, and nei ther loads the output  of  
the other. 

Te is useful the effective input noise temperature.^ It is very useful in systems analysis 
and in speci fy ing very low-noise components.  The re lat ionship between Te and noise 
f igure wi l l  be derived later.  

To measure Te, one might t ry connect ing a power meter to the output of  the device,  
measuring P = k(Ts+Te)BG, and solv ing forTe. However,  BG is not usual ly known. B is 
really the noise bandwidth, which is the integral of the gain over frequency divided by the 
gain at  power center of  the band. In addi t ion,  i t  is  d i f f icul t  to measure absolute power 
accurately. 

Because there are real ly two unknowns (Te and BG), two independent equat ions are 
needed.  Mak ing  another  power  measurement  w i th  the  source  res is to r  a t  a  d i f fe ren t  
temperature wi l l  y ield a second equat ion, independent of  the f i rst .  Thus P2 and P^ are 
measured wi th  Ts equal  to  a  hot  (TH)  and a co ld  (Tc)  temperature,  respect ive ly .  

P 2  =  k ( T H + T e ) B G  

P !  =  k ( T c + T e ) B G  

Dividing these two equations causes the unknown BG to cancel out. An added benefit 
is that ratio the ratio of two powers is required and not absolute power. This ratio is called 
the Y factor.  

â € ”  =  Y  = -  
'C+ 'e 

Solv ing for  Te y ie lds 

Y - 1  

This measured only the two known source temperatures and the measured Y factor.  
The definit ion of noise f igure and the model of Fig. 1b are now used to express noise 

f igure is  terms of  Te.  The model  shows that  the output  no ise caused by the device is  
kTgBG, and the output  noise caused by the source is  kTsBG. Because noise f igure is  
referred to a source at 290K, the output noise caused by the source becomes k290BG. 

Putt ing these into the definit ion and solving yields F Â¡n terms of Te. 

F  =  
kT8BG +  k290BG 

k290BG 

'This definit ion applies only to single- input, single-output devices. For devices that have 
mul t ip le  inputs,  outputs,  and/or  responses,  see reference 4 

F  =  1  *  T g / 2 9 0  

Inser t ing the equat ion for  Te g ives F in  terms of  Y,  TH,  and Tc.  

290XY-1)  

( T H / 2 9 0 - 1 ) - Y ( T 0 i 2 9 0 - 1 )  

10 tog (TH/290-1)isdef inedasthe excess noise rat ioor ENR of the source. The T|- |  or 
on temperature of  an electronic noise source is  usual ly  speci f ied by i ts  ENR. 

E N R  =  1 0  t o g  ( T K / 2 9 0 - 1 )  

If the cold source temperature Tc is approximately 290 K, then the second term in the 
numerator of the equation for F is approximately zero, and noise figure in dB si mplifies to: 

E N R - 1 0 l o g ( Y - 1 )  

In general TQ is not 290 K, and making this approximation can result in an error of 0.1 dB 
or more. 

The method just described for measuring noise f igure requires changing the effective 
temperature o f  the source f rom T(_)  to  TÃ§.  I t  is  d i f f icu l t  and s low to  heat  a  res is tor  
physically. A solid-state noise source provides a convenient solution. The kTHB noise is 
generated by avalanche breakdown in a diode dr iven by a constant current.  The noise 
can be switched on and off by turning the current on and off. An attenuator at the output 
provides a good match and serves as the source of noise (kTcB) when the diode is off.  

N o i s e  F i g u r e  o f  C a s c a d e d  N e t w o r k s  o r  S e c o n d - S t a g e  C o n t r i b u t i o n  
Noise contr ibuted by stages fol lowing the device under test can cause an error in the 

measurement  of  no ise f igure.  Again,  th is  ef fect  can be modeled us ing the concept  of  
effective input noise temperature Te. Because k and B wil l  be the same everywhere, the 
no ise  two  can  be  s imp ly  mode led  us ing  tempera tu res  on ly .  Cons ider  two  cascaded 
ampl i f iers wi th gains G, and G2 connected to a source at  temperature Ts.  Let  Tel  and 
Te2 represent  the no ise added by the two ampl i f ie rs  re fer red to  the i r  inputs ,  and le t  
T s  r e p r e s e n t  t h e  s o u r c e  n o i s e .  T h e  t o t a l  n o i s e  o u t p u t  o f  t h e  c a s c a d e d  s y s t e m  i s  
k ( T s + T e 1 ) G 1 G 2 B  +  k T e 2 G 2 B .  

Next to the noise of the second amplif ier, Te2, all the way back to the input of the f irst 
ampl i f ier .  To do th is,  d iv ide Te2 by G-| ,  y ie ld ing Te2/G-( .  

Now the noise effect ive input noise temperature, Te-r,  is just the sum of al l  the noise 
temperatures except the source,  Ts,  at  the input  of  the f i rst  ampl i f ier .  

T e T  =  T e 1  +  T e 2 / G 1  

Solving F = 1 + Tg/290 for Te and putt ing this in for each Te yields the expression for 
the total  noise f igure for the cascaded network.  

T e  =  2 9 0 ( F - 1 )  

F T  =  F ,  +  ( F 2 - 1 ) / G ,  

Thus, the second stage causes an error equal to (F2 - 1 )/Q-Â¡ . This error can be removed if 
F2 and G i can be measured. F2 is easy to measureâ€” just connect the noise source and 
read the result. 

( a )  V  ( b )  

Fig.  1 .  How ef fect ive noise temperature Te is  def ined.  
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H o w  t h e  8 9 7 0 A  M e a s u r e s  G a i n  
Gain measurement  requ i res  a  l i t t le  more work .  A l l  ga in  measurements  requ i re  two 

steps: DUT a signal source to a receiver and set a reference. Then insert  the DUT and 
read  the  as  i n  ou tpu t  power .  The  same th ing  can  be  done  us ing  a  no i se  sou rce  as  
the signal source. However, because the "signal" power levels are so near the inherent 
noise levels, the noise f igures of the DUT and meter musÃ­ be taken into account.  This 
y ie lds set  unknowns: TSQ, Te|y,  GQ, G^. Four power measurements are needed to set  
up four equat ions.  

1 .  Connec t  no ise  source  to  8970A 
M e a s u r e :  P ,  = k ( T c + T e M ) B G M  

P 2 = k ( T H + T e M ) B G M  

2 .  I n s e r t  D U T  
M e a s u r e :  P 3 = k ( T c + T e T ) B G D G M  

P 4 = k ( T H + T e T ) B G D G M  

TeM and is are el iminated by subtract ing P1 from P2 and P3 from P4. Then kBGM is 
el iminated by dividing the two dif ferences. The result  is the gain of the DUT, GD, which 
can now be used in  subtract ing out  the second-stage noise f igure.  

k ( T H - T c ) B G M  

G n = -  
P o - P ,  

T h i s  a n d  a l s o  a l l o w s  t h e  m e a s u r e m e n t  o f  t h e  n o i s e  f i g u r e  a n d  g a i n  ( l o s s )  o f  
devices whose gain is  less than uni ty ,  such as mixers and at tenuators.  
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Laboratory Notebook 

Mass Storage Unit Exerciser 
TWO OEM PRODUCTS are used in the HP 4145A Semi 

conductor Parameter Analyzer.1 One is the HP 1345A 
Graphic Display and the other is the flexible disc drive. To 

make it possible to service the entire instrument, methods must be 
provided for reliably isolating any faulty sections of these OEM 
products. The 1345A poses no problem for it has its own self-test 
capability. The flexible disc drive, however, does not. Therefore, 
the 4145A was designed to have a mass storage unit exerciser 
built-in for test and adjustment. 

Interface Self-Test 
To test the mass storage unit, the 4145A is put in the EXERCISER 

mode. Because the EXERCISER mode uses the mass storage unit 
interface circuit and its cables and connectors, these must be 
checked before the EXERCISER mode is enabled. This is done by the 
interface self-test, which also serves as a tool for isolating trouble 
between the interface and the disc drive. During the self-test, the 
service technician connects the interface connector for the disc 
drive to the test connector located on the edge of the motherboard 
(Fig. 1) to form loop-back signal paths. A special test ROM is then 
inserted in place of one of the normal 4145A system ROMs and the 
switches shown on the flexible disc controller board in Fig. 2 are 

Fig.  1 .  The mass s torage un i t  in ter face in  the 4145A can be 
tested by a serv ice technic ian,  who disconnects the cable to 
the disc drive and reconnects it to a loop-back board as shown 
in the upper lef t  corner.  

To System Microprocessor  

/ \  / %  A  

Synchronous 
Reset 

H e a d  W r i t e  W r i t e  
L o a d  G a t e  D a t a  

Read 
Data Test  Connector  

on  Motherboard  

Fig.  2.  Sel f - test  conf igurat ion for  the mass storage uni t  in ter face.  
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switched from NORMAL to TEST. The test ROM is supplied with the 
4145A, mounted in an unconnected socket on one of the printed 
circuit boards. 

Fig. 2 shows the test loop connection. This configuration was 
designed so that only a few additional components are used in the 
self-test mode to minimize any uncertainty introduced by them. 
The self-test checks the major functions of the flexible disc control 
ler, con execution of step, read, and write commands, con 
firmation of the read/write data function using simulated data 
generated by the microprocessor, disc change, and the disc drive 
connectors and cables. 

The test takes only seven seconds. In place of the 4-MHz clocks 
normally applied to the circuit, the chip select signal CS for the 
flexible disc controller is used in the test. By controlling the master 
reset clock, of the flexible disc controller and using CS as a base clock, 
a completely synchronous check is performed. This also means 
that any trouble in the circuit can be isolated to the component 
level using digital signature analysis. 

After the interface self-test, the technician reconnects the disc 
drive and enables the EXERCISER mode. 

Exerciser 
Fig. 3 shows the EXERCISER menu page, which is displayed on 

the CRT of the 4145A. TRACK NO. indicates the track number at 
which the read/write head is located when CAL is displayed along 
with head track number. If UNCAL is displayed, the read/write head 
has stepped out of track 00 or inside track 39, so the track number 
displayed is not guaranteed. WRITE PROTECT = ON(OFF) indicates 
whether the installed disc is write-protected or not. INDEX TIMING 
indicates disc rotational speed as determined by the time measured 
between INDEX pulses with the read/write head loaded. The seven 
softkey operations indicated along the right side of the menu are: 
m TRACK 00. Moves the read/write head inward three steps and 

then outward until the track 00 switch turns on. The first three 
steps of step-in operation are required because, when the head is 
already out of the track 00 switch position, there is no chance of 
finding track 00 in step-out operation. 

â€¢ STEP IN: Steps the read/write head toward track 39 (inward on 
the disc). 

â€¢ STEP OUT: Steps the read/write head toward the lower- 
numbered tracks (outward on the disc). Track 00 switch status is 
read by the microprocessor through a buffer, but not through the 
flexible disc controller. This is because the controller terminates 
step-out operation when the track 00 signal is detected and does 

QÃœD **Â» MSU EXERCISER *** 

TRACK NO . = 00 

W R I T E  P R O T E C T  =  O N  

I N D E X  T I M I N G  =  2 0 0 . 0  m s  HE? I 

F ig .  3 .  The  se rv i ce  techn ic ian  tes ts  t he  mass  s to rage  un i t  
us ing an in terna l  exerc iser  cont ro l led through a spec ia l  tes t  
ROM,  the  4145A 's  CRT d i sp lay ,  and  so f t keys .  The  d i sp lay  
mode and sof tkey labe ls  are  shown above.  

not allow the step-out operation over track 00 that is required in 
the drive check. 

â€¢ ALT head Sets the drive to alternately move the read/write head 
between track 00 and track 06. This mode is used to check and 
adjust the track 00 switch. 

â€¢ WRITE if: Hexadecimal data 00 is written on the specified track 
when this key is pressed. 

â€¢ WRITE 2f: Hexadecimal data FF is written on the specified track 
when this key is pressed. 

â€¢ INDEX TIMING: Displays the INDEX timing of the drive with 
100-fj.s resolution. This is done by the system microprocessor, 
which checks the INDEX signal through the flexible disc control 
ler while counting the 10-kHz clock. 
The EXERCISER mode is one of the three modes of mass storage 

unit are stored in the test ROM. The other two modes are 
READ TEST and WRITE TEST, which are used to check for disc 
defects and to isolate trouble between the drive and the disc. 

-J in- ichi  Ikemoto 
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