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~A prototype 2 x 1 bit digital autocorrelator was then designed and con-
structed. The system was designed to operate at a sampling rate of up to
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used. The system was then interfaced to a Nova 1200 minicomputer for data
accumulation and transfer of data to nine track magnetic tape for standard
process ing. An IBM 370 computer system was available for final data reduction
and analysis.
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constructed. Future goals include completing the 16 points and using the
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CHAPTER I

INTRODUCTION

1.1 Background

Mesospheric and stratospheric water vapor have

historically been elusive quantities to measure , and yet

such measurements are of prime importance in understanding

atmospheric processes . Water vapor is a key constituent

in many atmospheric chemical reactions , and is of obvious

importance to ice nucleation processes with their conse-

quent release of latent heat . A variety of atmospheric

models have been developed with widely varying water vapor

mixing ratios. Measurements , moreover , have been plagued

with uncertainties s ince the earliest at tempts at measure-

• ment in the nineteen forties .

The first in-situ measurements were suspected of

contamination by the measuring instruments and balloons .

During the late nineteen fifties , methods of remotely

measuring water vapor were attempted. Remote measurements

were free of contamination , however, the increase difficulty

encountered in conducting remote measurements lowered their

credibility. Current remote measurements vary as much as

75 ppm whereas current models allow only about 10 ppm

variation . Thus the measurement of high altitude water

• 
- vapor is still in the research phase and should improve

greatly with advances in theory and technology .

I
• • .._~: _ _ _ _ _ _ _ _ _ _  ___ .
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1.2 Experimental O u t l L n e  and General Statement of

the Problem

Remote water vapor measurements take ad v a n t ag e  of

the H20 molecule
’ s natural. resonant properties in the

microwave portion of the frequency spectrum . Figure 1

(Longbothum , 1976) shows three resonances of water vapor

and how atmospheric oxygen raises the apparent background

radiation about each l.Lne . Figure 2 (Long bothum , 19 76)

shows the apparent pressure broadening occurring in the

lower altitudes for the 22 and 183 GHz lines. The line

shape reveals not only an approximate w at er  vapor m i x i n g

ratio , but may provide mixing ratio versus altitude dat- a

if s u i t a b l e  d a t a  ana l. v si s  is employ ed .

Two types of measurements are cons idered  h e re ,

emission and absorption . Resonant emissions a~ e detected

by observing the atmosphere against a background , as f re e

• as possible of other sources , by looking away from galactic

sources. Resonant absorption is detected by observing a

• hot source beyond the atmosphere , most generally the sun .

The intervening water vapor will then absorb radiation

according to Its mixing ratio and the relative atmospheric

• pressure .

It was decided to detect the water vapor resonance

centered at 22 .23507985 GHz , since this is the only line

which may be studied from the ground . Although the peak

• amplitude at 22 GHz is relative ly small , according to

• E~2
•
~~~• L .-  .~~~~~~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~ - 
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Figure 1 , the overall atmospheric attenuation is also small.

At 183 GHz and above , the atmospheric absorption is so

great that the higher altitude contribution would be

unusable to a ground based detector . Other attractiv e

features of the 22 GHz line are its relative remoteness

from other lines and its relatively low frequency. The

remoteness will cause least bias from other resonances ,

and the lower frequency employs components which ar e less

expensive and more readily available .

An instrument capable of detecting the 22 CU:: line

was proposed by Longbothum (1976) and has since been

improved upon . Longbothum describes a microwave radio-

• . meter (Figure 3) consisting of a super heterodvne r ec e i v e r

feeding a large filter bank . Each filter then feeds a

detector , integrator , and analog to digital converter.

• A computer would then periodically sample the A to D

outputs and continue to compile and finally reduce the

data.

En recent times, autocorrelators have been exten-

sively employed as spectral analyzers , especially for radio

astronomy applications . Autocorrelators have inherent

advantages over filter banks as will be discussed herein .

Thus, an improvement over Longbothum’s scheme is to

replace the filter bank and associated circuitry with an

• autocorrelator . The implications and analysts of this

change will be described in the following chapters.

• -
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I

D E S I ~~N C R I T I : R t . \

2 .1 l~a s i c  Sv s :  err. Re~i~i’ ~etm ’n t

A ~s tern ~s nee :ed ~~~h i  r ~~ i I i  Je t ee  C the  s;~~& ’ A t- r i  I

cont en t ~‘: the w a t er  \‘u~or ‘~ine cer ’t ore l i t  2 2 .  ~~~~~~~~~ Gil . : .

The des i r ed  i i t  i tu de  ot the  l i ne  ‘,~~ 111 he I ro;~ .i p p r ox  im a t  e Lv

-
~~~~~ km up

Fic,u :  2 show s  t h . i t  r h  l i n e  h d  tw ~ d: h e c r r e s~~on L l i n g

• to .~O ~m : s ~0 ~1il.: . The n e c e s s a ry  s’.~st  em b an d w i d t h  h en

become s 20 ~ 1i.: . This  hand p a s s  e f f e c t  ive ~~ r educes  th e

lowe r a l t i t u de  informar  ion to  an a p p r o x i m a t e  ~)C h i  is on

the hi ~:h i l  t tud e curve . ~h I s ne rmi t s .1 hi  nh u t i  t ude

m e a s u r e m e nt  f rom a ground h . i sed  o b s e r vat i o n .

A l t h o u g h  t h i s  r e p or t  w i l l  not be concerned  w i t h  RF

hardware  , a h r  ie f d esc r i p t i o n  of ov er a l l  sv s  tern u s  u t i \ —

v . i n i  c i  I ft r i  t I on i~ i i 1 he ~iu I i d  . i i  ~u res . i n i

are a theore t ical  r en r e s e n ta t  ion o f  t h e  w ar  or - :inor emis  ion

and absorpt ion  s p e c t r a , r e s p e c t  i ve iv . These have heen do-
• r ive d from a c omputer  s ü n u l . i t e d , ground based o b s e r v a t i o n

of the  at mosp he re (Longbothum , 19 ~) . As was m e n t i o n e d

p r e v i o u s l y ,  water  v -u n o r  m e a s u r e men t s  var~’ ~rc ir  Lv and thus

the a t m ) s p h e r i c  models vary a l s o .  These s imulations ire

based on o n l y  one such model and she ’d d th e r e  f o r e  he con —

• s ide red only  as guideline s for 1 sy st em  es~~, ’n .  This

mode l. and others  ire mere  f u l  L do ser  i h ed  in Lon~’, ho thum

repor t .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

_ _  

__ I
:~~~~~~~• ~~~~~~~~~~~~~~~~~~
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These sic ul it Ions , ho:ievor , do s oces: o~:erai I s~ s—

:o::~ nsi:ivi:i~ s. Y~or the emission ox~ &~-rLmen: ,

ot 173 K mu~ : he receive d :;~ th a s s ru s iv::v to s:g- -

:ual .~ J.5 K or leSS . This sensitivity :~ii be defined -is

t oe :: ir.uum detectable ~ :nal ‘.l. . A l : h ou . - ’ h T .  is

given here as the si~ rial a li:udc , in practice a much

small er :.i
m ;n ~ili be required to provide any accuracy in

line shape.

The re:u ::en:s of the absorption experiment are

less seve re , re:uiriro~ antenna temperatures of 4300 K with

a miniuum detectable signal of 30 K or less.

2 Measuremen t Accuracy

To improve measurement accuracy, that is , to reduce

meas uremen t variance , the minimum detectable signal should

be made as small as possible. These extreme sensitivities

can be accorr.olished by accumulating the desired signal in

time . The following relationship defines the radiometer ’ s

minimum detectable signal when viewing a thermal source.

(Adapted from Tiuri , 1964 , and O’Kean and Lombardo , 1973.)

c&Top 
(1’

• mm /V BWT

g 
_ _ _  _ _
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t 0 o f O  L Cf l~ ~~~~~~~~ - ug  C - n e  o :u

:ii .~i~ f r e ~:~~~nc~’ b.ir: .a5idth

Tot ~- - - tern .u~er . i :  : : - : : n e r l t :~~ e

.~:a L i o r .  ti::e

: 0 0  ~~~~ hc~~ ~s eç-:i:.ilen: to  the stao I.iLd doria: ic:: of

-c  r ec e iv e d

.,hcn c t e ~.’:::: a t o  ~i source o. o: ~~:-I -

~:a os ::u.’.- vary ~c i t e . O i t , a oi L :5~:at~~c:. s t o p  e s s c y —

t i.i L . Ihe ~:cke radiometer 5 P.~~-:~~. l .~~ mech.~otc.~i~~v

s-o tohes he radiom eter to .i s:an~:irJ noise source ~0

t imes  -~er  second . F h i s r : t :  ,- .-,
~ t ion ~iv~- s a

si:o.d often erc’u.th t o  r cduce  aol:: vania: ions . . -\~~
‘ aI:cr--

rat  ire to Pt ~~ke • 5 i :  ohioa is f n o a o e r . o v  s.5’ i : c h i o a  - In this

::ue t :oJ the leca I csc I at e  n I r c cu c o c v  i s  : t c l : ed  such hot

t o e  ‘ rdiemete r is lockio~ cfI line to d l  r t  ror:~to:u of

the s r e c  t run: - Then . by •uc c _ cnn : : he di t t  c rc :’.ce he t~5 eec.

or: i ra o t t  re :e::o-’ nei: ~u:-c.nerr s r :ela: :ve sro~ 

L nr , i ’ . be ac :e:- :ntr . e • : ~r I e n e o a c r t  o: :u co~~v o n  o r  L a :n u  PC

c::~ n o c t e r t s t ~~cs . Then , to ocr :cve a true recora e eLeL’Ae.

a a _ r  vartat tons , a :savo ::i:de swrtch :5 uSok tc’ swLtco totl

toe antenn,i to a no:  •‘roncc r’o: se s ’unco . .hese t’.~o :e ten—

on c e s  and the .:ntal me :remen.: mu st then be t : i k e r :  hef ’rc

the receive r ~tain v r r t e s  . Thus , t h e  s wi  : c h h i o  t ime rust

• shert but Lse i:n~ nou b rid e the rece ivor loca l
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osc i l l a to r  lock up t ime and the waveguide switching t ime

insignificant. A reasonable measurement period would be

one second in each mode . The spectral analyzer must then

cope wi th  th e  various ca l ibra t ing  signals over the t ime

necessary to ach ieve  the desire d s e n s i t i v i t y .

The accuracy of the water vaoor mixing ratios is

dependent on the measured spectral  resolution . That is ,

each spectral po~~nt  is a function of frequency and altitude ,

and can be used to determine the water vapor mixing ratio at

that particular altitude . This is accomp lished by solving

the radioactive transfer equation developed by Chandrasekhar

(1960) . Determining the actual water vapor mixing ratios

is beyond the scope of this paper but is given some con-

siderat ion by Waters (1976) and Longbothum (1976) . Spec-

tral resolution, then , grea t ly  a f f e c t s  the resu l tan t  water

vapor mixing rat ios and wil l  eventual ly require much atten-

tion . The optimum number of points  required , the centers

and bandwidths are also beyond the scope of this paper.

A su f f i c ien t  cr i ter ion for the purposes here is simp ly to

provide as accurate a line representat ion as possible .

Included in chat representation is a requirement of having

one spectral point located at the exact center frequency

of the water vapor line .
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2.3 Design Criteria

In conclusion , the desired spectral analyzer is

required to anal yze a band 20 ~-Oi z wide . To prevent

al ias ing ,  this  allows a center frequency no lower than

• 10 MHz . The receive r minimum detectable signal must be

less than 0 . 5  K , and the spec t ra l  anal yzer  is required to

remain s table  for the amo un t of t ime necessary to achieve

the desired sensitivity . The analyzer then is required

to produce a calibrated power spectrum over the 20 MHz

band with  emp hasis  at the center  frequency. The basic

radiometer now appears as shown in Figure 6.

I 
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and Schafer , 1975). The intent here is cnlv to attain a

feel for the complexity of the circuitry . An important

cons idera t ion  is the f a c t  tha t  fo r  a g,iven f i l t e r t r a n s f e r  
k

function , the likelihood of obtaining integer values of

and b~ is negligible. This means that either a complex

multiplier is required or the intended filter characteris-

tics must be sacrificed.

3.2 Autocorrelation Method

A second technique for measuring power spectra is

autocorrelation . The basic autocorrelacor performs the

aut ocorrelat ic ’n func t ion , R ( i . ’t t )  , on the incoming signal ,

x(t).

1R(i.\T) x(t)x (t+i,tr)dt; i 0 , l ,2 N-i (5)
~~~~

Where :

T = Total correlation time

= Unit  delay

N = Correlat ion poin ts

- • or d ig i t a l l y ;

1k-l
1 x ( k 2 i t ) x ( k 1~it + i \ T )

• k=O (6)
i=0.l ,2 , . ., ,  N—i

_____  _________________  
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Where :

K Number of produc ts

Samp ling interval

The result is then multip lied by a weighting function ,

w(y), and the Discrete Fourier Transform is performed

on the products (Weinreb , 1963) .

N-i
P ( i~ f )  = 2~trR(o)w (o)+4~i -r 1 R(n~-r)w(nL~r)cos

n’l (7)
(2’ i3fnt)

Where :

= Frequency difference between filter centers .

The weighting function is required to make the

result here equal to the result of a discrete filter out-

put (Schwartz and Shaw , 1975 , Weinreb , 1963). The analog

• i form of the f i l t e r  output is shown in Figure 7 and repeated

in Equation (8), while i ts equivalent digital  form is shown

in Figure 8 and Equation (9) .

• P(5f) = ~ J x
2(t)d t (8)

K-i 2P(Sf) = x (k.~t) (9)
k=0

Weinreb shows an equivalence between Equations (5) and (7),

providing the weighting function is any function exhibiting

the following conditions :

_ _ _ _  i: ~~~i : T T  ~~~~~
- -

~~~~~~~~~~~~~~~~~~~~~~

- 

~~~~~~~~~~~~~~~~~~~ 
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(a)  w ,o’) I ‘.~(t ’”di (i0~

Where W (f’) is the fourier transform of r~~o’)

(b) w(n,\’’) = w ,—n.’. ‘
~ (ii’)

(c) w (nd:) = 0 for !~~~ N (1~~’)

Where N is the number of delays used in ti- ic

autocorrel,ition function .

A number of weightinic. functions a re  in common use Cceinreh ,

1963 , Hamming,  1977 , t~ch~5’ar t~ and Shaw , l9~ 5’) . however .

F according to  Blackman and Tuke ( 1958) , the  choice  of

window does not considerably influence the  resu1tin~t spec-

trum .

A disadvantag,e in using autocorrel,itors o v er  the

filter method of spectral ana L sis is in the spacing be-

tw een f requency p o i n t s .  We in reb  ( i° h 3’) sh ows t h a t  evenl y

spaced delay s  resul t  in evenly spaced spec t r a l p o i n t s .

That spacing , ~f , corresponds to 1/N.\ r , where N is the

number of autocorrelation delays and • ‘.~~ is t ire un It delay

t ime . The h a l f  power bandw i d th , \ f , of  each  s pe c tr a l  point

will  be approximate ly  2 S f .  Obviously then , as N is reduced ,
A 

• the spectral  points  become more spread t ’t l t  over the band ,

but wider in bandwidth.

Aut ocorre la tors  can also be implemente d  usino ,  ana loc .

or d ig i ta l  c i rcu i t ry  or combin.it i ons  of the  two . Figures

__________ - -

—~~~~——_~~~~~ -—~ . _ • - ‘~~~-‘.. —~~ ~~~~~~~~~~~ ,• ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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11. and 12 show in block form the basic functions required

for each implementation .

3 .3  Power Spectrum Es t imate

A note should also be made tha t  the methods of spec-

tral analysis described here do not provide the exact power

spectrum . To determine the average power of a stochastic

signal , an infinite time would be required. That is , T

and K would need to approach i n f i n i t y  in Equat ions  (3) and

(9). Experimentally obtaining an infinite time record

is not a r eas on ab le ide a , and thus , a truncated , or esti-

mate , version of the power spectrum is accepted. A measure

of uncer ta in i ty  in the spectral  measurement is the variance

or sensit ivity , and is shown in Equat ion (1) .

Again , the ide a here in presenting the different

forms of spectral measurement is not to provide a vas t

-
• theoret ica l  background. A rigorous theore t ica l  development

can be found in many of the references listed , and in

part icular , from a most basic form in Lewis (1977) ,

Instead , the intent was to show the relat ive comp lexi t ies

in the various implementations of a spectral  anal ys i s .
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CHAPTER IV

CHOICE OF SPECTRAL ESTIMATION rECHNIQUE

Stabilit’ -’ Considerations

The basic considerations in choosing a spectral

estimation technique are stabilit’i , complexity , and cost .

Stability become s a problem in analog circuitry . Amplifier

and multiplier gains must be kept constant . Fil ter cen ter

frequenc ies and bandwidths must be kept constant. Also

integrator time constants and delay line delay times

mus t remain constant. These variables must not only re-

main constant over integration times on the order of hours ,

but must also remain equivalent from channel to channel for

perhaps ten s of ch ann els . The maj or s t a b i l i t y  concern for

the digital circuitry stems from keeping the sampling inter-

val constant . This requires only a single oscillator to

remain s table  over time .

4.2 Bandwidth Considerations

The 20 MHz bandwidth requirement makes the digital

circuitry difficult. High speed circuitry must be used ,

thus timing becomes critical. Also gate delays , crosstalk ,

and even transmission line reflections become important .

The digital filter method has an additional difficulty ,

in that  to attain proper channel centers and bandwidths ,

a signi f icant  number of b i t s  are required.  Therefore , at

- ‘ ‘ -  ‘ ‘  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~

L’ . 

~~~~~~ ~~~~~~~

‘ •-‘-

~~~~~~~~~

.

~~ -~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ --- • -~~~~--~~~~ -- . - •
~~~~~~~~~~~~~~~ 

=—- -
-- - — I,~~~~ —--‘ -



r 
- - -- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- --- -  

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~

23

least one multibit mu ltiplier is required per channe l ,

and at a Nyquist ra te of ~ O ~U1z , the multip licatien must

be ~er fo r r~ed in less than 25 nanoseconds. The di~;~ tal

autocorrelator technique alleviates this problem since

the autocorre lation function can be performed using as

f~ w as one bit. Multi~~Licat ions now became only an

“exclusive or” func tion and can be performed in one gate

delay . This gro ss quantization error is paid for by a

lo ss ~ f sensitivity - The correlation time must then be

L e n g th e n e d  to achieve a sensitivity equal to a multibit

autocorrelator or a filter bank .

A 20 ~~{: bandwidth would not be a d i f f i c u l t  pro-

cedure for analog circuitry ; however, the stability require-

ments would cause an increase in the circuit comp l~ xitv

and cos t .

Cost Consideration

A good indication of relative cost is found by

examining the “f ron t ends ” o f eac h spect r al estimation

technique . The final accumulations in all cases can most

easily be done using a digital computer. Therefore , most

of the expense and design effort would be expended on the

high speed front end of each technique .

A typical block diagram of a recursive d ig it a l

filter is summarized in Figure 13. The circuit is imple-

menting an 8 bit version of the difference equation :
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y ( n )  = ~ v(n-i).-l L
-I-x(n_i)b.

i~ l 1~

where the input data stream x(n-i) is quantized only to

one bi t. The basic cost is then approximately $240 .00 per

spectral poin t (F igure 13) -- no t considering the con trol

circuitry required.

A one by one bit digital autocorrelator is blocked

out in Figure 14. One point on the autocorrelation function

can then be built for approximately $30.00 , less the control

c ircuitry required.

As fa r  as analog circuitry is concerned , crystal

filters sell for about $250 .00 each , and 20 nanosecond

delay lines are between $15.00 and $40 .00 each , de pendi ng

on r ise  t imes and insertion losses.

4.4 Digital Autocorrelator

Considering the system stability requirements and the

complexity and cost , a digital autocorrelator appears to

be the most attractive spectral estimation technique . This

choice restricts the spectral point parameters to being

r e l a t i ve ly  in terdependent  however, uniformity over the band

is t hen easi ly ma in t a ined .  Another  fea ture  of the system

is the ease of changing the f i l t e r s ’ cen ter  frequencies .

A s imple a d j u s t m e n t  of the  sampLing  ra te  wil l  vary \T and

thus e f f e c t  a system ‘f ine  tuning . ” This is a t t r ac t ive  for

locat ing the peak of the water vapor line .
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Digital autocorrelation technique s will now be con-

sidered in depth and a particular system will be chosen .
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CHAPTER V

DIGITAL AUTOCO RRE LATOR TECHNIQUES

5.1 Available Equipment

The s implest method of d ig i t a l  si gnal analysis

would be a complete software package . The Ionosphere

Research Laboratory at The Pennsy lvania State University

has available a Data General Nova 1200 minicomputer

complete with an IBM nine track tape interface. In

addition , an IBM 370-168 is available for batch processing

at Penn State. The desired system would be to digitize

the incoming data and store it on nine track tape via the

Nova. Data analysis could then be completed on the IBM 370.

However , the 20 MHz IF bandwidth makes a hardware accumulator!

buffer necessary , before the Nova could accept the data stream .

The hardware accumulator/buffer is to be a high speed digital

system performing the autocorrelation function given in

Equation (6) .

5.2 Sampling Rate

The sampling rate necessary to achieve a 20 MHz band

would be 40 MHz, by the samp ling theorem . However , the

sampling theorem assumes ~n infinite number of quantiza-

tion levels . Van Vleck (1943) has shown that  the auto-

correlation of a grossly quantized Gaussian signal can be

• 

. 
corrected to give th e actual au tocor rel a tion function .
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• This means hardware  can be s impl i f i ed .  However , the gross

quan t i zat ion  causes a decrease in s e n s i t i v i t y .  Hagan and

Farlev (1973) and Cooper (1970) show that  an improv ement

in sensitivity can be attained by over sampling . It will

• be shown later that sampling at twice the Nvquist rate ,

• 80 MHz, gives nearly maximum improvement in sensitivity .

Also , if a frequency “fine tuning” is desired , the  samp ling

r -~te should be fu r the r  increased to allow ~ r to va r y with-

out decrementing system sensitivity. This concept will be

discussed fur ther , but for now it is sufficient to assume that

the system should be desi gned for  a sampling ra te  of 100 MHz .
\

5.3 Number of Quantization Levels

The next  s tep  is to consider the number of quant i -

zat ion levels des i red .  A large number of bi ts would de-

crease the sampling frequency down to around 40 M1-Iz, how-

ever , even then a multiplication operation must be accom-

plished in less than 25 nsec .  P. Blankenship and A. Huntoon
F have done some d igi ta l  processing work (Rabiner  and Gold ,

1975) and have accomplished a 9 by 9 bit multiply in 22

nsec using 45 custom 2 b i t  ECL adders . On the other hand ,

a number of I by I bit autocorrelators  are p resen t ly  in

operation (Weinreb , 1963; Fell and L i t t l e , 1975; Ables ,

Cooper , Hunt , Moorey, and Brooks , 1974) . The 1 b i t  quanci-

zation requires a ~nultip 1y every 10 nsec ;  however , a 1. x I

bit  mul t ip l ica t ion  is s imply an “exclusive or ” funct ion

L _____________ - ——- • ———— - - - - — e• . _ _ _
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and can be accomplished by the ECL III logic series in

• one nsec. Therefore , a tradeoff exists between hard-

ware complexi ty  and sens i t iv i ty .  An interest ing compromise

is a 1 x 2 b i t  system where the one bi t  quant izat ion is also

the delayed signal . The I x 2 b i t  system stil l  maintains

a s ign only , or one bit , multiplication. Also , the

delayed signal being one bit means only one channe l of sh i f t

registers is required. The I x 2 bit system maintains much

of the simplicity of fered  by the 1 x 1 bit  system , however ,

the sensitivity can approach a maximum of 847. of a mult ibi t

correlator (Hagan and Farley , 1973) , as opposed to 74°~
(Hagan , 1972) in the 1 x 1 case. The I x 2 bit  digital

autocorrelator was then accepted as the overall best system

for analyzing the water vapor line .

- I
~ _ _ _ _  
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CHAPTER VI

ONE BY TWO BIT CORRELATOR

6.1 Normalized Autocorrelat ion Function

• The I x 2 bit autocorrelation estimate , as Van Vieck

showed , contains a gross quantization error and therefore

must be corrected to provide an equivalent multibit auto-

correlation estimate . This correction factor  can be

arrived at by considering the s t a t i s t i ca l  mean of the

normalized autocorrelation function (uncorrected) , r ( i~ T ) .

Note that the normalized autocorrelation function is

referenced to the zero lag autocorrelation point .

r(i~ r)  R(i~rJ
R(o)

From Equation (6):

r ( i~T) 
x(kM~) x (k~ t+i~ T) (13)

x2 (k.~t)

I-
Here x(k~t) represents the two bit reaL time sig-

nal and x(k~t+ii~r), represents the one bit delayed signal .

The mean of the signal products can then be represented

by the sum of the joint probabilities of each quantization

product occurring . The quantization products for 1 x 2

bit quantization scheme are defined in Table 1. Note that

~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~
--• •
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Table 1. One by Two Bit  Quant iza t ion  Products

States:

One b i t  [x ( k .~t +

1 x > O

1 x < 0

Two bit [x(k~t)] •

2 V < x < ~~’0

1 O < x < V

1 -V < x < O

2 --~ < x < _ V
0

Produc ts:
Two bit

2 1

1 1 n’1 -n’~ -lOne
bit _ 

1 1 F1 — l n n

• - ~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~ 

— ___________
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the quantization leve l , v0, is normalized to the rms value

of the incoming signal. Also the higher produc ts are
• weighted by n. The proper choice of n will tend to im-

prove sensitivity.

The probability of a particular produc t occurring

is then determined by the joint probability of the corre s-

ponding delayed and real time states occurring. Each

probability function , 
~dr ’ is denoted by the subscripts d

and r , indicat ing the s t a te  of the delayed and real time

signals , respectively . Equation (13) can then be repre-

sented as follows :

/

Assuming the input signal is a Gaussian random process with

zero mean , symmetry will allow the following reduction.

(P 12 -P12)+n’
~~(P 11-P11)

r ( i~~r )  1 (14)
P 12 +n 

~~~

The joint  p robab i l i ty  funct ion is then defined by the

Bivariate Norma l Probabi l i ty  Function (National Bureau of

Standards , 1964) where ~ is the normalized corre la t ion .

L~~~. ~~~~~~~ — —-- —--- 
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“ ~~N) ..(N)

~dr - Q~d)Q~r)+~~ ~~~~~~~~~~~~~~~~~ (15) —

Q(x) — : (t ) d t  ( 1 6 )

:(x) ~~~ ~- x / ~

:‘ ‘ (x) —

Some supporting probability functions are also defined:

ix
P(x) 2(t)dc (19)

A ( x ) Z (t ) d t  ~~~2 O )

-x

P(x)+Q~x) = 1 (2l~

P ( — x )  Q( x)  ~22~
A~x) = 2Pix)-l ~23)

Combining Equations (21 ) and (23)  then provides:

Q(x) = - .
~~

. A( x) (2 4 )

Where A(x) has been tabulated for various values of x in

a variety oi handbooks (Dwight . l94~~ . 
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The probabilit y functions 
~dr 

can now be deter:nined

to an ’.’ ~icc uracv b y s et t i n g  the l imi t  on N in Equation J5) -

~er the probability F 12 ,  Equaticn (15) is used in ~onjunc-

tion with Equations .16) through (24). Here N is set to ~~~~ .

2(V0) [ : ( v ) 1~~v 2 -1) 3P. = ---c1 —A ~\ ) -~ - ‘ — 
__________________4 0 

~~~ 6J~
- 3 (25)

4- 

[Z(V0) ](V0
4-6V0 +3) ~

Obviousl y as ~
- dec r eases , that  is . the si~ nals become less

correlated , the hi ghe r orde r terms become less si gn i f i c a n t .

The probability 
~~~~~~2 has l imits  - -‘- to 0 for  the d

parameter. Therefore , Equation (22) can be substituted

into Equation (15) giving:

= ?(d)Q(r)+!~~~~~~~~~~~~~
(r) ~~~ ~26)

Then substituting as before gives:

I (V ) 2(V )(V 2 1) 
3= r [1 A (V ) I -  .~ + 

___ o 0

L— ‘+ 0 - •~~
.---

4 3 ~27)
Z(V0)(V0 -6V0 +3) ~- 

4O~2~

P 11 can be foun d by subtract ing P 1. from the

probabi l i ty  defined by both l imits  d & r going from 0 to

“. These re la t ionships  are then:

A - 
—- 

- _ _ _ _ _ _ _
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P = p  -p11 00 12

• .. l 1 1 . 3• oo~~~~~~~
-
~
-
~ ~~~~~

+ 9 5

the refore :

1 7(V )
P 11 = ~A(V 0):(~~

_ _ - _ 2 ~~~~~+

( -
~~

---- + — —---—(V~ -l)]~— (28)

~ 
Z(V ) 5

- 
~~~— (V0

4
-6V0

2
÷3)1~~

is approached s imilarly ~

~il = 
~~~~~ O~~~~~~~ I2

P— =~~~~~~ _ 1 1 3 9 500 ~ 
- 

I~~T~ 
-

and ther efor e:

= - E~ - -

~~~~~ 

+ _ _ _ _

(29)

~ 
Z(V )  1 5+ - —~~—-(V0 -6V0 +3)J~~

- ~~~~~~~~~~~~~~~~~
-- • 

. 
_
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The relat ionship between the normalized uncorrected

autocorrelation function , r ( i A i ) ,  and the corrected version ,

, ,  is found by substituting Equations (25), (27), (28) , and

(29) into Equation (14) . The rather forbidding resul t

can then be solve d for p by a computer , using i tera t ive

methods . However , a simple approximation would be to

assume highly uncorrelated signals , as would be the case

for Gaus s ian random process , and that V0 is between zero

and approximately one . The p3 and higher order terms then

effect ively go to zero reducing Equations ( 2 5 ) ,  ( 2 7 ) ,  (28) ,

and (29) as follows :

1 Z(V )
P12 = ~ [1-A(V )]+ ° p (30)o v~~

Z(V )
F— = — [1-A(V ) 1-  0 (31)12 4 o

I LiT

1 1 Z(V )P11 = ~ A(V 0)+( 2— 
0 (32) 

—

1 1 Z(V )
= ~ A (V )-(2.—- ° )p (33)

Substituting Equations (30) through (33) into Equation

(14) now produces:

• ~~- _r_*1__~ -~~~~ 
• - ~ ~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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I t is desirable to have n a powe r of two so that weightings

can be easily achieved wi th  a digital counter . With  V0 and

n optimized , integration times relative to a multibit corre-

lator were found to be 1.78 for sampling at the Nyquist

rate , and 1.43 for oversampling at twice the Nyquist rate .

— A sampling rate higher than twice the Nyquist rate does

af ford  some further increase in sensitivity (Burns and

Yao , 1969; Hagan , 1972). However , th e slight sen s i t ivi ty

inc rea se does not justify a further increase in bandwidth .

It is adequate to realize that samp ling fas ter  than two

times the sampling rate does not degrade sensitivity.

The relative integration times determined by Hagen

and Farley can be converted to relative sensit ivit ies

using Equation (1) . Since sensitivity is inversely pro —

portional to the square root of integration time , sampling

at the Nyquist  rate will provide a relative sensi t ivi ty

of 0 .75 , and twice the Nyquist  rate will increase the

sensitivity to .84 of a mult ibit  correlator .

To construct the most sensitive 2 x 1 bit  co-rrelator

capable of analyzing a 20 MHz bandwidth , a minimum sampling

rate of two times the Nyquist rate or 80 MHz is to be used.

Then, as previously discussed , to allow some flexibility in

the location of the resultant “spectral windows ,” the

sampling rate will be made variable between 80 and 100 MHz.

Oversampling can be accomplished by setting ~rr equal to

L

i:
-~_ A

- - ~_.. L ~~~
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Tht in Equation (6). This would be equivalent to delay ing

the signal , x(k ~it + i~ r), through two successive ~t clocked

flip flops before i is considered incremented . Weighting

the higher level products by four is most easily accomp lished

by considering the higher level products one , and dividing

the lower level products by four . An up-down counter will

then accumulate the products . A simple block diagram of

this system is represented in Figure 12 .

I
I
I 
_ _ _  
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CHAPTER VII

SYSTEM HARDWARE

7 . 1. Logic Families

The f a s t e s t  Schottky TTL up-down counter  l is ted in

the Texas Instruments TTL Data Book will clock at a maximum

rate of 40 MHz . This makes the TTT~ logic series inadequate

for the high speed section of the correlator . The

Motorola ECL Data Book l is ts  several ECL logic series which

feature much fas te r  gate delay times then the TTL fami l ies .

The ECL III series l ists  a l nsec typical gate delay time

as opposed to the 3 nsec delay time offered by the Schottky

clamped TTL . Motorola also o f f e r s  an ECL-l0 , 000 series

with gate delay times of 2 nsec . The 10 , 000 series pro-

vides gate rise and fa l l  t imes intentionally slowed to

2 nsec to help inhibit  coupling between adj acent signa l

lines.  The MC 10136 up-down counter l i s ts  a 150 MHz

maximum clocking rate  in the up or down mode . If the up

and down modes are used a l t e rna te ly ,  a maximum clocking

rate of 133 MHz is in fe r red .  Also , cascading the counters

slows the maximum clocking rate  to 95 MHz . An additional

feature of the ECL 10 , 000 series is the variety of MSI

and LSI functions . The readily available array of complex

functions is comparable to the Schottky TTL series. Thus ,

the ECL 10,000 series appears adequate to provide the

necessary high speed logic . The higher cost associated

U __ 
____ 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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with ECL ($ 10.50 for a four b i t  binary up-down counter)

will then restrict ECL to only the high speed section .

Subsequent lower speed sections will then be built from

the less expensive TTL fami l ies.

The ECL 10 , 000 series consists of open emit ter

follower output s tages.  Therefore , with the proper pull

down resistor , each logic gate can become a line driver or

each gate can drive low impedance transmission lines , down

to an impedance of 50 ohms . At switching times of 100

MHz, transmission line e f f ec t s  become important and , thus ,

should be considered in circuit board layouts.

First , however , the power supply voltage should be

considered. According to Motorola ’ s ECL data book , a

supply voltage of - 5 . 2  volts wil l  provide best noise

immunity . The result ing logic levels are then - 0 . 9  volts

for a logic hi gh or “1” and -1.75 volts for a logic low

or “0. ” The resulting logic level transition voltage is

-1.29 volts .

7 . 2  Crosstalk

Crosstalk should be considered at these switching

speeds and is easily handled by using a method described

in an article by Robert Saeger of Signetics Corporation

(1974). Jaeger describes the relationship between the

sending and receiving line in the form of pulse widths and

amplitudes induced onto the receiving line . For the

-- —.
~ --- - _ _ _ i__ t__ .•_a. ~~~~~ - ~~~~~~~~~ ~~~~~~~~~~~~~~~~ - - — -—— - ~~~~~ — —-_ - ~~~~~~~ .
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purposes of the system here , pulse widths are fairly unim-

portant , provided the induced pulse amplitudes are small .

Crosstalk is broken down into a forward going pulse rela-

tive to the sending line and backward pulse .  The forward

and backward crosstalk amplitudes were determined by Jaeger

to be:

K Vf s , , 37f tr ‘

Vb = KbVS (38)

Where :

Vf = Amplitude of forward pulse

V
~ 

= Amplitude of sending pulse

Vb = Amplitude of backward pulse

2. = Length of paral lel  sending and receiving

lines in feet

tr Sending pulse rise time in nsec

K f = Forward crosstalk coef fic ien t
- 

-
~ 

Kb = Backward crosstalk coeff ic ient

The coefficients K f and Kb are dependent on the spacing

between sending and receiving lines and are provided in

chart form by Jaeger and r epeated here in Figure 15a and b .

-
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Now , by first considering the backward crosstalk , 
- 

- -

a minimum line spacing of 100 raiLs provides about the most

effective crosstalk coefficient while still providing a

reasonable line spacing . From Equation (37), a Kb of

0 .05 and a V~ or log ic level difference of 0 .85 volts
will then give a Vb of 0 .043 volts which is insufficient
to cause either logic level to approach the logic cross-
over voltage .

Then considering forward crosstalk , 100 rail line

spacing give s Kf as 0 .055 . For ECL 10,000 logic , tr is

2 nsec and assuming a crosscoupling length of 1 f t . V
f

become s 0 .023 volts . Forward crosstalk is therefore less
of a problem then backward crosstalk .

7 .3 Transmission Lines

Anothe r probl em associated with fast  switching
lines is ringing or reflections on a signal line due to
impedance mismatching . From transmission line theory ,

the reflection coefficient is given as:

z -zL o
P. - ZL+ZO

Whe re:

KR = Reflection coefficient

= Transmission line impedance

ZL = Termination or load impedance 

- -- -~~~~~~~~~~
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The easiest rn~ thod to inhibit  ring ing then is to make

1L = Z0. Thus , the value of the pull down resistors for

each logic output is dependent on the signal line impedance .

The value of can be estimated from a microst r ip  repre-

sentation of the circuit board . Using a glass-epoxy circuit

board of width 0.0625” and permittivitv of 4.6, the impedance

can be determined from Figure 16. The impedance is depedent

on signal l ine width , assuming the line thickness is small

compared to width . A typical line thickness will be approx-
-
~ imately 1.5 rails , whereas the smallest easil y etchable

widths will be 10 to 20 rails .

Since the ECL 10 , 000 series was intended to drive low

impedance loads , a wide line width is desired. The widest

pratical line width for connections to DIP circuit packages

is 50 rails . If a groun d plane could be managed , a Z0 of

75 ohms would be maintained, However , two sided circuit

boards were required in the circuit layouts , therefore only

partial groun d grid patterns were constructed on both sides

of the board. The result ing effect would be to increase

the average line Impedance and lower the uniformity along

the l ine . This lack of carefully controlled line impedance

may seem crude , however , Jaeger sugges t - i  t h a t  th e I~C1 111,000

series will work even if wire-wrapped connections are used.

The actual terminations , or pull down resistors were

found experimentally . A Tekt roni cs 475 oscilloscope was

the best oscilloscope available , however, the bandwidth

--- _______
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was only 200 M H z .  This made the detect ion o~ r inging  on

a 100 MHz square wave impossible . Thus , the terminat ions

were made 2~ 0 ~ , wh ich gave the highest amplitude signal —

at the receiving ends of a major i ty  of transmission lines .

One othe r c i rcui t ry  problem is the connections

between circuit boards . Because of the lack of good ground

planes , chip to chip connections between boards were made

for high speed s ignals us ing twisted pair lines . Number

24 wire with  approximately 13 turns per foot was used .

The following chapters will describe the actual

circui t ry  used.
\

- a
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CHAPTER VIII

CIRCUITRY

8.1 Quantizer

The quant izer  was constructed on the timing genera-

don board (TG) utilizing two Motorola MC 1650 comparators .

These comparators have a compare time of 3 . 5  nsec and

include D flip-flop outputs. Although each ECL 10,000

series output is capable of driving up to 90 gates , rise

time does increase with fanout . Thus , fanout  was kept  to

a maximum of 4 , and the sytem was desi gned to accommodate

16 autocorrelation points . This circuitry is shown in

Figure 17 .

Note here that V and -V0 were set to +.5 v. and

- .5 v ., respectively . This indicates an analog signal of

475 my . rms is required to provide the system sensi t ivi ty

previously discussed.  The accuracy of V0 will  a f fec t  sys-

tern sensi t ivi ty  according to Equation (36) . From the work

of Hagan and Farley (1973) , Equation (36) will  result  in an

integration t ime relative to a mult ibi t  correlato-r and is

plotted in Figure 18 verses V0 superimposed in the relative

sensitivity as derived from Equation (1) . Obviously the

value of V0 is not c r i t ica l . A l0~, change in the optimum

V0 will result in only a 0.l3% degradation in sensitivity,

8.2 High Speed Accumulator

The high speed section (HS) runs synchronously

from a 100 MHz master clock . Figure 19 shows the delay

i
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line and mul t ip l i e r . The delay line , an MC 10141 shift

register , w i l l  a l low two autocorrela t ion  points  if over-

sampling is used.  Thus , in Equa t ion  (6) , \~~ = = 20 nsec ,

and there fore  two points were laid out on each board.  Re-

l a ting  to the label ing of c i rcui t  diagrams , if two int cgr ;it -

~ 1 1~~U i t  f l U f l i h e r  a p p ~’a F , t he u p p e r  nr in i I ~~’r re t e r s  to pail - I t

i and the Lower number to i ÷ I .  The i— O and i=l boards

are special in that only one delay is required .  This

special wiring is indicated by the dot ted lines and break

marks . If operat ion at only the Nyquist rate is preferred ,

the connections to pins 15 and 3 on MC 10141 can be broken

and j umped to 14 and 15 , r espec t ive ly . This wi l l  al low

operat ion wi th  \ r  . \ t .

The delayed and real time signal multiplication is

only a sign multiplication and is accomplished using 10107

“exclusive or ” gates . The following D f l i p - f lops  serve

only Co re ta in  synchronous operation before  the resu l tan t

sign and magnitude bi ts  are comb ined to produce high and

low level counts , both up and down , as per Table 1. Note

that  the higher  leve l products being weighted by n ( recal l

n=4) is accomplished by dividing t i-te lower leve l products

by n .  Figure 20 shows the divide by 4 circuitry bui l t  from

J/K  f l ip- f lops . The divide by 4 counter was constructed as

a Mealy machine and is described in Fi gure 2 1 by means of

the flow diagram and coded sta te  table . The outputs were

then or ’ ed with  the high leve l counts and the result

5--  -~~~~~--—— -
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FLOW DIAGRAM

I / I

CODED STAT E TABLEC

Y , Y21L X :O X~ I
-I I i i

Y, ‘
~2 X~O X:I j, tç 1 J~~K 2 J ,K , J 2 K

~
A 00 OO~O 01 ,0 OD 00 00 ID

8 01 01 ,0 10,0 OD DO I D DI

C 10 10,0 11 ,0 DO 00 DO ID

0 I I  11 ,0 00,1 DO DO DO DI

RESULTANT FUNCTIONS

J 1 XY 2 .~~ .

K , = XY 2 . .

J2 X .
~~~

.

K 2 : X .~~ . KtX

Z = YVX .
‘
. Z:~~+Q+~~,

Fi gure 21. Divide by 4 counter logic

L.. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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manipulated to fit an MC 10118 bileve l gate . The counts

are then accumulated in an MC 10136 binary up-down counter

shown in Figure 22 .

Because of the high expense of ECL counters , a

transfer was made to TTL at this point. The MC 10136 is

operated as a divLde by 16 counter carrying only one bit

to the lower speed accumulators . At the start of each 16

coun t cycle , the counter is preloaded to 8 and then tes ted

for a positive or negative pass through zero . A positive

or negative count greater than eight is then carried to

the TTL counters , facilitating a rounding operation . The

reset pulse which then reloads the counter to eight is

entere d via the output  f l i p - f l o p s  sIioi ~n in  V i g ur e  . 0 .

The zero detection , denoted x , had to be derived from the

counter outputs  s ince the carry b i t  used in cascading has

too gr eat a propagation delay time . The present count ’ s

sign , denoted s , was easily derived from the up-down inputs

wi th  a sing le J/K flip-flop . The logic for determining a

TTL count and its corresponding sign is shown in Figure 23

in the form of a f low diagram and coded s t a te  table .

The e f f e c t  of using what amounts to a second quanti-

zation scheme here can intuitively contribute to a fur ther

decline in sensi t ivi ty. In actuali ty , however , the decline

in sensitivity can be made negligible if the incoming signal

is somewhat correlated and the number of samples is very

large . Appendix A provides further analysis of this type of

rounding error .

- -- 
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FL.OW DIAGRAM’

0/0
I/ o 0/I

IS/X )

~ TATE/SlGN/ COUNT) 

~~ 

I/I

COOED STATE TAB L~ ’

OUTPUT ‘SX I ‘sx 1
V V 1 SIGN COUNT 00 01 I I  I 0 00 01 I I  I 0

A 00  0 0  01 01 I I  00 00 00 I D  00
• 00 I D  ID 00

B 1 I I I 00 I I II I I  DI DO DO DO
DI  00 00 DO

C 0 1  O l  01 01 01 00 00 00 00 00
DO D O  00 DI

RESULTAN T FUNCTIONS’

Ja ux  .
,
. ‘:;.~~

C~. i~Y,+ S~Y, . .  K~
. Uo~+ $~~ ,

SIGN • V, .~~. S1GNSQ,
COUNT’ V5 COUNT.

Figure 23. High speed counter logic
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8.3 Signal Propagation

The use of two sided boards as opposed to three

sided (center ground plane) in the high speed section

caused some propagation problems . especially of the high

frequency clock signal. Board to board connections were

done simply by carrying a ground from point to point along
— with the signa l in a twisted pair line . On board propa-

gation of 50 MHz or lower signals (non-clock)  proved

not to be a problem when terminated at a single destination

with 220 ~~ . The 100 MHZ clock signal however, proved more

difficult in some instances which were rectified as follows :

1. Occasionally reflections at the source only

will be a problem , thus a source termination of 220 ~ is

ef fec t ive .

2. When reflections at both source and destination

are a problem or crosstalk signals appear , a des t ina t ion

terminated with 220 ~1 and the source terminated with a

small capacitance (10-20 pf) is effective .

3. For badly distorted signals, a twisted pair line

directly connecting source to destination and terminating

the destination in 200 0 transmits the signal.

4. If long board to board connections cause ex-

cessive attenuation , a differential twisted pair can be run

using ECL chips 10115 and 10101.

L - - ~‘b~
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When many high speed boards are used , approximately

equal length lines are required to transmit the various

signals to each board. Proper operation of each bodrd ~an - 
-

be determined by p lacing a short pulse (10 nsec) on the

analog input then measuring the time delay between the

real t ime and delayed sign b i t s .  This measurement can be

made at US 13 p in 7 and US 13 pin 9 or their equivalents .

The delayed pulse should follow the real time pulse by the

proper number of delays . Adjustment of the delayed time

pulse can be made by “phasing” (delaying) the clock signal

at that particular board using one or more gates . These

gates are provided on US 14a. The real time signal should

not be de1~ yed as this  signal will  be in phase with the

magnitude , reset , and enabling pu l ses .

8 .4  Medium and Low Speed Accumulators

Four medium speed accumulators with twelve bi t  t n -

state latches are included on one printed circuit board.

Figure 24 shows the circui try with  the package and p in

numbers shown in quadruplicate . The top number refers to

channe l i and then in descending order to channe l i ÷ 3

as referenced to Equation ( 6 ) .  These 74LS191 up -down

counters accumulate the counts produced by the high speed

section and are synchronously clocked by the 100 MHz mas ter

divided by 18. Al though only 16 coun ts were made in the
‘ 

high speed section , two counts were required to allow for

- .- —~~~~-~~~ 
--.--
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the reset pulse , thus forcing the medium speed counters to

be clocked at 1/18 speed. This will also decrease sensi-

civity by VTT~ since 1/9 of the samples are not used.

The 12 bit word accumulated is in two ’s compliment form ,

the most significant bit being a sign bit . Therefore ,

the counters are operated as divide by 2 . loading the

contents into three 74173, four bit  latches every 3.6864

nsec. The latch outputs  are then all bussed together to

form the 12 bi t da ta link (DL~ to DLII).

The low speed accumulator is built on board one of

two wire wrap boards . This accumulator uses eight Intel

2lllA-4 RAN ’ s producing 256 32-bit words . A 256 deep

RAN allows for an eventual system expansion to 256 points .

With the RAM cycle time of only 450 nsec , this not only

allows all RAM words to be accessed but also allows approx-

imately 13.9 ~s to manipulate each word before the medium

speed latches are reloaded. The 32-bit word width ,

accessed via a 74LS257A , 2 to 1 multiplexor allows most

e f f i c i en t  access from 16 or 8 bit computer systems . A1s~~,

using a two ’ s complement word configuration, the 32-bi ts

will accumulate a maximum of 1048576 , 12 bit two ’s complemen t

words . In accumulation time . this amounts to about 64

minutes. Thus , interfacing to most computer systems should

not be a difficult procedure .

- - ~~~~~~~~~~~~~~~~~~~~~~~~.~~~~~ L- ~~--~- s - - - 
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The RAN word is added to the incoming 12-bit word as

shown in Figure 25. The 12-bit word can be added or sub-

tracted from the running sum as desired via the invert con-

trol. A low on this line adds while a high subtracts. The

invert control is also connected to the least signi~ ican c

carry input on the 32-bit full adder. This facilitates

adding one after a complement to provide a two ’ s complement
1•

negation . Thus , the RAM word is read , added to the 12-bit

dat a bu s , and the resul t  stored in the 32-bit data bus .

The 32-bit 2 to 1 muLtiplexor then allows the sum to be

written back into RAM , or allows the RAM to be cleared by

reloading with the present 12-bit word .

The computer interface logic , also shown in Figure

25 , is built on board two of the wire-wrap set. Six 74365

tn -state drivers form a bus receiver which isolates the

computer action from the continuous correlator operation.

Before each word in the low speed accumulator (RAN).

discussed above , is reloaded , the accumulator read phase

writes the existing sum into a second 32 x 256 buffer RAM .

The select pulse controls this operation and allows the

accumulator RAN to be loaded into the buffer RAM at least

once every 64 minutes , as previously discussed.  Removing

the select pulse then turns control of the buffer RAM over

to the computer through two sets of multiplexors . The

present system is designed to be accessed from a 16 bit

Nova 1200 built by Data General Corporation . Using the

L.
- -

4- - - 
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Nova ’s least significant address bit as a selector , the

upper and lower 16 bits are accessed alternatel y through a

2 to 1. multiplexor . The Nova can then further accumulate

for the experiment duration .

The Nova is also interfaced to an IBM compatible 9

track tape drive . Thus , at the conclusion of the experiment ,

data can be transferred to an IBM 370 computer in a totally

or partially accumulated form . The final accumulation , if

necessary , along with the Fourier Transform can then be

accomp lished on the 370.

8.5 Timing

The timing section generates the wave forms required

to execute the loading and resetting used in the medium and

high speed sections . Also , the waveforms used to control

the RAi1’s in the low speed and interface sections are gen-

erated. This circuitry is built on the timing generation

(TG) board , fanout boards one and two (TFI, TFII), and

board two of the wire wrap pair.

The reset pulse used to reload the high speed counter ,

shown in Figure 22 , actually takes two 10 nsec clock periods .

Thus, 16 pulses are counted and t~vo used to reset. A divide

by 18 counter is then required to generate the reset pulse

as shown in Figures 26a and 26b . Here , the 10136 counter

is forced to stop counting for two pulses via the associated

flip-flops and gates. The flow diagram and coded state

table describing this circuitry is shown in Figure 27.
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FLOW DIAGRAM•

x.0

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

xS0

COOED STATE TABLE.

Xu O 
________

~~~O ~~~ OUTPU T ~~~~ J~~~~ ~~~~~

A 00 00 C I  0 00 00 O D  00

B 0 1 1 0  t O  I I D  D I  I D  D l

C 1 0  00 1 0  0 D I  OD 0 0  00.

RESULTANT FUNCTIONS’

Ji. ~~ 
.~ -

.
‘
.

,1IS xY~ ‘
,

OUTPUT.Y1 .
‘
. OUTPUT.

Fi gure 2 7 •  Timing gt - ’n er at i on le~~ic
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The two most significant Counter bits are then

level shifted to TTL . Q2TTL then clocks the medium

speed counters . Although Q2TTL has two pulses for every

18 high speed counts (see timing diagrams in Appendix B),

one pulse occurs during the high speed count period when

the medium speed counters are not enabled. Clock Bi is

generated from Q2TTL and Q3TTL (see Appendix B) -

Clearing the medium speed counters and setting the

12 bit latches must occur before the medium speed counters

overrun the si gn bit . This allows a maximum of 2047

counts before the low going load pulse loads the present

count into the 74173 latches . The load occurs on the

load pulse rising edge which also triggers the low going

clear pulse. The clear pulse low level then clears the

74LS191 counters . Figure 28 shows the divide by 2047

counter used to produce the clear and load pulses.

Clock 81 and the s t re tched  version , Clock 82 , are derived

from Q3TTL and Q2TTL to clock the divide by 2047 counter.

Clock B]. had to be stretched in order to accommodate the

the short r ipple output  of TG2 2 .  Note at this stage an

external, reset line is pruvided.  A low on th is  line wit].

allow the high speed section to f i l l  with new informat ion

when the analog source is switched to a reference . The

delay involved to reload the hig h speed section wi l l  be

less than 300 nsec for  1,6 poin ts .
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In addition to the clear and load pulses , the divide

by 2047 counter generates the waveforms used to control

the low speed accumulator and buffer RAM . Also, the address

bus is generated which accesses the two RAMs and is de coded

to provide access onto the 12 bit data link . This logic

is shown in Figure 28 with the accompanying waveforms given

in Appendix B. Figure 29 shows the address decode which ,

in turn , will enable each medium speed latch to access the

12 b i t  data link .

Figure 30 shows the select pulse generation , used

in the low speed accumulator and interface sections .

Here load pulses are counted and can be accumulated up to

1048575 pulses before a select pulse is generated. The

select pulse will last through one cycle of the medium

speed counter which amounts to 368.38 i~sec . Presently

the system is wired to provide a select every 262143 counts

or about every 96 .5  seconds . This allows over a minute for

the Nova 1200 to access 16 locations in the bu f f e r  RAM .

The end of the select pulse will  then serve to interrupt

the Nova , instruct ing the computer to begin addressing

the buf fer RAM . In addition , a manual high on the s tar t

line here will clear this counter and allow the init ial

1 1/2 minute coun t frame to s tar t .

If other coun t per iods are des ired , chips 67 , 69 ,

and 76 can be rewired. Using output Q16 on chip 76 will

provide a cycle t ime of 24 seconds , Q 17: 48 seconds ,
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Ql8: 96.5 seconds , Ql9 : 193 seconds , and using no

outputs , that is , allowing the counters to completely

cycle through zero , will provide 386 seconds . Appendix B

gives the timing diagrams describing the entire system .

—r 
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CHAPTER IX

SYSTEM OPERATION

9.1 Initialization

The initial start up of the correlator is controlled

by the low speed logic , in particular , the select pulse

generator. After turn on , the start line is manually

held high until the measurement is to commence . Thereafter ,

one load pulse will be counted before the first select

pulse provides an interrupt for the Nova , and the buffer

RAN is loaded into Nova core . Since there is no way of

determining the initial medium speed counter status , this

first data set is ignored . The following full cycle will

then provide the first good data s e t .

9.2 Reference Switching

— 
The next phase is to view a reference source ,

achieved by switching the frequency of the radiometer

local oscillator . This will provide a background noise

signal equivalent in temperature (see Figure 1) and vari-

ance to the signal frequency band . Thus , viewing this

background reference for an equal time and subtracting this

information from the signal information , will also subtract

out any signal or rec eiver DC bias . The result will be a

relative measurement with only signal information . This

will be accomplished by the receiver providing two sets  of

signals shown in Figure 31 . Signal A is applied to the
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invert control of Figure 25 and controls whether the data
- link is added or subtracted from the running sum stored in

RAN . Signal B is applied to the external reset line on

Figure 2S. This resets the medium speed counters and stalls

the low speed accumulator until the radiometer local

oscillator locks up on a new frequency . The high speed

sections have been running constantly, thus when Signal B

goes low , valid data has already been accumulated in the

high speed counters .

Then to provide information pertaining to receiver

gain variations , the receiver input is switched from the

antenna to a reference source via a waveguide switch . Fre-

quency switching is still maintained while viewing the

reference , thus , the reference temperature must be changed

i etween the on and off frequency positions in order not to

give a zero result  as a reference . The re ference  in format ion

is to be stored separate ly  from the si gnal informat ion ,

thus the low accumulation time provides a good division .

This would make 2 x 96.5 seconds the minimum switching period.

However , since a 5O~ duty cycle between the antenna and

reference source may not be desired , a status bit will be

set in order to notify whether the incoming Jata is

signal or reference . This circuitry is shown in Figure 32

and is built on board 2 of the wire-wrap series. Therefore ,

when the radiometer desires a reference block , it sets the

reference line high and waits for a select pulse. On the 

~~~~~~~~~~~ - -~--—- L. - —-
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DATA LINI’. DATA L INk .
SURT RA CT E D

I ~~~ I $ ~~C

SIGNAL A 
-

SIGNAL 8 

__ 0 MS 
fi_________________

Figure 31. Reference timing

SE TS STATUS
B I T  FOR Nt~~~T

“ i C Q C~~C LE

SEL ECT

R E F :O A~~SU NAL

QI8
FROM FIGURE 3%

(WIRE TO CARRY OUT WHEN FULL
COUNT ER IS USED )

Fi gure 32. Status generator
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rising edge of the select pulse , the external reset tine

of Figure 28 should be set high. The wave guide switch is

then switched and a f t e r  a setting time , the external reset

line is forced low. This process is similar to the nuili:’c

action during frequency switching . The status bit then

provides the status for the next data set.

The next step is to read sets of data into the Nova .

This process is initiated by the select line going high and

interrupting the Nova . Actual storage is done ~~ building

a memory block in core consisting of the data sets accumu-

lated from each low speed count period. An alternative is

to accumulate low speed data sets in Nova core , that is ,

one data set would be recorded and additional sets would

simply be added to the existing set. Software for the

former case is given in Appendix D. Finally , the memory

block is written on 9 track tape for final reduction by

the IBM 370 system.

.3 Quantization Corrections

The accumulated raw data are now divided by the

number of samples taken to give the final “quantized” auto-

correlation function . The number of low speed data sets

accumulated is the first word of the me~orv block . Ea ch

data set then consists of 16 high speed counts times 0-4 T

medium speed counts. For a .6 second c~~ relation time

the medium speed counter is counted ~~2 , l-+4 times , t hus ,

K in Equation (6) is 8,535 , ‘40 ,288 .

_ _  _ _  
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The resultant “quantized” autocorrelation function

is normalized to the zero delay channel and corrected for

coarse quantization error . For the zero delay channel ,

i=0 (Equation 13) thus r(i~T) and ~(t-t)(normalized

corrected autocorrelation function) equals 1. The zero

Jela;.’ channel then represents the total power received .

For other channels , i>l , ~(i~ -r) is much less than 1

(Gaussian input uncorrela-ed) thus p(i~ r) is closer to 1.

Equation 14 can be used truncating the terms in Equations

25 , 27 , 2S , and 29 to provide desired accuracy.

9.-. Weighting and Denormalization

Next the normalized autocorrelation function

c ( i i t )  is multiplied by a weighting function , w (i.~:).

As previously stated , the choice of w ( i~~:) is not critical ,

and three alternatives are adapted from Weinreb (1965) in

Table 2.

A normalized power spectrum , ~(i~f) is given by

the Fourier Transform of ~
- (i~ T). The system gain can then

be determined from the reference measurement and ineorpo-

rated i nto the si ~na1 mea su relu c-U t to  p r o v  i d e  c (i~ f)

(Equation 7), the actual power spectrum .

A - - ~~~~~~~~~~~~ - ~~~~~~~~~~~~
-—  -
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CHAPTER X

EXPERIMENT DURATION

10.1 System Operating Temperature

The length of time during which the experiment is

performed is based on the minimum detectable signal as

given in Equation (1). In this case , ct=l for a full

power receiver (Tiur i, 1964), and BW and Top need to be

e s t ima ted

Top for a doub le side band rece iver where a signal

appears only in one side band is given below (adapted

from Okean and Lombardo, 1973):

Top = 2(Ta+Te) (40)

Where :

Ta = Temperature seen by antenna

Te = Equivalent receiver temperature

Te can be determined by considering Figure 6. Assuming

the waveguide switch loss negligible , Te will depend pri-

marily on the mixer-preamplifier noise figure. The mixer-

preamp used is a SpaceKoni model F22.3V. An RF to IF gain

of 34 db will cause noise introduced in succeeding stages

to be negligible . Thus, the mixer-preamp broadband double

sideband noise figure of 2.6 db will give Te from the

following relationship (Mutaford and Scheibe , 1968):

Te = (FDSB-l)290°K 

~~~~~~~~~~ __ L... . •———- -—~ -- _ _ j ._~___.. _____
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Where :

FD SB = Double sideband noise figure with signal

• present in both bands (Pure Number)

Te is then equal to 237.7 K. Ta can be approximated from

Figures 4 and 5 as 173.64 K and 4336.0 K for the emission

and absorption experiments , respectively. Thus , Top for

emission and absorption will be 823 K and 9147 K.

10.2 Overall Integration Time s

With respect to bandwidth , th’.’ system operates as

the equivalent of 16 full, power rcccivers sinco the corre-

lator consists of 16 channels otT pure integrators. Thus ,

I t will be considered a pure integration t ime , and BW

will be approximated as 20 ~~~/1 6 or 1.25 M1lz.

Other factors influencing t
1 

are the time spent

viewing reference sources and the loss encountered by

resetting the high speed accumulator. Viewing references

will reduc e r 1 by 1/4 , neglecting the relatively short

blank ing time (S ignal B , Figure 37’ . Skipping 2 of every

18 samples in the high speed accumulator then further re-

duces the actual time spent correlating to ~/9, A final

factor affecting integration time is the quantization error.

As previously stated , for the oversampling case , is

ef fec tively reduced by 1/1.43.

By defini tion , •\Tmj~ 
of Equation (1) is derived from

the idea that the minimum detectable signal is equal to the

_ _ _ _ _  — — - —
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standard deviation of the received power (Tiuri , 1964) .

In practice , however , the minimum detectable signal should

be made 1/4 of the received power ’s standard deviation .

This new value of 
~
Tmjn will minimize the probability of

random noise being interpreted us si~;nu 1 (Tiuri , l9(~4).

However , from the original design criteria , signal detec-

tion is not sufficient. An accurate representation of

spectral line shape was originally specified. The ove ral l

accuracy will now be defined as lT~, of the signal amplitude

limi ted , of course, to the 16 equally spaced spectral

points . Thus , 
~
Tmjn’S of 0.005 K and 0.30 K , for the

emission and absorption experiments , respectively (from

Figures 4 and 5), w ill provide reasonable min imum

integration times.

Equation (1) now becomes:

6 

Top 

1/ 
(42)

(( 1.25x 10 H~)(r 1)(4)(9/8)(1.43)- 1

For the emission expe rimen t , T
1 

become s appr oxima tel y

3400 seconds and for absorption , 115 seconds .

L :.r: -

~~~~~~



________

I~
)

CHAPTER XI

CONCLUSIONS

11.1 System Choice

In this study , a system is described that will detect

stratospheric and rnesospheric water vapor. The method of

detection involves a remote measurement of the molecular

absorption or emission spectrum . The resultant spectral

data can then be used to determine water vapor mixing

ratios versus altitude by inverting the radiative transfer

equation . The accuracy of this type of measurement is

heavily dependen t on spectral line shape , thus much of

this study concerns a system capable of accurate spectral

measurement .

The system consists of a 22 GHz receiver feeding a

20 M1lz bandwidth spectral analyzer . The emphasis then is

placed on the design of a suitable spectral analyzer of

wh ich two types were considered . These were a discre te

filter bank and an autocorrelator in both analog and

digital forms . With design considerations of stability,

sensitivity, resolution , complexity , and cos t , a 1 x 2

bi t digi tal autocorrela tor was chosen as the bes t overall

system.

11.2 System Design

Sampling at the Nyquist rate is adequate in multibit

sys tems . Howeve r , for a hard quantizacion scheme , as is the

case here , system sensitivity is reduced but can be partly

4
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recovered by sampling at twice the Nyquist rate (80 Mhz).

Also , a further increase of the sampling rate to 100 ~fl~z

will allow adjustment of the resultant frequency centers

without decreasing sensitivity.

The autocorrelation and first accumulation are

then constructed on printed circuit boards using the ECL $

10 ,000 logic series . A medium speed accumulator is then

also constructed on printed circuit boards using both

Schottky and standard TTL logic. A final low speed accu-

mulator and computer interface is then wire wrapped using

>IOS and TTL logic. All further data reduction , including

a discreet Fourier Transform and spectrum denorinalization,

is performed in software .

11.3 Suggestions for  Future Work

At the time of this  wr i t ing , a prototype system

consisting of 16 autocorrelation points was designed , two
— 

points of which were built. An immediate goal then is to

complete the 16 points and use the system for a ground

based measurement.

To complement the hardware system , a software pack-

age can be constructed to perform various tasks. For

instance , different types of Fourier Transforms (FFT ,

Chirp-Z) can be programmed to allow grouping or spreading

of spec tral points. Also , overall teletype control and real

time displays would enhance system operation .

.
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Extended ~oals would he o perform an hit  r~l - ~ i t  r : c sp l l e re

measurement from a bal loon . Such a sy s t e m  would requi re  a

- telemetry link to ground and could ~ilso provide real time

results . A third aLternative is a “Look down ” experiment .

that is , a measurement from outside the earth ’s atmosphere .

This type of measurement might be performed in the L~ S0’s

as part of a Space Shuttle experiment .
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APPENDIX A

TRUNCATION ERROR

Quantifying the error introduced from truncating

counter bits can be handled by considering the effects of

variance on the total resultan t counts. Ables , et al.

(1974) handled a similar truncation problem by adding a

“round off” variance to the full counter variance . Here

then , dividing the difference between the full counter

plus rounded counter variance and the full counter variance

by the full counter variance will provide a relative

indication of the change in overall variance .

The rounding error (variance) is given by “ r
V /12 where V is the value of the least significan t bit

used. The probability, p. of counts occurring is given by

the numerator of Equation (14). used in conjunction with

Equations (30) through ç33). The variance of a full digit

counter is then ‘
~~L~ 

P(1-P)N , where N is the total number

of samples. The reLative variance iS:

2 [P(l—P)N+V /12]-P (l—P)N (Al)L REL

2 V2A
~REL Z (V ) 

~ ~ 
Z(V ) (A_ )

-, 0 £. 1. 0...4[ +n )]~ N

Using V0 0.95, N—4, and V 2 3:
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Obv iously then , for loosely correlated signals , as

is the case here , N will need to be ex~reme1v large in order

to provide an insignificant change in system sensitivity due

to bit truncation . Thus , if the incoming signal is

assumed very loosely correlated , say ~0.O001 , then an N

on the order of io8 is necessary to reduce the change in
variance to 0.l’~,. However , at a 100 ~ iz sampling rate , io8

samples occur every second . Therefore , the truncation

error can be ignored for correlation time on the order

of seconds or longer.
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APPENDIX B

TI~!ING DIAGRAM S 
‘

Following are expected wave forms from throughout

the system. Note these waveforms are of two types , one

describing actual signal levels and the other describing

whether data are valid or not. The “data valid” waveforms

will be labeled in parenthesis and will indicate data

valid as high , invalid as low. The signal level waveforms

are labeled without parenthesis and represent a logical

one when high , a zero when low .

\
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Shown he IL ’ a i L ’ 11W phv .~ t e a I. I .~ve~ut ot  t he I

w i re  wrap boards . t~oa rd 1 c on S i S 5 0 t ( i l L ’  low

accumulator as shown in F i. ~~U V L ’ .‘t . t o p ~ whe ~~~~~~ Board ‘

eons 1st s predominant Iv oC coniputer tt erfac tug ci ‘ t  rv

~I’ot torn of Vigttrt ’ .‘t~~ .n~d book keep i n ,~ ~Fi gti res ~~) and I~
At the t ime ol  t h i s  p r i n t  i u~ . no r ad i orne ( ‘V inte r—

t a t ’ i ng ~.
‘ i rcuit rv was coust rut’ ted, a I thou gh  amp to  sp ace

W a S  aV;L t lab IL’ on e t thor wir e wra~1 IIo. -l~~ j . o n e  such i nt or—

t a c o  was presented in Fig~ire ~

Also Inc luded h er e  are  t h e  p i n  connect Ions tor the

two wire wrap boards and t h e  bus c0flflCct ions o t h e  ftu ~
o ;enel - :l I Nova 12tR) minicoulputer
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NO~A RACK FRONT VIEW

\~~~pui/ \A OUTPUI!/ \~ 
i~~~1 \co.~~cLJ

CONNECTOR FRONT VIEW

Qcjx~J® ®ocDcJc~c~cJ~DO 
~~~ 

S NO NECT1ON

®®®®®O®®00000
( NUMBERS REFER TO ORIA BITS )

INPUT OUTPUT
CONNECTOR CONNECTOR

ORTA BIT NUMBER NUMBER CONTROL

O 14 25 IS
I I $3 S
2 2 2 \
3 3 II S
4 4 0 5
5 5 S 4

I S S 3
7 7 7 2

• S $ I

• 2$ II I
tO 20 IS I
II II 20 0

2 IS 2$ II

3 IT 22 2
II IS 23 13

II Is 24 4

~~1A INTERFACE OtYICE COOt ‘ 71,

Figure Al. Nova data interface (after Sweitzer , 1978)

_______________________________________________________________ 
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Wltt . wrap Board 1., LonneLtor A

Al GND AA DBO (LSB’
4-7 v. unreg. AB DBI

A) AC DB2
A4 A0 (LSB) AD D83
AS A]. AE 1)84
A6 A2 AF DB5
A7 A) AU DB6
A8 A.~e AJ 1)87
A9 AS AK D38
MO A6 AL 1)89
Al]. A7 AM 1)81.0
A12 RAN READ/WRITE AN 1)611
Al3 RAM OUTPUT DISABLE AP 1)812

AR DB13
A15 AS DBI4
AI.b AT DBIS
Al7 All DB16
AlS AV 1)817
A19 AW DB1S
A20 AX 1)619
A21 A\’ 1)820

A: 1)621

Wire wrap Board 2 , Connector A

Al Ground AA Al) (LSB’)
A2 +7 v . unreg. AB Al
A) CAD 0 (LSB) AC A2
A4 CAD I AD A3
A5 CAD 2 AE A4
A6 CAD 3 AF A5
A? CA D 4  AH
AS CAD S AJ A 7
A9 CAD 6 AK CH1

AlO CAD 7 AL CH2
All CAD 8 AM CH3
A12 LOAD AN CH4
A13 DBO (LSB) AP CR5
A14 DBI AR CR6
A15 D82 AS CR7
A16 D83 AT CR8
All 1)84 AU CR9
AiB D85 AV CR10
A19 DB6 AW CR11
A20 DB7 AX CR12
A21 1)88 AY CH13

- 
- A22 1)89 AZ CR14

_ _ _ _ _ _  _ _ _ _ _
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Wire wrap Board 1, Connec tor B
B1 BA D322
82 BB D623
33 BC DB24
B4 BD 1)325
B5 BE DB26
66 BF 1)827
37 BR DB2 8
B8 BJ DB29
69 BK DB3 O

BlO BL 1)831
B11 DLO (LSB) BM
Bl2 DLI BN
B13 DL2 BP
814 DL3 BR
B15 DLA BS
816 DL5 BT
317 DL6 BU
Bl8 DL7 BV
B19 DL8 BW INVERT CONTROL
320 DL9 BX MPX OUTPUT ENABLE
B2l DL1O BY SELECT
B22 DLI1 BZ LATCH ENABLE

Wire wrap Board 2 , Connec tor B
81 DB1O BA CR15
B2 DBI1 83 CR16
B3 1)812 BC BUFFER RAM READ!
34 D813 BD WRITE
65 DB14 BE SELECT
B6 DB15 BF START
67 1)616 BR CDBO (LSB)
B8 DB 17 BJ CDB 1
B9 DBL8 BK CDB2

BlO D619 BL CDB3
Bli DB2O BM CDB4
812 1)821 SN CDB5
B13 DB22 BP CDB6
B14 D323 BR CDB7
315 DB24 BS CDB8
B16 DB25 BT CDB9
817 DB26 BU CDBIO
B18 D827 BV C1)B11
819 SB28 8W CDB 12
B20 1)829 BX CDBI. 3
B2 1 1)830 BY CDB14
B22 DB3 1 BZ CDBL5

. - - U ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~
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APPENDIX 1)

NOVA SOFTWARE

Presented here is the software routine enab ling

data to be stored in the Data General Nova 1200 minicomputer.

Data are stored in the form of 32 bi t  words , forming a

— memory block , beginning at location 2O0~~. The higher order

lb b i t s  of a word are stored first (lower memory location).

The f i r s t  word of the  memory block provides the number of

17 word cycles  recorded in the b lock .  Next , the f i r s t  word

of a cycle  is recorded , providing the s ta tus  of that cycle .

A 107374 1824 (b i t  2 30 se t )  indica tes  signal  data and a

32 2 122 54 72  ( b i t s  2 30 and 231 set) indicates reference

data . F i n a l ly , 16 data words are recorded , beg inning wi th

zero lag po in t .  The 17 word cycles  are then repeated unt i l

ter .nination of the exper iment .

The program operates as an interrup t service routine ,

that is , the program sits in a loop in between the 17 word

cycle recordings . A select pulse then interrupts the loop

and a cycle of data is recorded. Upon reception of a .~ero

status word , the program is terminated.

For transfer to the IBM 370 system , the Nova can

record the da ta block dir ec tly on 9 track tape , loca tion

2O0~ firs t. Then , using Fortran IV , the IBM system can

directly form 10 bit (14) integers .

~ ..~ U. U5***5~ s.~ ~~~*~_ - -* -- - . -5~~
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The Nova sof tware shown here is in as sembl ed form

and , thus , the comp lete assembler numonics are not given .

L 

_ i-
- — ,- .—--- .* --5 -5 — -  _____________ . -.,— _
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Interrup t Service 
—

0 PC PC during interrup t
1 000002 Go to 2
2 SKPD2 0b3772 Skip if device 72 not

interrupting
3 JMP 000076 Serv ice dev ice 7 2
4 HALT 063277 Halt
5 JMP 000073 Jump to 73

Registers
22 Memory block address

(indexed)
40 Status address
4 1 2O0~ scored
201 No.°of cycles recorded
43 32~~ stored
44 Cycle addr
45 Skip 1st cycle  word

Star t  - i n it i a l i z e  regis ters  Set PC to 50
50 INTDS 0602 7 7  In ter rup t disabled
51 SUBO 126440 Clear AC 1
52 STA 044201 Clear 20L
53 STA 044045 Clear 45
54 STA 044200 Clear 200
55 INC 125500 Inc ACL and sh i f t  l e f t
56 MOV 125120 Shi f t  AC1 l e f t
57 MOV 125120 Shif t  AC]. l e f t
60 MOV 125120 Shif t  AC1 l e f t
61 ROy 125120 Shif t  AC1 l e f t
62 STA 064043 Store 32-~

-j  in 43
63 NOV 125120 Shift AC~ lef t
64 NOV 125120 Shift AC1 left
65 STA 044041 Store 2008 in 41
66 INC 125400 Increment AC1

-: 67 STA 044022 S tore 2018 in 2 2
70 SUBO 126440 Clear AC1
71 MOV 125240 Set carry=l , shift right
72 STA 044040 Store status addr in 40

Wait for data loop
73 INTEN 060177 Interrupt enabled
74 NIO 060000 No opera tion
75 JMP 000777 Jump back I

• Skip initial cycle
76 LDA 024045 Load 1st cycle word into

AC I
77 NOV 125025 Skip if AC]. non-zero
100 JMP 000127 Ignore 1st cycle



1.08
• Initialize address counter

101 LDA 024043 Lo ad 3210 into AC].102 STA 044044 Store AC1 in -~ -~

--5..--.— —.--—- -------------- ~•~~5-•~~ - —.5. - ..~~~~~~~~
..—— — A — 

— 

~~~ —— ~~~~~~~~~~ I ~~~~~~~~~~ 
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Receive cycle status (Ref/sig) - Experiment complete if
* 

status word 0
103 LDA 024040 Load status addr cnco AC1
104 BOA 065072 Send status .tddr
105 DIB 065472 Receive status a W.I~

onto ACI
106 MOV 125025 Skip on status non :ero
107 JMP 000132 Jump to tape routine
113 STA 046022 Store status in ~emor’.

block
111 SUBO 126440 Clear ACI

• 112 STA 046022 Store blank in memory
• block

Record 32 words
113 INC 125400 Increment AC1

• 114 INC 125400 Increment Ad
115 DOA 065072 Sen2 addr ‘

116 DIA 070472 Receive data in AC2
117 STA 052022 Storc data in memory

block
120 DSZ 014044 Decrement ~~~~~~~ skip if

zero
121 JMP 00O7~ 3 Jump back 5

Record no cycles completed , clear interrup t conditions ,
return to wait loop

122 ISZ 010201 Increment cycles recorded
123 J~~ 000402 Jump ahead 2 16124 HALT 063277 Halt if no. cycles 2
125 NIO 060272 Clear busy and done on

device 72
126 JMP 000073 Jump to 73

Skip initial cycle routine , clear interrup t conditions ,
return to wait box

127 ISZ 010045 Increment 1st cycle word
130 NIO 060272 Clear busy and done on

device 72
131 JMP 000073 Jump to 73

Record number of cycles in front of memory block
132 LDA 020042 Load no. cycles onto ACO
133 STA 042041 Store ACO on 201

:

~~~~~~ *~~~~~~ á~~~ A~~ ~~~~~~~~~~~ .ri.1~
• -.-- -~—~~~~~~~~_ L ~~~~~~~~ ~~~
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Stt up number of words to read on tape
134 LDA 020201 Load cycle count into

ACO
135 LDA 024201 Load cycle count into

ACO
136 LDA 034043 Load 3210 in AC3
137 NOV 175220 Shift AC3 right
140 NOV 125122 Shift AC]. left , skip on

zero carry
141 HALT 063277 No. cy cles -. 2
142 NOV 175223 Shift AC3 right , skip if

carry = 1
143 JMP 000775 Jump back 3
144 NOV 101120 Shift ACO left
145 ADD 107022 Add ACO and Ad , skip if

carry = 0
146 HALT 063277 Number of words too big
147 INC 125422 INC AC]., skip if carry = 0
150 HALT 063277 Number of words too big
151 INC 125422 INC Ad , skip if carry = 0
152 HALT 063277 Number of words too big

I

~~~~_ _s .-*~~~~~~ I ~~~~~~~~~~~~~~~~~~~ 
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