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I NTRODUCT I ON 

E l e c t r i c a l  and e lect romagnet ic  (EM) techniques have been shown to  be 

usefu l  for d e l i n e a t i n g  e i t h e r  t h e  gross geo log ica l  s t r u c t u r e  or  t h e  reser-  

- m v o i r  r e g i o n  o f  some convect ive geotherma 

based on t h e  r e l a t i o n s h i p  between t h e  bu 

reg ion  and a complex f u n c t i o n  i n v o l v i n g ,  

type and concen t ra t i on  o f  i o n i c  species, 

from conduct ing s u l f i d e  o r  c l a y  minera ls  

V 

systems. This  a p p l i c a t i o n  i s  

k r e s i s t i v i t y  of the  r e s e r v o i r  

among o t h e r  th ings ,  temperature, 

presence o f  a gas phase, e f f e c t s  

and f r a c t u r e  p e r m e a b i l i t y .  I t  

has been noted i n  t h e  l i t e r a t u r e  t h a t  l iqu id-dominated geothermal systems 

e x h i b i t  a lower r e s i s t i v i t y  than surrounding rocks f o r  several  p o s s i b l e  

reasons: (a) increased i o n  m o b i l i t y ;  (b) a h igher  concen t ra t i on  of  ions; 

and (c)  increased permeabi 1 i t y  and/or p o r o s i t y .  However, t h e r e  i s  evidence 

t h a t  some geothermal r e s e r v o i r s  e x h i b i t  h ighe r  b u l k  r e s i s t i v i t y  than 

surrounding rock because of  a vapor phase (The Geysers) o r  a p o r o s i t y  loss  

caused by secondary m ine ra l s  (Cerro P r i e t o ) .  

Of  t h e  techniques a v a i l a b l e  to  determine subsurface r e s i s t i v i t i e s ,  

dc r e s i s t i v i t y  has been t h e  most w i d e l y  used, b u t  t h e  m a g n e t o t e l l u r i c  (MT) 

method has a l s o  been used i n  bo th  reconnaissance and d e t a i l e d  s t u d i e s ;  and 

several  con t ro l l ed -sou rce  EM techniques have been t r i e d  as w e l l  ( K e l l e r  and 

Rapolla, 1976; H a r t h i l l ,  1976; Jackson and K e l l e r ,  1972; Ghosh and H a l l o f ,  

1973; and Kel l e r ,  1970). 

In t h e  LBL/U.C. Berkeley e v a l u a t i o n  o f  geophysical  techniques for 

geothermal e x p l o r a t i o n ,  a successful  t e s t  was made i n  Grass Val ley,  Nevada, 

o f  a p r o t o t y p e  frequency-domain EM system ( J a i n  and Morr ison, 1976; Ja in ,  

1978). These experiments showed t h a t  t h e  EM soundings gave i n t e r p r e t e d  

r e s u l t s  t h a t  compared w e l l  w i t h  those from d i p o l e - d i p o l e  dc r e s i s t i v i t y  

surveys. Based on t h e  need for cont inued development and demonstrat ion 

o f  a f i e l d - w o r t h y  system (Ward, 1978), and supported through t h e  Department 

o f  Energy/Div is ion o f  Geothermal Energy's E x p l o r a t i o n  Technology Program, 

LBL and U.C. Berkeley have developed t h e  EM-60 system, t h e  number r e l a t e d  

t o  t h e  60 kW ou tpu t  o f  t h e  motor generator used. 

m 
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The system, e a s i l y  expandable t o  i nc lude  time-domain measurements, i s  

designed f o r  use w i t h  a l a r g e  moment, h o r i z o n t a l - c o i l  t r a n s m i t t i n g  antenna. 

Th is  choice was based on t h e  need t o  overcome a number o f  problems en- 

countered i n  dc r e s i s t i v i t y ,  MT and e x i s t i n g  con t ro l l ed -sou rce  EM systems: 

Because no ground con tac t  i s  needed, t h e  system i s  b e t t e r  
s u i t e d  t o  areas where the  con tac t  res is tances a r e  h igh,  
such as sand-covered deser t  regions o r  t a l u s  slopes on 
mountains. 

A magnetic f i e l d  d e t e c t o r  can be used, thus e l i m i n a t i n g  t h e  
need f o r  long w i res ,  o the r  than t h e  t r a n s m i t t e r  c o i l ,  t o  
be l a i d  ou t  and r e t r i e v e d .  

The t r a n s m i t t e r  can be i n s t a l l e d  a t  a convenient l o c a t i o n ,  
an e s p e c i a l l y  h e l p f u l  f ea tu re  i n  t e r r a i n  where access i s  
l i m i t e d ,  and a survey around t h e  t r a n s m i t t e r  s i t e  i s  
conducted by moving t h e  r e c e i v e r  o n l y .  

V e r t i c a l  r e s i s t i v i t y  soundings a r e  made by va ry ing  frequency, 
no t  t r a n s m i t t e r - r e c e i v e r  separat ion as i n  dc r e s i s t i v i t y ,  
thus a v o i d i n g  i n t e r p r e t a t i o n a l  d i f f i c u l t i e s  in t roduced by 
l a t e r a l  inhomogeneit ies. 

By e n e r a t i n g  an EM f i e l d  over a broad frequency range 
(103 Hz t o  as low as 10-3 Hz) , t h e  sounding curves p rov ide  
bo th  good r e s o l u t i o n  o f  t h e  near-sur face as  w e l l  as depth 
p e n e t r a t i o n  t o  basement. 

The system would no t  depend on n a t u r a l  f i e l d  a c t i v i t y ,  
and would t h e r e f o r e  p rov ide  r e l i a b l e  data i n  bands where 
the  absence o f  n a t u r a l  s i g n a l  o f t e n  leads t o  incomplete 
M T  data.  

Despi te  considerable i n t e r e s t  i n  h ighe r  frequency EM techniques f o r  

minera l  e x p l o r a t i o n  throughout much o f  t h e  wor ld,  and f o r  low-frequency 

EM techniques f o r  petroleum e x p l o r a t i o n  i n  Russia (Vanyan, 1967; Smith, 

1963), s u r p r i s i n g l y  l i t t l e  work on EM soundings have been done i n  western 

coun t r i es .  Compared t o  t h e  r a p i d  techno log ica l  advances n seismic re -  

f l e c t i o n ,  f o r  example, developments i n  EM techniques have been slow. The 

d i f f i c u l t y  i n  i n t e r p r e t i n g  EM r e s u l t s  even f o r  s imple geo o g i c a l  s e t t i n g s ,  

c 



problems i n  generat ing and measuring the  low-frequency magnetic f i e l d s ,  and 

f i e l d  problems associated w i t h  l a y i n g  o u t  and r e t r i e v i n g  long heavy wi res,  have 

discouraged e f f o r t s  t o  employ EM techniques, even i n  areas where seismic and 

o t h e r  techniques a r e  not  use fu l .  
& 

Th i s  r e p o r t ,  d i v i d e d  i n t o  t h r e e  sec t i ons  d e s c r i b i n g  t h e  t r a n s m i t t e r ,  

* t h e  r e c e i v e r  and data i n t e r p r e t a t i o n s ,  should show t h a t  we have made s i g n i f i -  

cant  t echn ica l  advances toward t h e  development of a l a r g e  moment EM system 

employing a magnetic d i p o l e  source. Hopeful ly,  the  system w i l l  have p r a c t i c a l  

a p p l i c a t i o n  i n  geothermal and o t h e r  surveys. 
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(CBB 781 -957) 

F igure  6. Theore t i ca l  and observed d i p o l e  moments over t h e  20 
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This  s e c t i o n  g ives a b r i e f  d e s c r i p t i o n  o f  t h e  EM-60 t r a n s m i t t e r ,  

i t s  general design and the  cons ide ra t i ons  invo lved i n  t h e  s e l e c t i o n  of a 

p r a c t i c a l  c o i l  s i z e  and weight fgr r o u t i n e  f i e l d  operat ions.  The t r a n s -  

m i t t e r  was designed w i t h  several  c r i t e r i a  i n  mind: 

(a) The system should p rov ide  a l a r g e  magnetic moment, g r e a t e r  
than 106 MKS a t  low frequencies,  

(b) The system must operate r e l i a b l y  under adverse f i e l d  
c o n d i t i o n s  w i t h  a small  f i e l d  crew, 

(c)  The system must be bo th  safe and easy t o  operate;  and 

(d) The system should be r e l a t i v e l y  inexpensive so t h a t  
copies or s i m i l a r  systems nay be r e p l i c a t e d  a t  a 
reasonable cos t .  

Except f o r  t h e  l a s t  p o i n t ,  for which we have no bas i s  f o r  judgment 

The t r a n s m i t t e r  o r  comparison, a l l  t h e  c r i t e r i a  seem t o  have been met. 

i s  operated by one man; however, l a y i n g  o u t  and r e t r i e v i n g  t h e  h o r i z o n t a l  

loop antenna r e q u i r e s  a l a r g e r  crew, t h e  exact number o f  which would depend 

on loop weight, geometry and t e r r a i n ,  e t c .  

mechanical drawings a r e  n o t  presented here, but  a r e  a v a i l a b l e .  The key 

design f e a t u r e  o f  t h e  t r a n s m i t t e r  i s  t h e  t r a n s i s t o r i z e d  s w i t c h i n g  a r rays  

which permi t  r a p i d  sw i t ch ing  o f  l a r g e  c u r r e n t s  i n t o  t h e  loop. 

E l e c t r o n i c  schematics and 

The T ransmi t te r  

The EM-60 system is,powered by a Hercules gasol i n e  engine 1 inked t o  

an a i r c r a f t  60kW, 400 Hz, 3$ a l t e r n a t o r .  

motor generator (MG) s e t ,  and a r e  mounted i n  t h e  back of  a Dodge one-ton- 

chassis,  four-wheel -dr ive t r u c k  (F igu re  1 ) .  

set  were se lected,  i n  p a r t ,  on t h e  bas is  of a v a i l a b i l i t y  of these 

components a t  LBL. The ou tpu t  i s  f u l l -wave  r e c t i f i e d  and capable 

These two components form t h e  

Truck and motor-generator 
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1 1  

of p r o v i d i n g  kl5O v o l t s ,  400 amp t o  an ex te rna l  load  which i s  a h o r i z o n t a l  

c o i l  (F igu re  2 ) .  The b l o c k  diagram, F igure  2, shows t h a t  t he  d i r e c t i o n  

o f  c u r r e n t  f l o w  through t h e  c o i l  i s  c o n t r o l l e d  by one o f  t w o  t r a n s i s t o r s .  

These a r e  a c t u a l l y  p a r a l l e l  a r rays  o f  6 t o  60 t r a n s i s t o r s  mounted modu lar ly  

i n  a box c a l l e d  t h e  "crate" (F igu re  3 ) .  
wave r e c t i f i e r .  

The c r a t e  a l s o  houses t h e  f u l l -  

T r a n s i s t o r  modules a r e  interchangeable, each c o n s i s t i n g  of a heat 

s i n k  and fan  t o  enhance heat d i s s i p a t i o n .  With 18 t o  20 o f  t he  modules 

i n  place, up t o  400 amp may be d e l i v e r e d  t o  the  c o i l .  Above the  c r a t e  

i s  t he  e l e c t r o n i c s  rack. Th is  houses t h e  a m p l i f i e r s  used t o  c o n t r o l  t he  

t r a n s i s t o r s  i n  t h e  c r a t e  (F igu re  4 ) .  During t r a v e l  and storage, c r a t e  

and e l e c t r o n i c s  boxes a r e  c a r r i e d  i n t e r n a l l y ,  p ro tec ted  by a s n u g - f i t t i n g  

, . cover a t tached t o  the  r e a r  o f  t h e  t r u c k .  During opera t i ons  bo th  a r e  

swung away f o r  c o o l i n g  and eas ie r  access. 

Separate f rom t h e  t r a n s m i t t e r  t r u c k ,  bu t  connected t o  i t  by cab le ,  

i s  t h e  remote c o n t r o l  box (F igu re  5 ) .  Th i s  conta ins  a c r y s t a l - c o n t r o l l e d  
3 o s c i l l a t o r  and d i v i d e r s ,  so t h a t  a fundamental p e r i o d  o f  f r o m  10-3 t o  10 

can be se lec ted .  On the  panel o f  t he  c o n t r o l  u n i t  a r e  range and thumb- 

wheel switches f o r  s e l e c t i n g  the  fundamental per iod ,  as w e l l  as c o n t r o l s  

and i n d i c a t o r  l i g h t s  f o r  t h e  t r a n s m i t t e r .  The remote box may be taken 

100-150 f e e t  from the  t r a n s m i t t e r  t r u c k  where the  motor-generator no i se  

level i s  lower. It was found, however, that the noise level drops off 

r a p i d l y  away from tihe t r u c k ,  even when t h e  louvered s i d e  panels a r e  removed. 

The opera t i ng  frequency, fo, t h e  inverse  of t he  se lec ted  pe r iod ,  i s  

a m p l i f i e d  a t  the  t r u c k  and used t o  t u r n  t h e  sw i t ch ing  t r a n s i s t o r s  on and 

o f f  v i a  t h e  a r r a y  d r i v e r  chass is .  Since i s o l a t i o n  between t h e  load 

vo l tages  and t h e  t r u c k  chassis i s  des i rab le ,  o p t i c a l  coup lers  l i n k  the  
a r r a y  d r i v e r  t o  the  c o n t r o l  s igna ls .  For t h e  same reason, separate 

f l o a t i n g  vo l tages  a r e  provided f o r  t he  a r r a y  d r i v e r .  The c r a t e  c o n t r o l l e r  

l i n k s  t h e  t r u c k  t o  the  remote box and houses t h e  c o n t r o l  e l e c t r o n i c s .  

These chassis a r e  i n  t h e  upper rack  (F igu re  4 ) .  
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(CBB 788-5381) 

F igure  3 .  The c r a t e  w i t h  i t s  cover removed, showing t h e  modular 
a r rays  o f  t r a n s i s t o r  switches and t h e  f u l l - w a v e  r e c t i -  
f i e r  a t  l e f t .  
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Figure 4.  Rear of transmitter truck showing the electronics box (top) 
and crate (bottom) swung out for operations. A 4/0 cable 
is being attached for tests. 
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(CBB 781 -957) 

Figure 5. Fundamental period is set at the remote control-box which 
also monitors transmitter operations. 



Magnetic D ipo le  Moment - c 
For e lect romagnet ic  surveys i t  i s  usual t o  des i re  the  l a r g e s t  

moment, M, p r a c t i c a l  o r  poss ib le .  By d e f i n i t i o n :  

M = N I A  (1) 

where 

N = number o f  turns,  

I = c u r r e n t  i n  amperes, and 

A = c o i l  area i n  meters . 2 

The cu r ren t ,  I ,  def ined by Ohm’s Law i s :  

and depends on t h e  vo l tage,  V, f rom the  r e c t i f i e r s  and the  impedance, Z, 

o f  t h e  loop. 

The EM-60 i s  a square-wave vo l tage  generator ,  sw i t ch ing  between +150 

and -150 v o l t s .  A t  low frequencies,  the  i n d u c t i v e  na ture  o f  the c o i l  can 

be ignored and the  moment can be g iven as 

NVA M = -  
R ’  

where V i s  2150 v o l t s ,  and R i s  the  res i s tance  o f  the  c o i l .  

C o i l  res i s tance  

R 

( 3 )  

s given as: 

= p.e (4 )  

where p i s  t he  res i s tance  per u n i t  l eng th  o f  w i re ,  and i s  the  t o t a l  l eng th  

o f  w i r e  i n  the  c o i l .  For a c i r c u l a r  c o i l  the  area, A, may be expressed i n  

terms o f  the  c o i l  l eng th  as 
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S u b s t i t u t i n g  equat ions 4 and 5 i n t o  equat ion 3, t he  d i p o l e  moment i s  g iven  

i n  terms o f  the  w i r e  parameters use fu l  i n  p lanning a f i e l d  survey, 

This  shows t h a t  the  maximum moment from a g iven leng th  o f  w i r e  i s  produced 

us ing  o n l y  one t u r n .  However, i n  many f i e l d  s i t u a t i o n s ,  t e r r a i n ,  vegeta t ion ,  

and/or water may d i c t a t e  the  use o f  smal le r  area, m u l t i - t u r n  c o i l s .  

impor tant  i n  surveys a r e  the  t o t a l  weight o f  w i r e  t h a t  can be brought 

i n t o  the f i e l d  and the  amount o f  cu r ren t  t h a t  may Safelly ,be c a r r i e d  

through the  w i re .  Higher cu r ren ts  than those recommended aan sometimes 

be used so long as the  hea t ing  e f f e c t s  do no t  pose a f i r e  hazard o r  

c r e a t e  o the r  problems; e.g., a ho t  w i r e  m e l t i n g  i n t o  i c e  would be 

d i f f i c u l t  t o  r e t r i e v e .  

A lso  

For severa l  w i r e  s i zes  t h a t  have been used o r  considered f o r  use 

w i t h  the  EM-60, we l i s t  i n  Table 1 the  minimum w i r e  l eng th  considered 

safe. For these lengths  hea t ing  i s  o n l y  s l i g h t l y  de tec tab le  by hand. 

Table 1 a l s o  shows the  corresponding weights f o r  the  minimum lengths .  

I n i t i a l l y ,  we contemplated us ing  a 4/0 weld ing cable t o  r e a l  i z e  the  

400 amp c a p a b i l i t y  o f  t h e  EM-60. This  would r e q u i r e  l a y i n g  ou t  and 

r e t r i e v i n g  a t  l e a s t  4 km o f  cab le  weighing 4000 kg, no t  an i n s i g n i f i c a n t  

task f o r  men and machines. Because LBL does not have f i e l d  equipment t o  

handle cable o f  t h i s  length and weight,  and because the parameters a r e  

a n t i t h e t i c a l  t o  a cos t -e f fec t i ve  e x p l o r a t i o n  method, f i e l d  t e s t s  and 

surveys have been conducted w i t h  sho r te r  leng ths  o f  t he  smal ler  # l o  and 

#6 cables.  Therefore,  the  EM-60 has 

capabi 1 i t y ,  de l  i v e r i n g  t y p i c a l  l y  263 
- 

F i e l d  Tests 

e 

been operated w e l l  below i t s  f u l l  

amperes t o  the  c o i l .  

The EM-60 was g iven i t s  f i r s t  f u l l - s c a l e  f i e l d  t e s t  i n  Grass Va l ley ,  

Nevada du r ing  J u l y  1978. The s i t e  was chosen because prev ious e l e c t r i c a l  

and e lect romagnet ic  surveys along es tab l i shed  geophysical  l i n e s  had 

prov ided us w i t h  a subsurface e l e c t r i c a l  model aga ins t  which the  EM-60 

r e s u l t s  cou ld  be compared. The t e r r a i n  i s  f l a t  and open, making loop 
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~ Wire resistance/km ( /km) 

TABLE 1 

DES I GN CONS I DERAT I ONS FOR THE EM-60 TRANSM I TTER CO I L 

PARAMETER I 

Weight (kg/km) 

Mlnimum coil length to 
prevent excessive 
heating (km) 

Minimum coil weight ( 1 )  
to prevent excessive 
heating (kg) 

Current carrying capacity 
o f  minimum length cable 
(amps) 

10 

3.28 

49 

1.8  

86 

25 

WIRE SlZk 

b 

1.30 

118 

2 . 3  

273 

50 

2 

.513 

299 

3 . 3  

972 

90 

4/0 

,160 

955 

4.2 

4000 

225 

( 1 )  Weight does not include weight of insulation. 
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hand l i ng  easy. The c o i l  used consis ted of four  t u r n s  of  #6 w i re ,  l O O m  

i n  diameter and 1372m i n  t o t a l  length.  The 1 1 5 m  o f  cab le  n o t  used i n  

t h e  loop prov ided p i g t a i l s  t o  the  t r a n s m i t t e r  t r u c k .  F igure 6 shows a 

comparison o f  c a l c u l a t e d  d i p o l e  moments f o r  var ious turn-area combina- 

t i o n s  and the measured moment f o r  the  c o i l  used i n  Grass Va l l ey .  The 

d i p o l e  moments a re  c a l c u l a t e d  on the  b a s i s  o f  126 amp peak-to-peak 

d e l i v e r e d  t o  the  c o i l s  a t  low frequency. Depending on c o i l  diameter and 

number o f  tu rns ,  a c u t - o f f  frequency e x i s t s  above which the d i p o l e  moment 

dec l i nes  because o f  t h e  i n d u c t i v e  reactance. I n  p r a c t i c e  the  measured 

d i p o l e  moment d i d  no t  q u i t e  f o l l o w  t h e  t h e o r e t i c a l  curves above the  

c u t - o f f  frequency. This  i s  because the load, due t o  i t s  r e a c t i v e  nature,  

caused t h e  motor-generator t o  labor  less  a t  h igher  f requencies,  thus 

i nc reas ing  t h e  e f f e c t i v e  power i n p u t  t o  the loop. 

Current i n  t h e  c o i l  was monitored by means o f  a 0.01s2, 0.1 percent 

shunt r e s i s t o r .  Th is  shunt a l s o  prov ided t h e  reference vo l tage  c a r r i e d  

t o  channel 1 o f  the  rece ive r  by means o f  a t w i s t e d  p a i r  o f  wi res.  The 

reference vo l tage  served as the  c u r r e n t  ampl i tude and phase reference 

a t  t h e  microprocessor-based rece ive r  descr ibed i n  Sect ion I I  o f  t h i s  r e p o r t .  

Except f o r  r e f u e l i n g  operat ions,  the  t r a n s m i t t e r  operated c o n t i n -  

uously and w i t h o u t  f a i l u r e  du r ing  the f i v e  days o f  f i e l d  operat ions.  

Dur ing t h i s  t ime the  ambient temperature exceeded 42°C i n  the shade, 

and the  longest cont inuous run was n ine  hours. 
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F igure  6 .  T h e o r e t i c a l  and observed d i p o l e  moments over  t h e  t o  
103 Hz frequency range f o r  a c i r c u l a r  loop of #6 c a b l e .  
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This  sec t i on  descr ibes a programmable, mu l t i channe l ,  mu l t i - f requency ,  

phase-sensi t ive rece ive r .  The rece ive r  was designed and b u i l t  i n  t he  

Engineer ing Geoscience Group, Department o f  M a t e r i a l s  Science and Minera l  

Engineer ing,  U . C .  Berkeley,  as p a r t  o f  a Lawrence Berkeley Laboratory  

proJect  t o  develop f o r  geothermal exp lo ra t i on ,  a large-moment e l e c t r o -  

magnetic p rospec t ing  system. The t r a n s m i t t e r  for- t h i s  system, descr ibed 

i n  the  prev ious sec t i on ,  cons i s t s  o f  a 60-kw motor-generator,  power- 

t r a n s i s t e r  sw i t ch ing  c i r c u i t r y  and a h o r i z o n t a l  loop antenna. A t  a 

rece ive r  s t a t i o n  the  magnetic f i e l d s  a re  detected by means o f  a 3-  
component SQUID magnetometer. 

s e t  o f  a m p l i f i e r - f i l t e r s ,  and processed by the  microcomputer-controlled 
frequency-domain rece ive r  (F igures 1 and 2 ) .  The e l e c t r i c  f i e l d  component 

The s igna ls  a re  then cond i t ioned by a 

may a l s o  be detected and processed i f  so desired,, F i e l d  t e s t s  a t  Grass 

Va l ley ,  Nevada, descr ibed i n  the  f o l l o w i n g  sec t ion ,  showed t h e  system 

capable o f  o b t a i n i n g  we1 1-def ined sounding curves (amp1 i t u d e  and phase 

o f  magnetic f i e l d s )  f rom 1 kHz down t o  0.1 Hz. T ransmi t te r - rece ive r  

separat ions o f  1 t o  2 km were used w i t h  t r a n s m i t t e r  moments o f  about 
6 2 x 10 MKS. 

Measurements a t  f requencies below 0.1 Hz were made, bu t  the  s t a t i s t i -  

c a l  e r r o r  grows l a r g e r  w i t h  decreasing frequency because o f  t he  r a p i d l y  

worsening s igna l - to -no ise  r a t i o .  The no ise  i s  geomagnetic f l u c t u a t i o n s ,  

t he  spectrum o f  which v a r i e s  approximately as l / f .  

i s  designed f o r  f requencies t o  Hz (1000 second per iod) ,  o b t a i n i n g  

use fu l  i n fo rma t ion  below 10-1 Hz would depend on longer  averaging t imes 

and l a r g e r  pr imary f i e l d s  than used dur ing  t e s t s .  Low frequency informa- 

t i o n  might  a l s o  be obta ined by means o f  a magnetic gradiometer de tec to r  

t o  cancel common geomagnetic no ise.  

Al though the  rece ive r  
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Control unit 

I 

7 68 

Te I eme t r y 
0 Clock 

0 Loop input current 

0 Voice intercom 

r3 Component 
SQUID 

'Telemetry magnetometer interface - 
iMHz clocq I 

C h 1  
6 Channel 2 

Input signal 

c, 

Fi l ters - 
and + Stacking 3 4  

A low frequency electromagnetic prospect nq system 

XBL 786-2575 

Figure 1. A low frequency electromagnetic prospecting system. 
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The f i e l d  t e s t s  showed i t  was p r a c t i c a l  t o  analyze the f i r s t  4 odd 

harmonics (1, 3 ,  5 and 7) i n  the  t ransmi t ted  square-wave a t  one t ime.  

Th is  reduces the  number o f  frequency changes a t  the  t r a n s m i t t e r  t o  

on l y  one per decade f o r  f requencies below 100 Hz. I n  t e s t s ,  over-  

lapp ing  spec t ra l  est imates were ob ta ined from closely-spaced fundamental 

and harmonic f requencies,  and t h e  comparisons were good. 

Through the  keypad the  opera tor  i s  ab le  t o  se t  the  parameters 

c o n t r o l 1  i ng  the s igna l  process ing , such as:  

a) Per iod o f  the  fundamental c u r r e n t  waveform. 

b) The maximum number o f  odd harmonics o f  t he  waveform, up t o  
16, t o  be measured. 

c )  The number of  cyc les  o f  t h e  s igna l  t o  be averaged p r i o r  t o  
Four ie r  decomposition. 

2 t e l l u r i c  and a re fe rence from t h e  t r a n s m i t t e r ) .  
d) The number of i npu t  channels (up  t o  6; e.g., 3 magnetic and 

Ampl i tude and phase in fo rma t ion  a t  each harmonic can be d isp layed 

s e q u e n t i a l l y  on the  r e c e i v e r ' s  f i v e - d i g i t  LCD (F igure  3 ) . ,  However, i t  

i s  more e f f i c i e n t  t o  record the  data on the  o p t i o n a l  s ix-column thermal 

p r i n t e r .  Table I gives an example o f  t h e  thermal p r i n t e r  ou tpu t  format. 

I n  a d d i t i o n ,  t he  opera tor  may c a l l  r ou t i nes  which d i s p l a y  the  s to red  wave 

forms on an osc i l l oscope ,  o r  s e q u e n t i a l l y  dump them t o  a c h a r t  recorder .  

Descr ip t ions  and examples o f  c h a r t  recorder  and osc i l l oscope  d i sp lays  

a r e  g iven i n  Table 2. 

- 

Table 3 l i s t s  the  r e c e i v e r ' s  bas i c  s p e c i f i c a t i o n s  and spec ia l  
_ _  - __ - 
f ea t u  res. 

c 



1. 

OPEN 
REG I STER 

I ND I CATOR 

DEC I MAL 
P O I N T  N o .  5 

DIGIT N o .  5 / DEC 
No. 

T NO. 1 

MAL POINT 

F igure  3 .  L i q u i d  C r y s t a l  D isp lay  Format. 



CH 1 

--  CH 2 

CH 6 _- 

TABLE 1 

THERMAL PRINTER OUTPUT FORMAT 

4 
STATION Nz). - f - l  RUN NO. u u  n n  I I 

I I n  .u I 

r n  NO. OF CYCLES AVERAGED (EXPONENT OF 2)  
1 u. 

I PER I OD I N  M I LL I SECONDS 

n r  HARMON I C  NO. u 1 .  c 

i o r 1 1 - 1 1  AMPLITUDE IN MILLIVOLTS OR REAL' 

i n n n r  PHASE IN DEGREES OR IMAGINARY' 
3 u 7 -1.3 

c . 7  u 7 3 
i n t r n n  AMP o r  REAL 
3 0 7 7.u 

n n  r n  PHASE o r  IMAG 
. u u  I U  
i n t r  1-1 n AMP o r  REAL 
3 0 7 7-u ~ .~ 

PHASE or IMAG n n  -I -l u u c c  
3 7 u n t r  7 0 1.U n AMP o r  REAL 

PHASE o r  I MAG n n  i -I .u u 3 3 

AMP o r  REAL i n n -7 3 0 7 7 . J  

. u n u n 1 1  7 1 1  -1 PHASE o r  IMAG 

i n I I  0 I, AMP o r  REAL 3 0 -1 1.U 

n n c t ,  PHASE o r  I MAG .u u J u 

1 .  When the rectangular mode i s  used, the in-phase o r  rea l  p a r t  
replaces amp1 i tude and the quadrature o r  imaginary p a r t  replaces 
phase. Note t h a t  the rea l  and imagniary par ts  are not scaled 
by the constant 1.19266 t o  ob ta in  m i l l i v o l t s  and are not  phase 
corrected f o r  the sampling skew. See Table 10 key no. 1 .  

n 
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TABLE 2 

CHART RECORDER AND OSCILLOSCOPE DISPLAY 

4 h e r o  v o l t s  f o r  4 po in ts ,  
f unc t i ons  t o  separate channels. 

Example o f  a c h a r t  recorder  dump o f  s i x  channels 
o f  a d i g i t a l l y  s to red  sinewave a t  16 p o i n t s  per  
cyc le .  Paper moved t o  l e f t .  

CHART AND SCOPE DISPLAY 

Output vo l tage  range +/- 5 v o l t s  

D i g i t a l  t o  analog convers ion r e s o l u t i o n  8 b i t s  (39 .6mvo l ts /b i t )  

CHART RECORDER D I SPLAY 

Po in ts  per c y c l e  

64 
16 

4 

Time requ i red  f o r  dump 

14 seconds 

4.2 seconds 

1.8 seconds 

OSCILLOSCOPE DISPLAY 

Po in ts  per c y c l e  Refresh r a t e  D i s p l a y  t ime window 

64 45 HZ 22 rn sec 

16 150 HZ 6.7 m sec 

4 350 HZ 2.9 rn sec 
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FREQUENCY RANGE 

PHASE ACCURACY 

NUMBER OF CYCLES AVERAGED 

NUMBER OF POINTS SAMPLED 
PER CYCLE PER CHANNEL 

NUMBER OF HARMONICS 

ANALOG INPUTS 
CONF I GURAT I ON 

INPUT VOLTAGE 

ANALOG TO D I G I T A L  
C@b!VCRSION RESOLUTION 

SYNCHRONIZATION SIGNAL 

PHASE REFERENCE 

DETECTION ALGORITHM 

QUANTITIES OUTPUT 

DATA OUTPUT FORM 

POWER CONSUMPTION 

INTERNAL BATTERY L I FE 

SIZE AND WEIGHT 

TABLE 3 

RECEIVER SPECIFICATIONS 

1.01 t o  1.0 K H ~  
(990 sec t o  1.0 msec) 

B e t t e r  than 0.05 degrees 

up t o  215 cyc les  

1.0 KHz t o  101 Hz: 4 p t s / c y c l e  
100 H z  t o  13 H z :  
12.5 H z  t o  0.00101 H z :  64  p t s / c y c l e  

Up t o  32, 8, 6r 2 harmonics f o r  64, 16, 
4 p t s  cyc le , respec t i ve l y  

16 p t s / c y c l e  

S i x  s ingle-ended or  d i f f e r e n t i a l  channe 

+_ 5V s i g n a l  v o l t a g e  

12 b i t s  b i n a r y  

7.68 MHz, T T L  i n t e r n a l  o r  e x t e r n a l ,  
sw i t ch  s e l e c t a b l e  

Phases o f  harmonics i n  t h e  channel 1 
waveform serve as phase re fe rences  f o r  
channels 2 t o  6 

c 

or  

S 

16 and 4 p t s / c y c l e  ( 8  b i t  da ta  r e s o l u t i o n )  
i .  a c q u i r e  8 cyc les  o f  da ta  

i i. s tack  da ta ,  repeat i 
m i .  s i n e  and cos ine  t rans fo rm stacked da ta  

16 and 64 p t s / c y c l e  ( 1 2  b i t  da ta  r e s o l u t i o n )  
i. a c q u i r e  and s tack  da ta  con t inuous ly  

i i .  s i n e  and cos ine  and t rans fo rm stacked da ta  

Ampl i tudes, phases, number o f  cyc les  averaged, 
harmonic number, pe r iod  o f  fundamental, 
s t a t i o n  no.., and run no. 

5 d i g i t  LCD and 6 column thermal p r i n t e r  

10-15 wat ts  

8- 10 hours con t i nuous 

9 x 16 x 16 inches, 35 l bs .  



An Adaptable Receiver Design 

Although the  instrument was designed as a spec ia l i zed  rece ive r  f o r  

a p a r t i c u l a r  EM system, i t  has a general s t r u c t u r e  adaptable t o  many 

s igna l  processing tasks i n  geophysics. Perhaps the  most impor tant  

fea ture  o f  t h i s  s t r u c t u r e  i s  programmabi l i ty .  Th is  fea tu re  a l lows 

one t o  modify the  f u n c t i o n  o f  t he  instrument through a programming 

change r a t h e r  than by time-consuming hardware mod i f i ca t i ons .  

The r e c e i v e r ' s  hardware i s  a l s o  designed f o r  f l e x i b i l i t y .  The 

hardware i s  organized around a backplane bus con ta in ing  the  address, 

data, and c o n t r o l  l i n e s  f o r  t he  microcomputer (F igure  4 and Table 4 ) .  
The chass is  has e i g h t  c i r c u i t - c a r d  s l o t s  connected t o  t h i s  bus. F ive  

s l o t s  a r e  used i n  the  present  system; the  o the r  th ree  may be used f o r  

system expansion; e.g., a d d i t i o n a l  memory, spec ia l  c o n t r o l  boards, 

o r  analog f i l t e r  c i r c u i t s .  

These fea tures ,  combined w i t h  the  ins t rument 's  c a l c u l a t o r - l i k e  

ope ra t i on  and p o r t a b i l i t y ,  make i t  extremely promis ing as a general  

purpose rece ive r  f o r  e x p l o r a t i o n  geophysics. 

A t  present ,  a time-domain EM program i s  under development f o r  the  

rece ive r ,  and o the r  program a d d i t i o n s  a r e  being considered. 

Simple Operat ion 

The rece ive r  i s  s imple to operate.  When power i s  turned on o r  t h e  

rese t  sw i t ch  i s  ac t i va ted ,  the  rece ive r  au tomat i ca l l y  performs s e l f - t e s t  

rou t i nes  and i n i t i a l i z e s  a l l  c o n t r o l  parameters t o  b r i n g  i t s e l f  t o  an 

opera t i ona l  s t a t e  (Table 5 ) .  The program a u t o m a t i c a l l y  s e l e c t s  the  

op t ima l  number o f  p o i n t s  per  c y c l e  and analog t o  d i g i t a l  convers ion 

word s i zes  f o r  data a c q u i s i t i o n  opera t ions  (Table 6 ) .  Al though the  

user has t h e  o p t i o n  t o  s e l e c t  severa l  c o n t r o l  switches and parameters 

t o  increase the  e f f i c i e n c y  of t h e  s igna l  process ing opera t ions ,  the  

opera tor  i s  requ i red  o n l y  t o  se t  t he  pe r iod  and the number o f  cyc les  

o f  waveform t o  be averaged, and c a l l  a s i g n a l  process ing r o u t i n e .  

Table 7 g ives a l i s t  o f  t h e  steps the  opera tor  f o l l ows .  These 

procedures w i l l  be discussed i n  more d e t i a l  i n  f o l l o w i n g  sec t ions .  
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TABLE 5 
M 6 8 0 0  MICROCOMPUTER S I G N A L  PROCESSOR 

SPEC I A L  FEATURES 

I. V E R S A T I L E  CONTROL ROUTINES ALLOW AUTOMATIC CALCULATION 
AND PRINTOUT OF S I N G L E  OR SELECTED GROUPS OF HARMONICS 
(E.G. ODD HARMONICS, 1 5 T H  THROUGH 1 S T ) .  

1 1 .  CHART RECORDER DUMP OF STORED S I G N A L S .  

I l l .  OSCILLOSCOPE D I S P L A Y  OF STORED S I G N A L S .  

I V .  VOLT METER FUNCTION - D I S P L A Y S  VOLTAGE ON SELECTED CHANNEL I N  
M I L L I V O L T S .  T H I S  ROUTINE IS USED T O  SET G A I N  LEVELS.  THE 
SYSTEM SUPPLY VOLTAGE MAY BE CHECKED BY E X A M I N I N G  THE VOLTAGE 
ON CHANNEL 7. 

V. MAXIMUM VALUE FUNCTION - F I N D S  MAXIMUM VALUE ON EACH OF THE 
STORED WAVEFORMS AND D I S P L A Y S  VALUE I N  M I L L I V O L T S .  

V I .  A U D I O  TRANSDUCER ALERTS OPERATOR TO COMPLETION OF LONG S I G N A L  
AVERAGING OPERATIONS. 

V I I .  AUTOMATIC SYSTEM T E S T  ROUTINES:  

A )  T E S T S  2 K  OF DATA STORAGE MEMORY (RAM) I D E N T I F Y I N G  
ANY D E F E C T I V E  MEMORY C H I P  ( 1 6  OF T H E S E ) .  

B) TESTS 4 K  OF PROGRAM STORAGE MEMORY (ROM) I D E N T I F Y I N G  
D E F E C T I V E  ROM C H I P  ( 4  O F  T H E S E ) .  

C) TESTS FOR PRESENCE OF T I M I N G  S I G N A L S :  CHECKS R A T I O S  
OF SAMPLE TO CYCLE PULSES A T  EACH OF 4, 16, AND 6 4  
P O I N T S  PER CYCLE: D I S P L A Y S  ERROR- IDENTIFYING-CODES 
I F  ERRORS ARE DETECTED. 

D) WRITES T E S T  SQUARE WAVE I N T O  MEMORY FOR CHECK OUT 
OF TRANSFORM ROUTINES. 

E )  TESTS L I Q U I D  CRYSTAL D I S P L A Y  AND PRINTER.  

c 
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TABLE 6 

COMPUTER SELECTION OF NO, OF POINTS PER CYCLE AND ANALOG TO 

D I G I T A L  CONVERSION WORD S I Z E .  

I 

POINTS PER CYCLE PERIOD RANGE 

c 

! 

990 s e c  THROUGH 80 rnsec 

( 0 . 0 0 1 0 1  H Z )  ( 1 2 . 5  H Z )  

79 rnsec THROUGH 10 msec 

( 1 2 . 6 5 8  H Z )  ( 1 0 0  H Z )  

9 . 0  rnsec THROUGH 1 . 0  msec 

( 1 1 1 . 1 1  H Z )  ( 1 . 0  KHZ) 

ANALOG TO D I G I T A L  
CONVERSION WORD S I Z E  

1 2  B I T  WORDS 

8 B I T  WORDS 

1 

. _._ ~. 

PERIOD RANGE 

990 s e c  THROUGH 20 s e c  

( 0 . 0 0 1 0 1  H Z )  ( S O  HZ 

1 9  msec THROUGH 1 . 0  msec 

(52 .63  H Z )  ( 1 . 0  KHZ) 
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TABLE 7 
/- 

RECEIVER OPERATION PROCEDURE 

P a r t  1 

Pa r t  2 

Par t  3 

Par t  4 

Set Con t ro l  Switches and Connect Cables 

Se lec t  i n t e r n a l  o r  e x t e r n a l  12 v o l t  power source. 

Turn r e c e i v e r  power on. 

Se lec t  i n t e r n a l  or e x t e r n a l  SYNC (7.68 MHZ). 

Put run/ load sw i t ch  i n  run p o s i t i o n .  

Place mode switches i n  se lec ted  p o s i t i o n s .  

Press t e s t  s w i t c h  on p r i n t e r ,  be fo re  connect ing p r i n t e r .  

Connect p r i n t e r ,  t u r n  p r i n t e r  power on. 

Connect i n p u t  and ou tpu t  cables.  

System Test 

Press rese t  - system t e s t .  

Look f o r  e r r o r  codes and examine checksums. 

(see s e c t i o n  on system t e s t )  

Set Parameters 

En te r  Per iod:  Press (PER), (NO.), (NO.), (NO. 

Enter  Harmonic No.: Press (HRM), (NO.), (NO.) 

Enter  No. o f  Cyc. Avg.: Press (NO.CYC), (NO.) 

Enter No. o f  Channels: Press (NO.CHL), (NO.), 

Enter  S t a t i o n  No.: Press (MEM), ( 2 ) ,  (NO. ) ,  (NO.), (RTN) 

C a l l  System Programs 

C a l l  v o l t  meter r o u t i n e  f o r  each channel and s e t  ga ins.  

Press (RUN), (VLT) , (NO.). 

C a l l  one o f  the a c q u i s i t i o n  r o u t i n e s  e. 9. (RUN), (Al)  

C a l l  scope d i s p l a y  r o u t i n e  (RUN), ( O X ) ,  (1) 

o r  c a l l  c h a r t  d i s p l a y  r o u t i n e  (RUN), (CHT) 
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High Accuracy Phase Measurements 

The r e c e i v e r  was designed t o  make h i g h  accuracy phase and ampl i tude 

measurements under c o n d i t i o n s  o f  low s igna l - to -no ise  r a t i o s .  High 

accuracy measurements a r e  p a r t i c u l a r l y  important: f o r  e lec t romagnet ic  

soundings a t  f requencies below about 10 Hz, whet-e phase accurac ies  of 

0.1 degree may be requ i red  t o  i n v e r t  the  soundings r e l i a b l y .  

The phase accuracy ob ta ined from a g i ven  s inuso ida l  waveform, 

exc lud ing  a l i a s i n g ,  i s  a f u n c t i o n  o f  t h e  s igna l  or  da ta  r e s o l u t i o n ,  

t he  number o f  p o i n t s  per cyc le ,  and the  p r e c i s i a n  o f  the t rans fo rm 

a r i t h m e t i c .  F igu re  5 shows the  maximum phase e r r o r  t h a t  can be expected 

w i t h  a g iven r e s o l u t i o n  and number o f  p o i n t s  per cyc le .  I f  the  s i g n a l -  

to -no ise  l e v e l  of t h e  measured s igna l  i s  known, F igure  5 may be used 

t o  es t ima te  the  number o f  t imes the  waveform must be stacked t o  o b t a i n  

a g i ven  phase accuracy. One may assume N redulct ion o f  no ise .  
-% 

Under favo rab le  s igna l - to -no ise  cond i t i ons ,  e x c e p t i o n a l l y  accura te  

phase measurements may be made. For example, l a b o r a t o r y  t e s t s  have 

shown the  rece ive r  capable o f  measuring r e l a t i v e  phases w i t h  accuracies 

b e t t e r  than 0.002 degree below 12.5 Hz, 0.006 degree below 100 Hz, and 

0.05 degree below 1000 Hz. 

The per iods  o f  t he  harmonics i n  the  stacked waveforms correspond 

e x a c t l y  t o  those analyzed by t h e  s i n e  and cos ine  t rans fo rm r o u t i n e ,  by 

d e f i n i t i o n  o f  t he  harmonic conten t  o f  a p e r i o d i c  waveform. Th is  p r e c i s e  

matching o f  waveform per iods  e l im ina tes  spec t ra l  smearing r e s u l t i n g  

from the  f i n i t e  data l e n g t h s .  and makes t h e  h i g h  accuracy phase measure- 

ments poss ib le .  
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Relative Phase Measurements 

The receiver operates as an independent unit, in the sense that it 

does not depend on control signals from the transmitter. The transmitter 
and receiver run asynchronously; each unit is driven by a separate 
crystal clock, having a frequency accuracy requirement of only 10 ppm. 
Phase measurements relative to the transmitter current are made by pro- 
cessing the transmitter current waveform (on channel 1) along with the 
magnetic field signals (on the other channels). The receiver then computes 
phase relative to the transmitter current by subtracting the calculated 
phase of the transmitter current from that of the other channels' phases. 
Any signal can be put on channel 1 to a c t  as the phase reference for the 
other 5 channels. 

The receiver acts as a narrow-band digital filter. The accuracy of 
the filter's center frequency is related directly to the accuracy of the 
clock controlling the signal-sampling circuitry. The sharpness or 

selectivity of the filter increases with the number of cycles averaged. 
If the receiver and transmitter clocks are not locked together, the tra 
mitter and receiver will be operating at slightly different frequencies 
This difference in frequencies puts a restriction on how sharp the rece 
digital filter may be made before the transmitted signal begins to be 
filtered out. Using clocks of 10 ppm accuracy, several thousand cycles 
of transmitter signal may be averaged with no detrimental effects due 
to filter selectivity. 

It is also possible to lock the transmitter and receiver clocks 
together through the external 7 . 6 8  MHz clock input on the receiver. 
This requires telemetering the transmitter clock signal to the receiver 
but allows unrestricted stacking of the waveforms. 

S -  

ver's 
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Frequency domain EM soundings can be made w i t h  the  r e c e i v e r  i n  two 

ways. 

ampl i tude spectra o f  t he  magnetic f i e l d  by the  spec t ra  o f  t h e  t rans -  

m i t t e r  c u r r e n t .  This method requ i res  t h a t  t he  vo l tage  across a shunt 

r e s i s t o r  i n  the  t r a n s m i t t e r  loop be brought to  channel 1 o f  the  

rece ive r  v i a  a t w i s t e d  p a i r  o f  w i res .  These w i res  a r e  t h e  o n l y  

phys ica l  connect ion between t h e  t r a n s m i t t e r  and r e c e i v e r ,  and p rov ide  

an abso lu te  phase and ampl i tude re fe rence f o r  t he  system. The second 

approach e l im ina tes  t h e  need f o r  a c u r r e n t  re fe rence from the  t rans -  

m i t t e r  by ana lyz ing  phase and ampl i tude r e l a t i o n s  between the  v e r t i c a l  

and h o r i z o n t a l  magnetic f i e l d s ,  which d e f i n e  a p o l a r i z a t i o n  e l l i p s e .  

The e s s e n t i a l  in fo rmat ion  on e a r t h  c o n d u c t i v i t y  s t r u c t u r e s  i s  contained 

i n  EM soundings produced by e i t h e r  the  t r a n s m i t t e r  c u r r e n t  re fe rence 

o r  p o l a r i z a t i o n  e l l i p s e  approaches. 

One approach invo lves  the  no rma l i za t i on  of t h e  phase and 

SIGNAL PROCESSING 

Table 3 l i s t s  t h e  p r i n c i p a l  f ea tu res  of t h e  rece ive r ,  which i s  b u i l t  

around t h e  ~ 6 8 0 0  microprocessor.  The s i m p l i f i e d  program s t r u c t u r e  i s  

shown i n  F igure  6, and t h e  hardware s t r u c t u r e  i s  shown i n  F igure  4. A 

mul t i channe l ,  1 2 - b i t  a n a l o g - t o - d i g i t a l  conversion module i s  used t o  

s e q u e n t i a l l y  sample s i x  channels o f  e l e c t r i c a l  s i g n a l s .  The sampled 

waveforms from each o f  the  channels a r e  stacked i n  memory t o  improve 

the  s igna l - to -no ise  r a t i o ,  then normal ized by the  number o f  cyc les  

averaged. The d i s c r e t e  Four ie r  t rans fo rm i s  then ob ta ined us ing  a 

t a b l e  of 1 6 - b i t  s i n e  and cos ine  constants and a so f tware  m u l t i p l y  

r o u t i n e  us ing  1 6 - b i t  f i x e d  p o i n t  operands and producing 3 2 - b i t  p roduc ts .  

In-phase and quadrature r e s u l t s  f rom the  t rans fo rm a r e  converted t o  

phase ( i n  degrees) and amp1 i t u d e  ( i n  m i l  1 i v o l t s )  us ing  a CORDIC r o t a -  

t i o n  method. Next, t he  phase-sh i f t  e r r o r s  introduced by t h e  sequent ia l  

sampling o f  t h e  s i x  channels a r e  cor rec ted ,  and the  phase o f  channel 

1 i s  sub t rac ted  from the  phases o f  channels 2 through 6. Thus, phases 

f o r  s i g n a l s  on channels 2 through 6 a r e  a l l  r e l a t i v e  t o  the phase o f  

t he  s igna l  on channel 1 .  The b i n a r y  r e s u l t s  o f  t he  processing a r e  

converted t o  BCD and p r i n t e d  ou t  on a thermal p r i n t e r .  Table I g ives  

c 
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an example o f  t he  ou tpu t  format f rom the  thermal p r i n t e r .  

case, a common s igna l  was en tered  o n t o  a l l  s i x  channels. Ampli tudes 

agree t o  w i t h i n  20.3 m i l l i v o l t s ,  and t h e  maximum phase e r r o r ,  on 

channel 6, i s  0.0056 degrees (.0977 m i  1 1  i rad ians) .  

I n  t h i s  

Table 5 1 

keypad access 

the  rece ive r  

s t s  specia 

b l e  s igna l  

on ta ins  a 

o f  system hardware. The 

6 

OPERATIONS 

fea tu res  o f  t he  rece ive r .  I n  a d d i t i o n  t o  the  

processing, waveform d i s p l a y  and u t i l i t y  rou t i nes ,  

ystem t e s t  r o u t i n e  designed t o  t e s t  v i t a l  sec t i ons  

system t e s t  r o u t i n e  i s  au tomat i ca l l y  c a l l e d  when 

the  rece ive r  i s  powered up and each t ime t h e  rese t  sw i t ch  i s  pressed. The 

automat ic t e s t  programs a r e  l i s t e d  i n  Table 5. Sect ions V I 1  A-E. 

Systems Programs 

The ' rece iver ,  shown i n  F igu re  6 ,  has ten  keypad access ib le  system pro- 

grams which a l l o w  the  opera tor  t o  c o n t r o l  t h e  i ns t rumen t ' s  f u n c t i o n .  

programs a r e  c a l l e d  by p ress ing  the  RUN key fo l l owed  by the  number key 

corresponding t o  the  se lec ted  program. 

de f i ned  i n  Table 8. 

These 

The key symbols and programs a r e  

Stored Parameters 

Three types o f  s to red  values may be accessed from the  keypad: 

( 1 )  opera tor -se t  c o n t r o l  parameters, e.g., number o f  cyc les  averaged; 

(2 )  program-set parameters t h a t  may be examined by the  opera tor ,  e.g., 

number o f  p o i n t s  per  cyc les ;  ( 3 )  s i g n a l  processing r e s u l t s ,  e.g., phase 

and ampl i tude. The more f requen t l y  used parameters have been assigned 

separate c o n t r o l  keys f o r  f a s t e r  access; l e s s  f r e q u e n t l y  used parameters 

a re  read by press ing  MEM, then the  number key associated w i t h  t h e  

p a r t i c u l a r  parameter. Key symbols and parameter d e s c r i p t i o n s  a re  g iven 

i n  Tables 9 and 10. 



-45- 

(CBB 7810-1 3519) 

Figure 7 M6800 microcomputer signal processor. 
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TABLE a 
/-- 

SYSTEM PROGRAMS 

Key 
Symbol 

1 
A1 

4 
AEO 

7 
AA L 

2 
T I  

5 
TEO 

8 
TAL 

6 
CHT 

0 
osc 

6 
MAX 

RTN 

The RUN key fo l lowed by the  program key number given on l e f t  
c a l l  sA the f o l  lowing programs: 

Acquires a set  o f  s ignals  a t  the selected per iod and averages 
the selected number o f  cycles;  then transforms and p r i n t s  - a 
s i ng 1 e harmonic def i ned by HRM. 

Acquires s ignals  as the above program. Then transforms and 
p r i n t s  every o ther  harmonic beginning w i t h  HRM down through 
the f i r s t  harmonic. 

Acquires s ignals  as above program. Then transforms and 
p r i n t s  - a l l  harmonics beginning w i t h  HRM down through 
the f i r s t  harmonic. 

Transforms and p r i n t s  one harmonic def ined by HRM. 

Transforms and p r i n t s  every o ther  harmonic beginning w i t h  
HRM down through the f i r s t  harmonic. 

Transforms and p r i n t s  a l l  harmonics beginning w i t h  HRM 
down through the f i r s t  harmonic. 

Dumps 6 channels o f  s tored s ignals  t o  char t  recorder. 
See d isp lay  format note.  The keypad i s  no t  funct ional  
dur ing t h i s  dump. 

When fol lowed by a number key (1 t o  6 ) ,  d isp lays 6 channels 
of  stored s igna ls  on osc i l loscope.  Scope t r i g g e r  i s  pos i -  
t ioned i n  f r o n t  o f  channel 's data corresponding t o  prev ious ly  
entered number. 
o f  times. E x i t  by pressing RTN. (Refresh r a t e  i s  45Hz). 

Tr igger  p o s i t i o n  may be changed any number 

When fol lowed by a number key (1 t o  6 ) ,  f o r  channel number, 
d isp lays vo l tage ( i n  m i l l i v o l t s )  present on selected channel. 
The sampling frequency i s  6 times the number o f  po in ts  per 
cyc le .  

Channel seven i s  i n t e r n a l l y  connected t o  the + 5 V  supply l i n e .  
E x i t  t h i s  rou t ine  by pressing RTN. 

No program i s  ca l led .  Returns cont ro l  t o  operat ing system. 
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TABLE 9 
NUMERICAL CONTROL PARAMETERS 

AND 
STORED TRANSFORM RESULTS. 

Key 
Symbol 
H RM Harmon i c Number 

Range 01 through (PTSKYCLE) /2. RTN closes loca t  ion. 

NO. Number o f  Cycles Averaged 
CYC 

Raises 2 t o  power entered. 

Range: 2 through 215 or  1 through 32,768 0 

RTN d isp lays i n  decimal the  number of  cycles averaged and 

closes the locat ion.  

PER Per iod i n  m i  1 1 i seconds 

3 e.g. 1.2 3 = 1.2 x 10 msec 

No leading zeros; do not  enter  decimal p o i n t  (range 9.9 5 through 

1.0 0). 

r e s u l t s  i n  no change i n  per iod and closes loca t ion .  

Period set by fo l low ing  e n t r y  o f  3 d i g i t s  by PER. LCK RTN 

NO. Number o f  Channels 
CHL 

Range: 1 through 6 

L i m i t s  number o f  channels put through po la r  conversion and 

p r i n t i n g .  RTN closes locat ion.  

Amplitude and Phase o r  ( r e a l  and imaginary) 

when t h i s  key i s  followed by a number 1 through 6 (Channel No.) 

d isp lay shows value f o r  t h a t  channel. 

- AMP 
RE L 

and 

PHS 
I MG 
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TABLE 10 

OTHER STORED PARAMETERS 

The MEM key fo l lowed by no. key accesses the fo l low ing :  

key no. 

0 

1 

2 

3 

4. 

Points per cycle.  64, 16 o r  4. Set by program. Funct ion o f  p e r i o d .  

Phase correct ion.  Phase s h i f t  due t o  sampling time skew. 

Should be subtracted from channel N as (N -1) (PHASE COR) when 

using rectangular mode. Set by program. Function o f  harmonic 

and PTS/CYC. 

S ta t ion  number. Operator set .  A two d i g i t v a l u e w i t h  range of  

00 through 99. 

Run number. Operator set  and program incremented each t ime 

a new set o f  data i s  acquired. A two d i g i t v a l u e w i t h  range of 

00 through 99. 

Phase accuracy cont ro l  fo r  rectangular t o  po la r  conversion. 

Range 03 t o  06. Parameter i s  i n i t i a l i z e d  t o  04. 

04 produces 0.014 degree accuracy w i t h  a maximum c a l c u l a t i o n  

time o f  2 sedchannel .  

06 produces 0.0035 degree accuracy w i t h  a maximum c a l c u l a t i o n  

time o f  8 sedchannel .  

c 
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TABLE 1 1  

CONTROL KEYS 

Key 
Symbol 

Key c a l l s  one o f  ten programs def ined by number keys. 

See Table V f o r  the  l i s t  o f  system programs. 

R#N 

RTN Closes open parameter l oca t i ons ;  and f o r  system programs 

OSC, MAX, and VLT i t  re tu rns  c o n t r o l  t o  the  opera t i ng  system. 

LCK 
PER 

Sends entered pe r iod  t o  programmable sample t i m i n g  board. 

RUN 
B 

When fo l lowed by key no. 0 causes program t o  jump t o  next  

page of  memory. Th is  page i s  o p t i o n a l  and user def ined. 

System c o n t r o l  o r  d i a g n o s t i c  programs may be placed on t h i s  

page t o  extend the  degree o f  s p e c l a l i z a t i o n  o f  t h i s  system, 

e.g., an I P  program computing percent  frequency e f f e c t .  
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TABLE 1 2  

MODE SWITCHES 

1 RECT o r  POLAR 

Se lec ts  mode i n  which t ransformed va lues  w i l l  be presented. 

(Note: Rectangular mode values a r e  n o t  phase co r rec ted  f o r  

sampl ing skew and a re  n o t  scaled by t h e  cons tan t  (1.192659) 

t o  o b t a i n  va lues  i n  m i l l i v o l t s  per  r o o t  Hi!. Po la r  values 

- have a l l  c o r r e c t i o n s  app l ied . )  

program a t  t he  end o f  t h e  S I N - C O S  t rans fo rm r o u t i n e .  

Th is  s w i t c h  i s  read by 

2 WAIT FOR CYCLE PULSE 

Causes a c q u i s i t i o n  r o u t i n e s  t o  w a i t  f o r  t h e  beginning o f  

nex t  c y c l e  be fo re  s t a r t i n g  da ta  acqu is t i on .  I t  i s  u s e f u l  

when work ing  w i t h  pe r iods  g r e a t e r  than about 2 seconds, 

i n  t h a t  when deac t i va ted  i t  e l i m i n a t e s  t h e  w a i t i n g  p e r i o d  

be fo re  the  beg inn ing  o f  t h e  nex t  cyc le .  Th is  s w i t c h  i s  

read by t h e  program f o r  pe r iods  g r e a t e r  than 20ms (50HZ) o n l y .  

A c q u i s i t i o n  r o u t i n e s  w i t h  sma l le r  pe r iods  always w a i t  f o r  t h e  

c y c l e  pu lse .  

3 REPEAT 

Causes any o f  t h e  t h r e e  data a c q u i s i t i o n  r o u t i n e s  t o  repeat t h e i r  

p rocess ing  and p r i n t i n g  opera t i ons  u n t i l  t he  sw i t ch  i s  tu rned o f f  

A lso  causes the  system t e s t  r o u t l n e  t o  be repeated ly  c a l l e d .  

4 DATA PROJECT 

Prevents acc iden ta l  o v e r w r i t i n g  o f  da ta  se ts  i n  memory. The 

a c q u i s i t i o n  r o u t i n e s  read t h i s  sw i t ch  be fo re  a c q u i r i n g  new data 

se ts .  
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Dur ing opera t ions ,  the  numerical c o n t r o l  parameters (Pa r t  3 ,  Table 78) 
must be entered c o r r e c t l y ,  bu t  no t  necessa r i l y  i n  a p a r t i c u l a r  o rde r .  

Table 9' provides d e t a i l e d  d e s c r i p t i o n s  and examples o f  how the  v a r i a b l e s  

must be entered. Table 10 l i s t s  o t h e r  s to red  parameters. The number o f  

po in ts -pe r -cyc le  sampled and phase c o r r e c t i o n s  a r e  s e t  up by the  program, 

b u t  these values may be examined by the  opera tor  through the  keypad. 

The phase accuracy c o n t r o l  determines the  accuracy o f  the  rec tangu lar -  

t o -po la r  conversion, and i s  p rese t  a u t o m a t i c a l l y  du r ing  system i n i t i a l i -  

z a t i o n .  The o n l y  parameters t h a t  the  opera tor  may w ish  t o  change a r e  

t h e  s t a t i o n  number and the  run number, which a r e  used fo r  da ta  i d e n t i -  

f i c a t i o n  on the  p r i n t e r .  The run number may be i n i t i a l i z e d  t o  0 each 

t ime t ransmiss ion  o f  a new fundamental p e r i o d  begins. A f t e r  each 

averaging opera t i on  the  run number w i l l  be au tomat i ca l l y  incremented. 

Control  Kevs 

There a r e  fou r  c o n t r o l  keys. Two o f  these a r e  used t o  c a l l  programs 

and the  o t h e r  two c lose  memory l o c a t i o n s  a f t e r  values have been entered. 

The c o n t r o l  keys a r e  descr ibed i n  Table 1 J .  

Mode and Control  Switches 

There a r e  f o u r  mode switches l oca ted  i n  the  upper l e f t  corner  o f  t he  re -  

c e i v e r  f r o n t  panel .  These switches p rov ide  t h e  f o l l o w i n g  op t i ons ;  ( 1 )  rec- 

tangu lar  o r  p o l a r  f o r m a t s  f o r  t h e  Four ie r  t r a n s f o r m  r e s u l t s ;  (2)  w a i t i n g  o r  

no t  w a i t i n g  f o r  t he  beg inn ing  of the  nex t  waveform c y c l e  be fo re  a c q u i r i n g  

new data;  ( 3 )  repeat ing  the  da ta  c o l  l e c t  i o n  and process ing  procedures or 

s topp ing  a f t e r  one opera t i on ;  and, (4 )  p r o t e c t i n g  the  waveforms s to red  i n  

memory f rom be ing  o v e r - w r i t t e n  or normal memory opera t i on .  These switches 

a r e  descr ibed i n  Table 12. 

I n  a d d i t i o n ,  t he re  a r e  f o u r  c o n t r o l  switches i n  t h e ' c e n t e r  o f  t he  f r o n t  

panel (Table 13) .  L e f t  t o  r i g h t  t h e  switches a r e  used t o :  (1)  s e l e c t  regu- 

l a r  ope ra t i on  (RUN) o r  a program load ing  mode; (2 )  i n t e r r u p t  an execut ing  

program; ( 3 )  rese t  and t e s t  t he  system; and, (4)  s e l e c t  i n t e r n a l  o r  ex te rna l  

synchron iza t ion  c locks .  
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TABLE 13 

CONTROL SWITCHES 

RESET - SYSTEM TEST 

Momentary contac t  causes instrument t o  begin t h e  system t e s t  

sequence, t e s t i n g  memory and t i m i n g  and i n i t i a l i z i n g  a l l  system 

parameters. (See system t e s t  r o u t i n e  d e s c r i p t i o n . )  

INTERRUPT 

Momentary contac t  w i l l  i n t e r r u p t  and te rmina te  the  execut ion 

o f  any program. Cont ro l  i s  g iven  back t o  the  o p e r a t i n g  system, 

parameters are n o t  e f f e c t e d .  

RUN / L OAD 

Selec ts  one o f  two s e t s  of  RESET and INTERRUPT vec tors .  RUN 

i s  the standard set  for system operat ion.  The load se t  corresponds 

t o  t h e  Motoro la  MIKBUG vec tor  set .  If a MIKBUG o r i e n t e d  TTY 

i n t e r f a c e  board i s  present,  programs may be loaded i n t o  memory 

and examined when t h i s  s w i t c h  i s  i n  the  load p o s i t i o n .  

T h i s  s w i t c h  has t h e  p o t e n t i a l  t o  be used t o  s e l e c t  between two 

opera t ing  systems. 

- 

SYNC INT/EXT 

Se lec ts  between i n t e r n a l  and e x t e r n a l  7.6800 MHz c l o c k s  f o r  

data sampling t im ing .  
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Diagnost ic  warning codes a r e  prov ided to  a i d  the  opera to r  i n  i d e n t i -  

f y i n g  i n c o r r e c t l y  s e t  parameters o r  system mal func t ions .  When an e r r o r  

i s  de tec ted ,  t h e  a p p r o p r i a t e  warning code i s  d isp layed on  t h e  two l e a s t -  

s i g n i f i c a n t  d i g i t s  o f  t h e  d i s p l a y ;  and i n  most cases, t he  program i s  then 

h a l t e d ,  d i s a b l i n g  the  keypad. 

an improper ly  s e t  parameter, t he  parameter may be re-entered a f t e r  t he  

i n t e r r u p t  sw i t ch  i s  pressed. 

When the  d isp layed code corresponds t o  

The warning codes a r e  de f i ned  i n  Table 14.  

I., 

Memory Test and Memory Error Codes 

As p a r t  o f  t h e  system t e s t  rout ine,  t he  data and Droaram memories 
a r e  checked for  e r r o r s .  I f  a da ta  memory (RAM) e r r o r  i s  found, t h e  

program h a l t s  and a code i d e n t i f y i n g  the  d e f e c t i v e  c h i p  i s  d isp layed.  

(See the  RAM e r r o r  codes i n  Table 1s) .  The program memory (PROM) t e s t  

r o u t i n e  s e q u e n t i a l l y  c a l c u l a t e s  and d i s p l a y s  a checksum f o r  each o f  

t h e  1K PROM ch ips .  Comparison o f  the  d isp layed checksums w i t h  the  

c o r r e c t  values g i ven  i n  Table 15  a l l ows  i d e n t i f i c a t i o n  o f  d e f e c t i v e  

c h i p s .  (See the  Memory Board Layout drawing, F igure  17, for c h i p  l o c a t i o n s . )  

PHASE POLARITY CONVENTIONS 

- The Transform 

S igna ls  a r e  SINE and COSINE transformed us ing  an Q - convent i on 

( i . e .  - s i n o t  fo r  s i n e  t rans fo rm and coswt for cos ine  transform).  

Phase Signs 

I f  a wave c r e s t  a r r i v e s  p r i o r  t o  the  c r e s t  o f  another wave o f  zero  

phase, t he  former wave i s  de f i ned  t o  have a p o s i t i v e  phase advance. 
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TABLE 14 

WARNING CODES 

c 

H 1  I l l e g a l  number o f  cyc les  averaged 

H2 I l l e g a l  harmonic number 

H 3  I l l e g a l  p e r i o d  

H6  Wai t ing  f o r  c y c l e  pu lse  

H7 Wai t ing  f o r  sample pu lse  group 

H8 I n c o r r e c t  r a t i o  of  sample t o  c y c l e  pulses 

HH I n c o r r e c t  use o f  AMP o r  PHS keys 
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TABLE 15 

MEMORY ERROR CODES 

RAM ERROR CODES 

FORMAT: 

L t K  no. o f  MEM ( 1  t o  8 )  T Bad b i t  no. (1  t o  8 )  

%K no. 1 t o  4 for  1 s t  K 

%K no. 5 t o  8 for  2nd K 

PROM CHECK SUMS 

Each checksum i s  d i s p l a y e d  for 1 sec. 

1PP 6 

2PP-P  

3 P P 5 L  

4 P P l P  
vc*3 

L C h e c k  sum symbols 

K no. o f  1 K  PROM c h i p s  
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Phase Re la t i ve  t o  Channel 1 

The computed phase on channels 2 through 6 a re  r e l a t i v e  t o  channel 

1 phase; t h a t  i s ,  channel 1 phase i s  sub t rac ted  from the  phases on the 

o the r  channel s .  

The phase on channel 1 i s  measured r e l a t i v e  t o  the beginning o f  

the  c y c l e  pu lse.  

the  t r a n s m i t t e r ,  bu t  the  two a r e  asynchronous. 

This  pu lse  has a p r e c i s i o n  pe r iod  matching t h a t  o f  

DEVELOPMENT SYSTEM 

Programs f o r  t h i s  system were developed us ing  a C D C  COMPASS-based 

cross assembler, w r i t t e n  by John Wood, Lawrence Berkeley Laboratory 

computer consu l tan t .  

Geoscience Engineer ing Laboratory  on a ADM-3 CRT Terminal us ing  the  

NETED i n t e r a c t i v e  e d i t i n g  program. A f t e r  assembly the  machine code 

was w r i t t e n  on to  a casse t te  tape and loaded i n t o  the development hard- 

ware f o r  debugging. The development hardware cons is t s  o f  t h e  EM 

rece iver  w i t h  an e x t r a  RAM memory board t o  s imu la te  PROM and a t e l e -  

type i n t e r f a c e  board w i t h  a MIKBUG opera t i ng  system. 

The source program was w r i t t e n  and e d i t e d  i n  the  
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A P P E N D I X  A 

A SYSTEM PROGRAM FOR A 6-CHANNEL EM R E C E I V E R  





IDENT CAR, OECIN 
ss T 
I46600 

59 

+*4+*+4+++En RECEIVER4++++*+4++ 

*+ PURPOSE - COPPLEfE SYSTEM PRCGRAM FOR A 6 CHaNNEL EM RECEIVER 
04 STACKS 6 CHANNELS CF SIGNALS, S INE AND COSINE TRAh’fFORYS 
+4 ANY HAkNCNIC I h  SIGNALS* OUTPUlS AHPLITUDES I N  NXLLIVOLTS 
44 &NO PHPSES RELPTIVE TO CHakNEL ONE IN OECREES 
++ AUTHOR GARY L OPPLIGER 9 ENGINEERING GEOSCIENCE GROUP 
++ UNIV. CF CAC BERKELEY. 
*+ VEQSION 2.0 JULY 129 19P8 

8E GIN EQU O Z B O O O  

+* PIA a m s  DEFINITIO~S +4 

P I h A l  
C P I A P I  
P I  A B l  
cer A a l  
P I  AA2 
C P I  A42 
P I  A 02 
CPfAB2 
P I A A 3  
CPIAh3 
P I A 0 3  
CPIAB3 
P I h A 4  

P I A 8 4  
CPIA04 
PIAAS 
CPIAA5 
P I A 8 5  
CPI AB5 

CPI PPC 

EQU 
EQU 
EQU 
€QU 
EQU 
EQU 
EQU 
E QU 
EQU 
EQU 
EPU 
EQU 
EQU 
EQU 
EQU 
EPU 
EQU 
EQU 
EQU 
EQU 

OzFFE4 
0 ZFFES 
UzFFE6 
03FFE7 
OEFFE8 
0 zFFE9 
0 3FF E A  
OZFFEB 
OZFFEC 
OEFFED 
OSFFEE 
OZFFEF 
OzFFO8 
OzFF09 
OZFFOA 
OEFFO0 
OZFFCC 
OZFFOD 
OZFFOE 
OEFFOF 

LCD AND FRXNTER P I A S  
4 

+ 

* 
KEYPAO AND MODE 

* SWITCH F IA  * 
+ TIHER P I A  * 
+ 

ADC P I A  + 
+ 
4 

*++PROGRAfl STACK C O C A T I C N * 4 * + * * 4  

STACKP EQU 

*+*4++JARIABLE 

FL A G l Z  EQU 
DATA0 EQU 
PSHBOT EQU 
DTPlCH EQU 
PTCYCH EQU 
VAR EQU 

C Y C A V G  EQU 
NCYCLE EQU 
PTSCYC EQU 
HPHNIC EQU 
CNTINC EQU 
CNLGPT EQU 
NCHPR EQU 
NOqCtF FflU 

0314F  8OTTOP OF PROGRAM STACK ( 1 0 0  THROUGH 1 4 F i  

p + v + + e +  CE F I  h f T I  CNJ 

OE49 1 BYTE EQ 1 I F  1 2  B I T  A O C  WOROC ARE USEC 
0E4A 2 
0 5 4 c  2 
0 z 4 E  1 T H I S  VALUE 9USf LEAD PTCYCH 
OE4F I 
0550  SETS LOCATION 9F BLOCK OF VARIAELES IN RAP 

VRR 1 BYTE 

VAR+3 1 
VPRt4 i 
VAR+S I 
VAR+6 1. 
VARt7  I 
V A R + R  1 

V A R + l  z e m s  



..--... 
OA TPT 
STOKAR 
TA 0LEP 
BCDOUT 
B N I N  
TABLE8 
STRPT 
CH CkT 

-..- 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

..... - 
W A R t 9  
V A R t l l  
W A R t l J  
STGRAR 

WARt l5  
V A R t I ?  
W A R t 1 9  

i n  e w  

- 
2 
2 
2 
2 QYTES 
2 
2 
2 
1 

v EQU WARt2O 2 
xx EOU WARt22 2 
U EQU WAR+24 Q 
FF EQU WARt28 i 

SRTCHI EQU WARt29 2 
SRTCH2 EQU W4R+ 31 t 
SR f CH3 EQU WAPt32 1 
EXPA EQU SRTCH2 1 
coca EQU SRTCH3 1 
HARM0 EQU WARt33 1 

vv EQU WARt34 

c3 
c2 
C l  
03 
DZ 
D l  
OUT4 
OUT3 
OUT2 
OUT1 
su BT 
P H S l  
PHSE 
PH s 10 
P T C Y l O  
NTACQ 
H SA VE 
NRUN 
NSTN 
SRTCH4 
SRYCHS 
SR 1 CH6 
RO T ACC 
REAL 
IHAC 
O I V l E N  
CHNO 
QUAD 

EQU 
EQU 
EQU 
EQU 
EPU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
€Q9 
EQU 
E QU 
EQU 
EQU 
EQU 

wv 
W V + l  
w v t 2  
WWt3 
wv+* 
wv+5 
WV+6 
WV+7 
WV+B 
vv +9 
W V t l O  
W V + l l  
W V + l E  
O E E l  
OZES 
0 EE6 
03E8 
0 Zf9 
OSEA 
0EEB 
OZEC 
OEED 
0 ZEf 
OZFO 
0 3 F 2  
O E f 4  
0 3F5 
0 gF6 

NS + SCRATCH AREA 

L S  + 

HS + UNSIGNED BINARY INPUT 

L S  + 

t4S 4 OECIHAL OUTPUT 

4 FOR QINBCO 

HAXI OF 23 B I T S  

FOCiH4T- 38 76 54 32 + 
LS * 
SCRA TCtl 
1 F1S 6 Y r E  PHASE COR I N  BINARY 
2 2 LS BYTES 
4 BYTES 
1 BYTE F T S I C I C  IN BCO 
2 BYTES NO. OF T I M E S  ACQUSl IS CALLED 
1 HARMCNIC N 3 e  STORAGE LOCATION 
1 BYTE 
1 
I 
I 
2 
1 WARfAeLE FbR CONTROLLING ACCURdCY OF A R C T A N  FN. 
2 HOLDS AOPS OF REAL VALUE 
2 HOLDS ADRS OF IMnG V4LUE 
1 D I V I O E  BY TEN FLAG ( HOVE D E C I H A L  POINT LEFT 1 
I CHANN€L. N O .  
1 QUADRANT NO. 

*** DSFINITJONS OF RAM STORAGE AREAS ++I 

++ UNUSED R A M  AREA (150 THEOUCk I F F )  +* 
RAYSTR EQU 0 ~ 0 0 0 0  START OF RAH 
RAMEN0 EQU OZOTFF ENI: OF RAM ZK REQUIRED 

AHPSTR EQU 0 z98 2 4  BY7ES 
PHSSTR EQU ozeo 24 BYTES 
STARTC EQU ozeo 24 BYTES 
STARTS EQU OEC8 24 e w s  6 
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DATA EQU 0 ~ 0 2 0 0  1 5 3 6  BYTES ENDS 4 1  O7FF 

44 USED WHEN 4 PTS/CYC ARE STACKED THE REHAINDFR I S  USED AS d DATA 
44 DATA I S  BEGIhNING CF DATA STACKING LIREA. ONLY THE FXRST 96 FYTES ARE 44 

44 COLLECTION AREA. OPSHT AND OCSHB DEFINE COLLECTION AREA 
DPSHT EQU DATA+384 TOP OF DATA STACK USED W I T H  4 r l E  PTS/CYC 

++ 
+I 

a* PERIOD 10 FTSCYC AND A t C  WORE S I Z E  MAP 
44 FOR M I N  930  KHZ CPU CLOCK 44 

EO EQU a ~ 6 0  6 LONG PERIOD L fM?T 
CCO EQU 0510  4 1.0 (E&* l .OE6  MXLLISEC 1 
E l  EQU 0510 Q i  6 4  .PTS/CYC 
C C I  EQU 0380 4 8.0 12.5HZ OR 8OMS 
E2 EQU 0210 4 1  16 PTWCVC 
cc 2 EQU OE 10 + .1*0 1 0 O H Z  
E3 EQU 05ao 4 0  4 PTS/CYC 
c c 3  EQU O i l 0  4 1.0 SHORT PERXOO LIMIT 
E4 EQU Oil0 4 i i2 TO 8 B I T  BOC CUTOFF 
CCQ EQU 0220 2.0 5UHZ 3R ZOHS 

ORG BE G I  K 

JMP MASTER INTP + 

JnP ?!A ST ER SWI RESET AND INTERRUPT VECTCfiS 
JHP MASTER N Y I  
JHP RESETS RESET 

44 TABLE USED B Y  ROUTINE I;U# EACH ROUTINE CORPESPONDS TO A K E Y  NO. *' 
RUNTAB 

RESETS 

I NZSVS 

I N Z S l  

JH P 
JH P 
JH P 
JH P 
JH P 
JNP 
JtlP 
JHP 
JM P 
JH P 

LDS 
LDX 
STX 
ST X 
CLRB 
PR A 
LOA8 
CL R 

CLR 
CL R 
CLR 
CL R 
CL R 
CL R 
LOX 
STX 
LOX 
STX 
STX 
L OX 
S T X  

au 

OSCDIS 
A 1 PONE 
SINCOS 
CHARTO 
ATPEVO 
P RTE VO 
HAXSGN 
ATPALL 
PRTALL 
VOLTMT 

[STACKP 
tOZFFF4 
P I A A 4  
P I A 6 4  

I N  2 S l  
t o 1  
C P I A A l  
C P I A 6 1  
CPIAA2  
CPIAB2 
CPIAAS 
C P I A 8 3  
CPIAA5 
CPfA85  
L O I C C F 4  
P I A A 3  
tOEOFF4 
P I A 8 3  
P I  AA5 
C O Z Q O F 4  
P I  AB5 

RUN0 
RUN1 
RUN2 
RUN3 
RUN4 
RUN5 
RUN6 
RUN7 
RUK8 
RUN9 

DISPLAY DATA ON SCOPE 

S I N  AND COS TQANSFORH ROUTINE 
DUMP O A T 4  ON CHART PAPER 

PRfttT EVERY OTHER HARMONIC 
F I N D  MAXIMUM SIGNAL 

PRINT ALL HARMONICS 
WAKES DEVICE A VOLT METER 

ACQUIRE~tRAHS,PRINT ONE t'8Ft'GNIC 

ACQUIREtTRANS,PRINT EVERY OTHER HARHOUXC 

ACQUIPEtrRAk'S,PR?NT ALL HAI;t'CNIC 

R E X 1  STACK POINfES TO PROGRAM STACK LOCIITfON 
4 SET TIHER P I 4  

B FLAG SETtRESdLTS I N  BRANCH TO SYSTST 

B FLAG SETSPREVENTS BRANCH T O  SYSTST 

4 SET KEYPAD P I A  PA6-PA7 ARE OUTFUTS 
* PAO-PA5 ARE INPUTS FOR COLUMNS 

PBO-PB3 ARE 3UTPUTS FOR ROWS 
PB5-PB7 ARE INPUTS FOR MODE SWITCHES 

+ SET ADC P I A  
4 PAO-PAC ARE OUTPUTS 
* PBO-PB7 ARE I N F U T S  
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L O X  
ST# 
STX 
S I X  
LOX 
STX 
CLR 
T S t B  
eN E 
ERA 

I N Z S 2  JSR 
RTS 

+4 SYSTEM TEST 
SY s TST BRA 
RAHfiTN JS R 

JSR 
eN E 
L O A A  
STAA 
#RE 
LOX 
ST X 

PROHLP JS R 
IN CB 
S T A I  
STAB 
LOX 
JSR 
CnP8 
er4 E 
JSR 
L O U  
STAA 
S7A1 
L O A P  
STAA 
LOA6 
STAA 
JSR 
JSR 
JSR 
JSR 
JSR 
JHP 

t 0 gFF F 4  + S E T  L O C  F I A S  
P f A A l  
P I A B l  

CB2 I S  SET HrGH 

P I  AA2 * 
t 0 EF fFC HAKE P 8 3  AN INPUT FO6 PRINTER - -  
P I A 0 2  * ALL OTHERS APE OUTPUTS 
P I A 0 2  ASSURES PRINTER POWER I S  OFF. 

I N  2S2 * IF EQU B R A N C H  TO SYSlEH TEST 
SY STST SYSTEM TEST 
CLROIS CLEAR DISPLAY 

CHECK B F L A G  

CHECKS ZK RAM AN0 4 K  POH, WRITES SQUAREWAVE I N T O  HEM +* 
RAHCK 
TIMER1 
TEST83 
SYSTST 
[ ozcc 
P I A B l  

f BEGIN 
OATPT 
PROHCK 

? l A A i  
P I A A Z  
IOEFFOE 
DELAY3 
t 0 4  
PRGH LP 
LOHEM 
tOE88 
P I  A A  I 
P I A 0 1  
C 0 SFB 
P f A A 2  
f 0 2 0 3  
P I A B 2  
PWRON 
PRNT 
PRNT 
PWROFF 
INZVAR 
C K  LOCQ 

eFiANCH TO RAM CHECK 
DO TEST O f  SAHSLE 4ND CYCLE PULSES 

REA0 SWflCH 3 
I F  SET REPEAT RAM AND PULSE TESTS 
SET UP L C D  AS XPPXX TO I N O I C A T E  PROM 
PLACE PP I N  D I G I T S  3 AND 4 

BEEINNING CF ROM 

CREATE CH€CK SUH ON 1K OF PROM 
f H C  I K  C H I F  COJNTER 
PLACE CHECK SU9 Iff LOWEST 2 C I G 1 7 S  ON L C D  

SAVE 

PLACE CHIP  W O O  I N  5TH D I G I T  POSIT ICN ON LCD 

DELAY OF 900000  MACHINE CYCLES FER CALL 
I F  CHIP  kOo EQU 4 QUIT PROM CHECK 

LOAD MEMORY WITH SQUAREWfiVE FOR TESTS 

* TO TEST ALL LCO SEGMENTS 
LOAD -060808.608 INTO L C O  

4 

0 

* 
PRINTER POWER ON 

* TWICE 
PRINTER POHER 9FF 
X N I T I A L I Z E  VARIA E L E S  
T E S T S  COMPLETE G O  TO M A I N  PROGfibH 

* PRINT - 0 8 ~ 6 0 6 0 8 0 8  

** EOT4TING B I T  RAM TEST R O U T I N E  DOES NOT USE FAM STORAGE * v  
** IF A 8 A D  LOCATION IS FOUNO FROGRAN WRLTS AND L C O  OISPLAYS ".+ 
** A IN 5 T H  C I G I T  T C  I N O I C A l E  RAM, 6fT N O I t l  - 8 )  IN 3R0 DIG * *  ** AND QUARTER K NO. I N  IST G I G  (1 8 ) .  FORflAT A0502 ** 
PAHCK L O X  I: R A M S T R  LCCATION OF S T 4 R T  OF CHECK 

LDAA [ O Z D D  4 DISPLAY ( 4 A A 4 A )  ON LCD 
STAA P f A A l  
S T A A  P X A B I  i 

LDAA 5 0 5 0 0  * 
S T A A  P I A A Z  * 
LDAA 0 0 , X  
BN E BA C B I T  4 I F  NOT ZERO BAD B I T  
INCA SET ACCA TO 1 

SHF 1ST CL R O O I X  * WRITE ZEROS I N T O  HEY 

c 
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f 

STAA 
CMPA 
RNE 

RANLP ASLA 
ASL 
CNPA 
RN E 
TSTA 
BPL 
I N  X 
CP x 
@NE 
JHP 

BADBIT CLRB 
TSTLPI  INCB 

LSRA 
eN E 
ST X 
L O A A  
ST A A  
I N  C 
ST AB 

RdttSLF BR n 

4 4  PROM CHECK 
PROHCK CLR 

a R  
CLRA 

PRMLP LOX 
POOA 
I N  X 
ST x 
LOX 
I N X  
STX 
CPX 
BN E 
RTS 

o o r x  
o o r x  
B a o B I i  

0 0  r X  
0 0  r X  
BAOBIT 

RAHLP 

f RAMENt+ l  
SHFTST 
RAMRTN 

T S T L P I  
P I A A I  
t OzF4 
C P I A A l  
P I O A l  
P I A 0 1  
RAtiSLF 

CCPPARE ACC A WITH HEHORY L O C A l I O N  
I F  NOT EQC! BRANCH TO B A D  811 

S H I F T  B I T S  
COtPARE ACC A WITH MEMORY LOCATfCk'  

TEST FOR B I T  I N  8 POSITION 
IF NOT EQC BRANCH TO m o  BIT 

IF FOUND INC INOEX~TEST N E X T  e m  

ADRS OF LasT B Y T E  TO BE TESTED *i 
IF NOT LnsT BYTE. TEST NEXT B Y T E  

UETERMINE BIT POSITION OF e a t  e x 1  
BGANCH SERYES FN S I H I L A R  TO R T S  
4 

STCRE INDEX I N  LCUI HS BYTE GOES IN DIG 1 9 2  
L S  BYTE WENT I N T O  CONTROL REG 
RESTOGE CONTROL REG 

I N C  CIG 1 TO CREATE 1 1 4  K NO. 
WRITE BIT NO. XN O f C I T S  3 AND 4. 

HALT THE CCMPUTER 

CALCULATES A CHECKSUH FOR IK OF ROM *+ 
SRTCHI 
S R T C H l * l  

DA TP T 
0 0  r X  

Da TP T 
SRTCHl 

SRTCHl 
[Of0400 CHECK FOR 1GOOTH T I H E  THROUGH LCCP 
PRHLP * 

4+ T I M E R  SPHPLE AND CYCLE PULSE TESf TESTS R A T I O  CF SAHPLE/CYCLE P U L S E S  ** 
4* FOR 649 169 AND 4 F T S  PER CYCLE OISPLAYS HC WHEN WAITING FCR CYCLE ** 
** PULSE, DISPLAYS t47 UHEN b A I 1 I N G  FOR SET 3F SAMPLE PULSES. CI'PLAYS b 8  * Q  
** AND HALTS PGCGRAH I F  R A T I O  OF SAMPLE T O  CYCLE PULSES IS IN W R O R  e* 
T I M t R T  LDAA [0:25 PEEIOO COEFI h.5 

CLRB P E F I O D  E X P O N E C l  EO HSEC 
BSR S TEPER StCRE PFFIOO SET COUNTERS 
LDX [ 2 5  SET R A T I O  SAHTJICYC *l FOP T H I S  P E R I O D  
BSR R A T I O 1  DO RATIO fEST 
L O A A  1 0 3 4 0  PECIOD COEFr 4.0 
LOAB COEIO PEFIOU EXP. E l  
BSR STRPER- STGRE PERIOD S E T  COUNTEPS 

BSR R A T I O T  O C  RATIO TEST 

TAB PERIOD EXP E2 5 H t  
BSR STRPER STCRE PEFICD 
LOX t 385 SET RATIO 
BSR R A T I O T  DO R A T I O  TEST 
RTS 

LDX 1 97 SET PATIO as PBOVE 

LDAA [ O E Z C  PERIOD CCEF. 2.0 

4* STORES PERIOD AND SET PRE ARC POST COUNTCRS ** 
STRPER ST4A P f d P 4  Sff PFRTQII C D F Z .  
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STAB P I A 8 4  SEI PERIOO EXP. 
JSR PROSET SET PRE a w r  POST COUNTERS a N o  PTSICYC 
RTS 

++ TEST OF RATIO OF SAMPLE 70 CVCLE PULSES 
SRTCP6 STCRE IOEAL RATIO NO. RATIOT STX 

JSQ 
LOX 
LOAB 
LOA8 
LO98 
STAB 

11LPi L O A A  

LDAB 
I N  C 

tTLP2 LDAA 

LOA8 
I N  X 
L O A A  

CP x 
@E Q 
I N  C 

T THALT eR A 
TTOK JSR 

RTS 

epL 

e p i  

ep L 

CLRDIS 
c o o o o  
P I A 8 4  
P I A 8 5  
t 0586 
P I  A A l  

T T L P l  
P I A 8 4  
P I A A l  
CPIABS 
TTLP2 
P I A 8 5  

C P I A 8 4  
11 LP2 
SR 7CH6 
TTOK 
P I A A l  
TTHALT 
CLf iOIS 

CPIAB~ 

CLEAR L C O  CISPLAY 
SET R A T I O  COUNTER TO ZERO 
CLEAR C Y C L E  PULSE BY READING PIP 
CLEAR SAMPLE PULSE 
+ WAITING FOR CYCLE PULSE 
+ PUT H6 ON LCO 

UAfT  FOG CYCLE PULSE * 
CLEAR CYCLE PULSE 

WAIT FOR SAMPLE PULSE 
P U T  H7 ON LCDo U a I T I N G  FOR SET OF SAHPlE PULSES 

CLEAR SAWLE PULSE 
I N C  RATIO COUNTER 

LOOP BACK U N T I L  CYCLE PULSE 3s FCUNO 

CCKPARE R4TIO COUNT WITH I O E f i L  VALUE 
I F  EQUAL RETUR’4 
P U l  H8 ON LCD T O  INOIC4TE R A T I O  ERROR 

CLEAR LCD 

+ 

++ LOA0 MEWORY WITH t 5 9 - 5  VOLT SQUAREWAVE FOR T E S T  +* 
++ SINGLE CHNL PATTERN IS 2 HIGH96  LOW.6 H 9 6  LqETC FOR 6 4  PTS ** 
LOflEfl LOX t1536  NO. BYTES TO BE CLEARED 

LON1 
LOfl2 

LDM3 

STX 
LOX 
JS R 
LOX 
LoaB 
eR A 
LOA8 
LDAA 
ST A A  
CP x 
BE Q 
JSR 
M C8 
eN E 
LDAA 
L O A f  
ST A A  
JSR 
OECB 
eN E 
9R A 

LDMOUT RTS 

SRTCHl 
t DATA 
CLRM2 
f DATA 
t 1 2  
LDHL 
t 4 8  
t 057F 
00  r X  
[ DATA+ l532  
LDHOUT 
I N  X4 

LDH2 
1 0 5 8 0  
t 4 8  
O O I X  
INX4 

LDM3 

START O F  SECTION TO BE CLEARED 
C L E A R  MEHOliY 
D E F I N E  S T l l R T I N t  A D R S  
FCfi f I R S T  PARTIAL CYCLE 
S T A R T  PARTIAL CYCLE 
6CHC8PTS=48 SET COUNTER FOR 8 +5V POINTS 

L O A D  VALUE I N  flEM09Y 
CCPPARE WITH LLIST LOCATION 
IF EQU RTS 
SELECT hEXf  LOCLTION ( I N X  I( TIMES) 
DEC COUhTER 
IF NOT 0 STORE ONE MORE t 5 V  VALUE 

SET COUNTER FOQ 8 -5V POINTS 
STCRE -5V VPLUE 
S E L E C T  NEXT VALUE 
DEC COUKTER 
I F  NOT 0 ST39E ON HORE -5V VALUE 

t 5  VOLTS 

-5 v 

LDMl  DO NEXT +5 CYCLE 

+* I N I r I A L l Z E  VARIAECES ++ 
INZVAR LDAA [ O Z 9 C  NO. OF BY?ES T 3  BE CLE4RED 

LDX C 0 5 0 0 5 0  START OF SECTION TO BE CLEARED 

c 

c 

c 



65 

JSR 
INC 
IN C 
I N  C 
LDAA 
STAA 
JSR 
LDAA 
STAA 
RTS 

CLRHEt! CLEAR MEMORY 
HARFllO 
HRFNIC 
NCYCLE t l  
f b  
ROTA CC SET ARCTAN CN fiCCURACY 
R D S E T  S E T  FTSICYC AND PRE AN0 POST COUNTERS 
t OzO6 * 
NCHPli SET NO. CF CHANNELS OPERATED ON 

** LOOK FOR ANY PRESSED KEY IF FOUND acc a IS A NOMZERO VALUE ** 
KEYQ CLRA 2 (MACHINE CYCLES) 

STAA P I A B J  5 
LDAA P I A A 3  b 
C O f l A  2 
ANDA fOE3F 2 
RTS 5 

** DELAY ROUTINE 

DELAY1 L O X  t 0 I1 A62 PkESET DELAY 87278 CYCLES 
DELAY3 S T X  SRTCHZ 
DELAY2 DE C SRTCH2 

8N E O L Y L P l  
RTS 

OLYLP l  DEC SR fCH3 
EE 0 DELAY2 
RR A D L Y L F I  
RTS 

** DELAY EO - NO. C Y C . = 6 2 + f S R T C H 3 - 1 ) + 1 4 + C S ~ T C H 2 ~ 2 ) * 3 S 8 0  *+ 

CHECKS FOR %€LEASE OF IRESSEt  KEY ** 
F. E L E SE CL RA 

STAA P I A 8 3  ROW 
R E L L P i  LDAE P I A A 3  COLUMN 

COYA 
ANDA fOE3F 
BNE R E L L P l  
BS R DELAY1 ABOUT 9 0  M I L L I S E C  DELAY FOR KEY MBOUNCE 
PTS 

** SOUNDS EEPFI ;  F O K  8518 CYCLES *e 
BEEF teak C O Z F C  BRING L I N E  C82 H I G H  FOR BEEPER 

STAA CPIAB3 
LOX f OEO462 * 
RSR DELAY3 * DELAY 
LDPA [OEFlc * 
STAA CPIA83  BRING C82 LOU FOR BEEPER OFF 
RTS 
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4* ACTIVATE ON€ ROW ON UEYPAD. TEST COLUflNS FOR RESPONSE ** 
L O T S T  STAA P I A 0 3  A C T I V I T E  R9W 

LDAA P I A A 3  READ COLUflY 
I N  CB 
COMA 
bNDA t 0 3 F  
RtS 

40 INTERPRET PRESSEO KEY ** 
I NTP ASL 9 

ASLB 
BSR 
OECB 
LOX 
ST x 

LOOP1 I N  C 
€E Q 
fNC8 
CNPA 

ASL 
BRA 

ERR NO e 
BRA 

END BSR 
TSTB 
RTS 

asLe 

eE Q 

DELAY1 

1 OZF901 
SRTCHZ 
SRTCH2 
ERR 

SRTCHJ 
EN 0 
SRTCH3 
L O C P l  

++ flASrER ROUTINE FOR SCANNING KEYPAC ** 
SCNKEY BSR 
RUSLCT LOA8 

LDAA 
ESR 
BG T 
LDAA 
BSR 
0GT 
L O A A  
BSR 
BG T 
LDAA 
BSR 
@G T 
BRA 
G T S  

*+ CLE4R L I Q U I D  
CLROIS LOhA 

STAA 
STAA 

fiELESE 
[ OEFF 
[OfOE 
LOTST 
I N  TP 
t o z o o  
LOTST 
INTP 

LnTST 
INTP 
t O I 0 7  
LOTST 
IN TP 
RUSLCT 

t 0 EO6 ,/” 

CRYSTAL OISFLAY ** 
t OEFF 
P I A A l  
P I A B I  c L O A A  l0:OF 
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STAA P I A 4 2  
LDAA P I A 9 2  
ANOA [OZFC 
STAA P I A 0 2  
RTS 

SAVE PRINTER CONTROLS M A Y  1 4  78 

** DISPLAYS a NO. ON LSD OF LCO UITHOUT AFFECTING OTHER VALUES ** 
L C O I  LOA9 P I A A l  

ANOB fOEFO 
ANDA t 0 3 0 F  
PBA 
STAA P I A A l  
AN04 [OZOF 
RTS 

** CONVERT KEY CODE NO. TC DECIPAL VALUE 0-3  e* 
T ST CD CHP9 0 0 1 X  CC?PARE KEYCODE WITH TABLE CODE 

BN E SCLP I F  THEY ARE EQUAL L O A O  CCUNTER 
LOAA SRTCH3 * I N T O  ACC A AS 9CC VALUE 

SCL P I N  X POINT I N D f X  T O  NEXT CODE 
DE c SRTCHS OEC COUWTER 
RTS 

*+ K E P A D  CODE 
CON V i  CON 

CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CO N 

CONVERSICN TABLE ** 
O G O A  9 
ozo9 8 
0568 7 
O I 1 2  6 
Oil 5 
0510  4 
OZIA 3 
0519 2 
0518 i 
OECI 0 

** MASTER ROUTINE FOR KEY CCDE TO DECXWAL CONVERSION * *  
N COOE LDAA (Of09 

S T A A  SRTCH3 
LDaA fOEB6 
L O X  t CONVI KEYP AD COUE CONVERSION TABLE 

NCLP JSR TSTCO 
BH I ENOL 
BR A NCLP 

ENOL R T S  

++ SELECTS 1 OF 
RUN BSR 

BSR 

CMPA 
e€ 4 
BSR 
I nx 

esu 

10 SUBROUTIhES THAT M A Y  BE CALLED ** 
CLFDIS 
SCNKEY * LOOK FOR NO. ENTERED ON KEYPAD 
NCOOE 
1 OE9R IF A NUMBEG IS NOT FOUND RETURN 
RNOUT 
L C D i  DISFLAY ON LCD 
1 RllNT A P-3 R U N  TAP1 F -3 



RNLP I N  x 
INX 
I N  x 
OECA ACC A IS COUNTER SELECTOR 
e m  RNLP 
JSR 0 0  r X  CALL SELECTED RUN ROUTINE 
LDAB I 0 3 4  4 TURN OFF OPEN REGISTER INOICATCR 
STAB CPIAA2 
RTS 

* RNOUT 

44 CONrROL KEY JUMP TABLE 
CKTAB JflP RUN8 0 EQUIVALEKT KEY NO. 

Jfl P HRPSLT 1 
J M  P HE H 2 
JMP RUN 3 
J M  P NCHNLS 4 
JMP PER 5 
JMP C Y C  6 
JrS P CDUH 7 
Jfl P AMP 0 
JHP PHS 9 

CDUfl RTS 

** T H I S  IS THE 
MASTER LOS 
CONKEY JSR 
CKLOOP JSR 

JSR 
CHPA 
8N E 
SUB@ 
JSR 
CMPA 
@E Q 
LDAB 
STAB 
LOX 
0SR 
BRA 

WASTER CONTRCL LCOP FOR THE PROGRAM ** 
CSTACKP SET STllCK POINTER TO PROGRAM STACK LOCATION 
I N Z S I S  
SCNKEY 
NCODE 
t 0 ZBB 
CKLOOP 

NCOOE 

CKLOCP 
[ D F C  TUPN ON W E N  RfGISTER INDICATOR 
CPIAAE * 
ICKTAB-3 COITROL KEY JUqP TP9LE -3 
RN LP 
CKLOOP 

C O E O J  

coEBe 

* *  OISPLAVS P E R I O D  FORMA7 0 ( 6  B 1.2 9 3 )  B I SLANK *+ 
f l ISPER LDAA P I A A 4  

STAA P I A E I  
L O A A  P I A 8 4  
PNDA ( 0 5 7 0  
LSRP 
LSRA 
LSRA 
LSRA 
AOOA [OZFO 
STAA P I A A l  
LDAA (OE4F 
STAA P I A A Z  
PTS c 



e+ W8POUTINES 
STOIC1 LOA8 

AN08 
BSR 
eR A 

STOIC2 LOA8 
ANOB 

SAHE A0 A 
STAA 
JS R 
RT S 

S T O I G l  AhD STOfG2 - S T O R E  O I G I T S  1 dND 2 ** 
COZOF 
O I X  
SHFL4 
S A M  
t03FO 
O I X  

O I X  
SCNKEY 

** LOAD P E R I O O  OIsPLaYEo ON LCD TO TIMER +* 
LDPER L D A A  P I A 8 1  

STAA P I A A 4  
LOA6 P I A a 4  
ANOB t 0 2 8 f  
LDAA P I A A l  
ONDA tOZO7 
JSR SHfL4 
AB A 
STAA P I A 8 4  

LOP1 BSR DISPER 
RTS 

++ ALLOWS ENTEEING ANC EXAHlNATION OF PERIOD *+ 
PER JSR 

JSR 
BE Q 
JSR 
LOX 
JSR 
eE Q 
JSR 
L O X  
JSR 
eE Q 
JSR 
LOX 
JSR 
@E Q 

e N  E 
CSR 
eS R 

T O C K  JSR 
RTS 

esu 

cnm 

PROSET JS R 
JSR 
LDAA 

CL FOIS CLEAC; LCD 
01  SPER 
SCHKEY 
TOCK 
N C C O E  
t P I A B 1  
S f C I G l  
TO CK 
NCODE 
t P I A 8 1  
ST DIG2 
TO CU 
N C C D E  
t P Z P A 1  
ST CIGZ 
TO CK 
t0E05 
TOCK 
LDPER 
PRDSET SET PTS/CYC AND PRE AND POST C O U N T E R S  
OISPER 

PTSSET SELECT NO. PTSICYC 
PTSCON SET P T S ~ C Y C  CONTROL BITS O N  TIHER e o w o  
P T S C Y C  * CONVERT TO B c n  



JSR BNBCC2 4 

STAA PTCYIO 4 

RTS 

SHFL4 ASLP 

ASLA 

RTS 

nsLn 

ASL n 

*e DISPLAY ON LCD NO. OF CYCLES TO BE 4VERPGEO *4 

OfSCYC LOA8 CYCAVC 
JSR OISDG2 
RTS 

+* HANAGES DISPLAY AN0 ENfR 1 CF NO. OF CYCCES TO BE AVERAGE0 ** 
CYC BSR 

JSR 
l?E Q 

STROVl JSR 
LOX 
LDAB 
STAe 
JSR 

JSR 
L O X  
JSR 
EE Q 
BRA 

L A S T O l  LDAA 
ST A A  
CSR 
BSR 
RTS 

e€ a 

D I  SCYC 
SCNKEY 
L A  S T D I  
NCCDE 
CPf A S 1  
[ 4 3 C  
a r x  
ST C I  C l  
L A S T O l  
NCCOE 
C P I A R l  
SJ CI C2 
L A S T 0 1  
S T R O V l  
P I A 0 1  
CY CA V G  
01  SCYC 
SETChT 

** SET NO. OF CYCLES TO BE AVERAGED IN BINAQY 044 

SE TCNT CLRB 
LDAA CYCAVG 
CHPA t O Z 1 5  
BH I E R k O R l  
CHPA tOzOF 
BL E SKIP 

PNDA COZOF 

CSR SETCtiE 
JSR CYCOEC CCCNVERT NC. OF CYCLES TO BCD AN0 CISPLCIY 
RTS 

ERROR1 LOA8 [ O Z B l  
STAB P I A B l  
RTS 

LOAB t o E o a  

SKIP AB4 
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SETCNE L O X  co:oooi  

SLOOP OECA 
STX NCYCLE 

eH I RTN 
LSL NCYCLE +l 
POL NCYCLE 
BRA SLCOP 

RTN RTS 

*+ DISPLAY AMPLXTUDE A N t  FHASE 4 *  

AMP LOX 
ST X 
eR A 

PH S LOX 
ST x 

A P l  JSR 
JSR 
JSR 
CH PA 
EN E 
STAA 
BR A 

APZ OECA 
BU I 
CUPA 
6C T 
OSL A 
PSLA 
4DOA 
STAA 
ecc 
IN C 

AP3 LOX 
BSR 

APOUT R l  S 

4*  LOAD L C D  U I T H  
LCDOXS mi 

ST Ad 
LOA4 
S T A A  
LDAA 
STAb 
COAA 
PN DA 
LOA9 
nN D B 
P9A 
ST A A  
RT S 

[AMPSTR 
SRTCHl 
A P l  
[PHSSTR 
SRTCPl  
C L  FDIS  
SCNKEY 
NCCDE 
to388 
APZ 
P I  A A  1 
APOUT 

APOUT 
t o 3 5  
w o u i  

SR TC H 1 +l 
SR TCHl  +l 
AP3 
SR T C H l  
SRTCHl 
LCCDIS 

AOOEO APRIL 22978  

4 BYTES POINTED AT @ Y  INOEK +* 
3 r X  
P I A A I  
02,x 
PIA01 
0 l . X  
P I A A Z  
0 0  ,X 
f O E O 3  SAVE PRINTER CONTROLS M P Y  1 4  78  
P I A B Z  * 
f O 3 C  

P I A B Z  
4 

** MANAGES PAFAMETERS ACCES5ED THROUGH MEW K E Y  *4  

HE M JSR CLROXS 
JSR SCNKEY + 
JSR NCODE * OECODE KEY 
ANDA [OZOF 
CHPA [ O E O U  
RN F t4.I 1 
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-. . - 
JH P 

BNE 
JH P 

BN E 
JH P 

BN E 
J M  P 

eN E 
JHP 

H J 5  RTS 

H J I  CH PA 

H J 2  CMPA 

HJ3 CMPA 

N J 4  CHPA 

..- - 
D I  SP T C  DISPLAY P T S I C I C  
t o 5 0 1  
H J 2  
OISPHC 0 I SPLAY PH4 S E C OW. ECT 1 0  Y 
t o a 2  
MJ3 
STAfhO 
t O E O  2 
HJ4 
RUNNO 
t o 3 0 4  
HJ5 
CRUTAC ROUTINE TO SET ROTdTION ACCURACY 

+* DISPLAY POINTS PER CYCLE e* 
DISPTC JSR CLFDIS 

LDAA P l C Y l O  
STAA P I P A 1  DISPLAY POINTS 1 CYCLE 
RTS 

+* DISPLAY STATION NO. AN0 RUN NO. fORHAT = ( XX X X )  +* 
DSTNRN JSR CLRDIS 

LOA8 NSTN LOAD STATPCN NO. 
CLRA 
JSR RORBA CfFiCULATE ACC 6 INTO ACC A R I G H T  ROTATION 
ORAA (OEOF BL4NK U I G X T  NO 3 
STAA P I A 9 1  LOAD D I G I T S  3 AN0 4 INTO LCD 
STAB P I A A Z  LCAD @ I C 1 7  5 I N 0  DECIHAL P T S  IhfO LCO 
LDAA NRUN * DISPLAY RUN NO. ON D I G I T S  I AN0 2 
STAA P I A A l  
RTS 

+* DISPLAYS NO. 
CYCDEC LOX 

S f  x 
CLR 
JSR 
JSR 
LDAA 
ST A A  
L O A A  
STAA 
LDAA 
ST A A  
R T S  

OF CYCLES 
NCYCLE 
02 
03 
BINBCU 
CLRDIS 
ou T i  
P I A A l  
ou 12 
P I A B i  
OUT3 
P I A A Z  

TO BE AVERAGEU IN eco FORH ** 
* CONVERT KCYCLE TO 5 D I G I T  B C O  VlLUE 
01 IS LS R Y T E  
CLEAR MS BYTE 

COCVERT TO BCO 
CLEAR DISPLAY 
LS 2 D I G I T S  
TO LCO 2 L S  DIGITS 
NEXT 2 D I G I T S  
T O  LCD 
HS D I G I T  
T O  CCD 

* * * 4 +  COSINE AND SIKE CONSTANT T A B L t  ***** 
+ TABLE STRUCTURE 0 8 0  2 BYTE CCNSTANTS9 WITH OVERLAPPING SETS OF 64 COS 
4 AND 64 SIN 2 BYTE CONSTANlS. 

6 

, 
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CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 

COSBOT CON 
CON 
CON 
CON 
CO N 

s m e o i  CON 

++ flASTER ROUTINE FOR DOING 
SINCOS LOX 

STX 
LOX 
LDAA 
JSR 
L O X  
STX 
LOX 
ST x 
LOX 
STX 
BSR 
LOX 
ST x 
L O X  
ST x 
LOX 
STX 
LOX 
S f  x 
BSR 
JSR 
CL R 
JS R 
e14 E 
JSR 
I N C  

EECT L O X  
STX 
LOX 
ST x 
JSR 
CL R 
LOX 
ST x 
LOX 
ST x 
JSR 
JSR 

NOPR RTS 

[DATA 
DATPT 
[STASTC 

CLRMEM 
[ STARTC 
STCRPR 
[: COSTOP 
TA ELEP 
tCOSBOT 
T A  ELEB 
TRNSFH 
t DATA 
DATPT 
[STARTS 
STGRAR 
1 SINTOP 
TA ELEP 
f SINBOT 
T A B L E 8  
TRhSFM 
PHSCCR 
01 VTEN 
T E S T 8 1  
RECT 
P O L l  fi 
DIVTEN 
[PHSSTP 
BC COU T 
[STAGTS 
BNIN 
CN URT 
01  VTEN 
[ AflPSTc 
BCCOUT 
[ STAKTC 
B N I N  
CNVRT 
H P R I K T  

t o 5 3 0  

SIRE AND COSINE TRaNSPORMS ++ 
START OF STORAGE APEA FOR STACKEG CIGNALS 
PCXNTEQ TO SIGNALS 
START OF MEN SECTION T O  BE CLEAREC 

CLEAR STORAGE AREA FOR TRANS RESULTS 

COS TRANS RESULTS 

Naa OF BYTES TD 'BE CLEPRED IS 48 

DEFa STORAGE AREA FOR 

0 

DEFINE TOP AN0 B O f f 0 ? 4  
OF TR6NS CON TABLE 

0 FOR COS TRLNS 
DO COS TRANS 

OEFa STORAGE APEA FOR 
S I N  TPANS RESCLTS 
4 

4 SAYE 
* FOR SXN TRAKS * 

DC S I N  TRANS 
CALCULATE PHASE CORRECTPCN 

TEST SHITCH 1 
I F  ON SKIP PECT TO POLAR CONVERSICh 
COtiVEPT TO POLLR COORDINATES 
SET D I V I D E  BY TEN FLPG T O  1 

SET D I v x a E  9~ i o  FLAG TO  FRO 

4 

4 

B I N A R Y  TO BCO FOR S I N E  
CLEAR OIVXCE 8V 1 0  FLAG 

I D E N T I F Y  OUlPUTS AND I N P U T S  
4 
a 
+ 

BINARY TO BCD f O R  COSINE + 
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** PERFORMS S I h E  OR CCSINE 
WNSF PI JSR CCRTRL 

BSR LOAD 
SUBB CNTIKC 
SBCA C O E O O  
9SR STCRE 

ADDB CWTIhC 
ADCA tOZ-00 
8SR STORE 
LDAA TABLEB 
LDAB TAELEB+l  
SUBB TAELEP+l 
SBCA TAELEP 
ecs T R N i  
BRA TRNZ 

TRNI  BSR LOAD 
SUB9 C O E 8 0  
SBCA [OEOO 
8s R STORE 

TRNZ JSR SETMLT 
DEC CNLPPT 
eN E TRhLP 
JSR NOFM 
RTS 

TRNLP 8SR L O A D  

TR4KSFCEfl ** 
s E r  COUNTER INCREMENT (CNTINC) AKG SET CNLPPT 
TAELEP TO ACC * BACK SET 

TABLE 
e POINTER 

&CC TO TA9LEP 
TAELEP TO ACC * ADVbNCE 

TABLE 
POINTER 

RESET 
CONSTANT 

* POINTER 
* I F  
1 GREATER 
* THAN 

ACI: TO TABLEP * 

RESET * E N D  OF 

POINTER 

SET UP AND MULTIPLY 

L 2 8  TABLE TABLE 
4 
* 

NOriMALfZE TPANS RESULTS FOR 64,1694 P f S f  CYC 

** SETS S I Z E  F O R  COUNTER INCRERENT FOR USE !ti SELECTING CONSTAKTS *+ ** FROM SINE AN0 COSINE TAi?LE. ** 
CCNTRL LDAA PTSCYC 

STAA CNLPFT 
JSR HRWCK 
LDAA PTSCYC 
LDAB ( 0 5 4 0  

LPl LSRA 
LSRB 
CHPA ( O Z 0 2  
@NE L P I  
LDAA HPPNIC 

BE P ou T 

LSRB 
6R A LP 2 

O U l  S T A A  C N l I h C  
RTS 

L P 2  CMPB [ O : O l  

PsLn 

*+ LOAD P O I N T E R  INTO acc A AND a *- 
L O A D  LDAA TAELEP 

LDAB TAELEP+i 
RTS 

c 
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++ STOPES ACC A AND B INTO POINTER *+ 
STORE sTaa T A e w  

STAB T A  E L E P t l  
RTS 

. 
+* SETS UP ANI! RULTIPLXES 
SE THL 1 LOX STORAR 

SfX STRPT 
LOX T A  ELEP 
LOX 0 0  r X  
STX x x  
LDAA t o 5 0 6  
STAA CHCNT 

CHANLP CSR O A  TSET 
JSR NUL116 
BSR EXPSHF 
BSR ADTFSK 
DEC CHCN 1 
EN E CHANLP 
RT S 

DATA FOR 6 CHBNNELS ** 
RESET POINTER 10 TRdNSFORM STACK T C  
POINT AT Cb 1 S I N  OR COS. 

LOaD AURS 0; CONSTdNT 
* LOAD CONSTANT XNTO MULTIPLXCAND FUSITXOh: 

(NOT DESTROYED AFTER MULTIPLY)  
SET CHANNEL COUNTER 

+ 
OEC CHANNEL COUNTER 

+++ SU3ROUTINE 
AOTFSK L O X  

LDAA 
bDDA 
STAA 
L O A A  
AOCA 
STAA 

IIDCA 
STAA 
LDAA 
bDCA 
STAA 
JSR 
ST x 
R T S  

LoAa 

ADD TO TRAN5FOIW STACK *** 
STPPT LCAD STORAGE APEA POINTER 
u t 3  
3,x 
3 r X  
u t 2  
2 * x  
2rX 

1 r X  
i r  X 
U 
o r x  
0 9  x 
I N  Xb  SET AORS OF STIRAGE AREA P O I N T E R  TO NEXT CH 
STRPT 

U*l 

** SET UP D A T A  VALUE FOF PULTIPLY ** 
DATSET LOX DATPT LCAD AORS OF STACKED DATA 

LDX 00  ,x PUT DATA FROq CH N (HS 16 B I T S )  INTO 
ST x Y MULTIPLIEQ POSITION F O R  SUB VULT16 
L O X  DA TP T RELOAD AORS OF STACKED D A T A  
JSR I N  Yb POINT INDEX A T  DATA FOR NEXT CH ( N t l )  
ST x DATPT 
R T S  

STORE AORS OF Y E X T  D A T A  V A L U E -  
- 
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+* EXPAND PRODUCT OF PULTIPLY e Y  SHIFT IKG TO RIGHT ** 
++ T H I S  MAKES ROOM FOR STAEKIWC 6 4  VPCUES 
EXPSHF LDAB f O E O 5  
SHFLP ASR U 

++ 

FOR U * i  
ROR U*2 
ROR U*3 
CECB 
BN E SHFLP 
RTS 

** ROUTINE CLEARS UNLXMITEO SECt IONS OF HEW +* 
** INDEX MUST CONTAIN STARTING ADRS 0 

** SRTCHi PUS1 BE NOo OF BYTES TO B E  CLEARED. 
CLRHZ STX DA TPT 
CLRHLP L O X  O A  TP 1 

CLR 00  r x  
IN X 
STX OATPT 
LDX SRTCHl 
E X  
ST x SRTCHl 
eNE CLRt i lP  
RTS 

++ INDEX MUST CONTAIN S T A ~ ~ T X N G  ADRS 4 ncc A HUST CONTAIN NO. CF BYTES TO 
** BE CLEARED. 
CLRMEfl c i  R 0 0  r X  

IN X 
OEcn DEC COUkTER 
@NE CLEMEM LOOF 
UT s 

+* SELECTS MAXIMUM FOINTS PER CYCLE POSSIBLE +* 
PTSSET LDAC 

CMPI; 

PTSbC 

PTSi6 

PTS4 

ec s 
LDAA 
LDArr 
0s R 
BH I 
eR A 
L O A A  
S T A A  
LDAh 
LOAB 
BSR 
BH I 
OR c 
L O A &  
STAA 
LDAA 
LDAB 
BSR 
efl I 
BRA 
LDAA 
STAA 
LDAA 
LOAB 

P I  A A 4  
f O f O A  
PTSERR 
CEO 
t cco 
COHPAR 
P T S 6 4  
PTSERR 
t 64 
PTSCYC 
[El 
[ C C l  
CONPAK 
P f S 1 6  
SEI'FL 
f i b  
PT SCYC 
f E 2  
t cc2 
COHPAR 
FTSG 
S T F i t  
1 4  
FTSCYC 
f E 3  
t cc3 

* 
* 

LEADING ZERO FOUND ERROR 

e 
* 

PERIOD TOO LARGE 

* 
4 

4 

4 64 ~ . I S K V C  * 
i 

* 
* 

* 16 PTSICYC 

+ 
+ 
* 

/- 

c 

c 
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L 

BSR COIIPAR 
BN I PTSERR PERIOD TOO SMALL 

** NEXT 6 L INES SET UP FOQ 16 PTSICYC. THESE VALUES WILL BE USED I F  ** 
** FLAG12 IS CLEAREC f E  8 @ I T  ADC WORO S I Z E  IS USED ** ’ 
S T F l 2  LOX t 0 3 3 0 6 0  i 2 e 9  96 DEC O? 8 @ r  60 HEX 

STX DTFTCH OTPTCH s PTCY C’I 
L O X  [DPSHT+768 
ST x PSPBCT DEFXNE EOTTOY OF OAT4 COLLECTION AREA 
LOX tOATA+380 
STX OATAB BOTTOH OF STACKING AREA 
LDAA ( 1 6  
CnPA PTSCYC 
@E Q SE TFL I F  P lSCYC = 16 S K P  NEXT SECTION 

NEXT SIX L I N E S  FOf 4 PTSICYC WITH 0 911 AOC WORDS 
L O X  
STX 
LOX 
ST x 
L O X  
ST x 

SETFL a Q  
LDAA 
LOA0 
eSR 
efl I 
I N  C 

AOCB RTS 
PTSERR LOA8 

JSR 

COHPAR 

LTHAN 

CTHAN 

** NORH 
NORH 

NORHO 

S T A A -  
ST AB 
LD4A 
ANDA 
CnPA 
@ti I 
BCS 
LDAA 
CMPA 

ecs 
CLRA 
R T S  
LDAA 
R T S  
LOAA 
R T S  

en 1 

L I Z €  TR 
CLRB 
LOA4 
CHPA 
BE Q 
DSL A 
eN I 

t 0 2 2 c i e  
DTFTCH 
t D F S H T * l 9 2  
PSHBOT 
tOATA+92 
DATA8 
CL AGl2  
t E 4  
t cc4 
COIIPAR 
ADC8 
FLAG12 

t o 3 3  
ERROR 

32r 24 DEC OR 20r 1 8  HEX 
CTP TCHr PTCYCq 

* DEFPNE 80110’4 OF DATA COLLECTION ARE4 

BOTTOM CF SfACKfNG AREa 

SOHZ CHANCE OVER POINT 
CLEAR FLAG FOR 8 a n  ADC HORDS 

SET FLAG12 FOR 1 2  B I T  AOC WORD S I Z E  

DISPLAYS ).3 

** COMPARE PERIODS +* 
EXPA 
COEB 

t o 2 7 0  
EXPA 
GTHAN AEC w H 
LTHAN ACC < M 
P I  A A 4  READ COEF 
COEB 
GTHAh ACC > M 
LTHAN ACC M 

4 EQUAL 

P I A 8 4  REao EXP 

f 0580  LESS THAN 

t o z o 1  * GREATER THAN 

NSFORW RESULTS FOR 649  1 6 s  3R 4 POIhfTg/CYCLE ** 
PTSCYC 
1 0 5 4 0  * 
NRENO * 04 PTSICYC USED NORM4LIZATfCH hCT NEECEO 

NORHI * NEEDED TO YORMPLXZE 
DETERMINE NO. OF SHIFTS 



N O R H l  

NLOOPl 
N L O W 2  

PIRENO 

SHf FTL 

INCB 
E!R A 
STAB 
L O X  
LOhA 
LOAB 
eS R 
OEC8 
eN E 
JSR 
DECA 

PT s 
eN E 

OS L 
ROC 
RO L 
ROL 
RTS 

HOEMO 
NOSHF 
STORAR 
COZO6 
hO SH F 
SHIFTL 

NLQOP2 
I N  X4 

NLCOPI 

31x 
21 )t 
1rX  
O I X  

+* CONVERT BINAGY RESULTS T C  
CN VRT LDAA to506 

STAA CHCNT 
CNWLP ESR BCCCON 

1s T 01  VTEN 
eEQ SKIPHW 
JSR HVOEC 

SKIPMV JSR I N X 4  
STX BCOOUT 
LOX BNIN 
JSR I N  #4 
ST x BNIN 
DEC CHCN 1 
eN E CNVLF 
RTS 

TR4kSFCRYED VaLUESv 
STORE NO. I N  NOSHFo 

9 

LCAD AORS GF STORAGE AREA FOR TRALEFOWHEO WACUES 
SET CH COUNTER 
L G A O  NO. OF SHIFT  COUNTER 

OEC NO* OF SHI'TS COUNTER 
4 BYTE T I P E S  2 PULTo 

SET INDEX TO NEXT VALUE I N  DATA S E l  
OEC CHANNEL COllNTER 

OISPLAVAECE FORM ** 

TEST D I V I U  BY TEN FLAU 

HOVE DECIH4L er. 
POINT TO N E X T  SET OF OECIHAL OUTFUT L O C A T I O  

POINT TC NEXT SET OF BINARY 
* INPUT LCCATXONS 
4 

LOOP 6 TIMES 

** NAIY ROUTINE PREPARES BINARY DATA FOh DISPLAY AS t IC0  VALUES 
BCUCON BSR 8 C O P l i  DO PART 1 

ESR BCCPTZ DO PART 2 
RTS 

** PRE'ARES 8INARY VALUE F06 DISPLAY AS S I b h L 3  4 D I G I T  BCD V A L L ' E  ** 
BCDCOL BSR B C C P T l  DO PART 1 

LDAB ( 1 2  SHIFT 4 B Y T E S  1'2 B I T S  R I G H T  
ESR SHRLF * 
LDAA C O Z O F  4 BLbNK LEADING ZERO 
STAA O l r X  AND ALL DECIH4LS 
LDAA SRTCH2 e 
S T A A  O O r X  * L O A D  SIGh 
LD4h 021X BLANK SECOND ZEP.0 I F  PRESENT 
BITA [ O i F O  * 
f!N E BCOU T * 
oRaa I O P O  
STAA 0 2 r X  4 

BCOUT RTS FCRHAT ( -  XXXX)  

c 



Grs ** CONVERTS 6fNARY DATA TO BCD FOR DISPLAY (PAR1 1) ** 
B C D P T I  CLRS 

L O X  
LDAA 
STAA 
LOA0 
STAA 
LDAA 
S T A A  
BPL 
con 
COM 
C3 M 
LOA6 

POSIT STAB 
JSR 
L O X  
LDAA 
STAA 
LDAA 
STAA 
LDAA 
STAA 
LDAA 
LOAB 
PNOB 
STAB 
RT S 

BNIN 
o z t x  
D l  
O l t X  
DZ 
00  t x  
03 
POSIT 
03 
02 
0 1  
c 0502  
SRTCHZ 
BINBCC 
BCCOUT 
ou T i  
0 3 r X  
ou 12 
0 2 t X  
OU 13 
0 1  t x  
t 0540 
OUT4 
COGOF 
00 t x  

NC MINUS SIGN 

LOAD BIhARY DATA, 4TH BYTE NOT USED 
*LS BYTE 

*HS BYTE 

NEGATE NEC BfNARY VALUE 
TEST FOR NEG BINARY VALUE 

* 

SET NEGAl IVE SICh 
SAVE FOR LATER 

BINARY TO eco ROUTINE 

LSO 
STORE OECIHAL RESULTS * 

SET 3FO DECIMAL ( X  XmX X X I  

NSD 

** CONVERTS BIKARY DATA TO BCO FOR DISPLAY (PAP1 2 )  ** 
B COPT2 @NE 

LOA8 
ANDB 
@NE 
LDAB 
AND0 
BN E 
ORA@ 
STAe 

NOZERO 8R ta 
B L  A liG CSR 

LSRO 
BME 0 BSR 

LSRP 
BSML O R A i  

STA4 
LDAL 
ST A A  
R T S  

SHR44 LDAB 
SHRLP LSR 

RO R 
li0 R 
RO R 
DECB 
BN E 
RTS 

@LARG 
01 r X  
COfFO 
EMED 
O l t X  
t O 3 F  
N O Z E E O  
COIOF 
01 t X  
BSML 
SHR44 

SHR44 

NO LEACING ZERO 

* 
NEXT 01611 I S  NOT A ZERO - BRANCH * 

* 
TEST FOG LEADING ZERO 

* BLANK LEADING ZERO 

S n a L t E s T  NO. 
S H I F T  PIGW 
S H I F T  DECIMAL 

SHIFT  OECIHAL a i  r X  * 
O l t X  ADD DECIP4L  
SR TCHZ 
o a  t x  LOAD S I G N  

(0104 S H I F T  4 BYTES 
0 0  t X  
0 1  t X  
0 2 9 x  
0 3 t X  

SHRLP 

P O I N T  

4 PLACES RIGHT 

** CALCULATES PHASE CORRECTION I N  TENTHOUSANOTHS OF DEGREES 4 ' 



*+ WE TO T IME SPMPLINC SKEH 
PHSCOR LDAB t o 3 0  

LOAA PTSCYC 
PHL P LSRB 

LSRA 
Ct4PA 
eN E 
LOAA 
STAA 
CLR 
STAB 
CL R 
JSR 
L O X  
SfX 
LOX 
STX 
JSR 
LOX 
ST x 
L O A A  
STAA 
LOX 
STX 
LOX 
ST X 
JSR 
JSR 
RTS 

r 

I03l1 
PHLP 
HRUNIC 

Y LOAD HARMONIC NO. I N T O  MULTIPLY POSITION 
X X t I  
x x  
HULT 16 . 
u+2 
Y 
[ OE249F L O 4 0  CONSTaNT FOR W L T I P L Y  (0.9375 OEGREESl x x  
HULT 16 

PH 52 
U * l  
PH Si 
t PHSI * CONVEPT B I N A P Y  PHASE T O  BCD 
B N I N  
1 PHS 10 
BCCOUT 
BCCCON * 
f l V M C  HOVE OECIYAt (i/iO) R E S U L T S  &RE IN DEGREES 

v 4 1  

u4 2 

MVDEC LDAA C l . r X  R O U T I N E  M O M S  D E C I M A L  PT  TO L E F T  
ONOA IOGFO 
ASLA 
LOAB O l r X  

HObE DEC PT LEFT 

AND9 [OEOF * R E C O H B I N E  
PB 4 * 
STAA O l r X  RELOAD DECIHA;. P T  
R T S  

D I S P H C  LOX t C H S I 0  
JSR L C D O I S  
RTS 

** H4R’ fONIC S I Z E  CHECK ** 
HRflCK LDAB H R Y N I C  

LOAA PTSCYC 
LSRA 
CB A 
@CC H R f l O K l  
LDAB t O Z B 2  
JSR ERROR 

HRflOKI RTS 

DX SPLAY PkA SE CORRECTION 
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** DISPLAYS ERROR SYMBOL (ACCB) AND HALTS PROCRafl  +* 
ERROR JSR CLRDIS 

STAB P I A 8 1  
€SELF BRA ESELF 

RTS 

*+ ENTER HARMONIC NO. ’* 
HRHSLT LDAB HARM10 

JSR Of SOG2 
JSR ENTOSP 
STAA HARM10 
TA 8 
JSR O f  SOG2 
JSR BCCBN2 
STAB HRPNIC 
JSR HRMCK 

RT S 
JSR PHSCOR CALCULATE PHASE CORRECTZON 

OfSPLAVS THO D I G I T S  It4 ACC @ ON LCD FORMAT t e  B 0 2.8 8) @ t e L A N K  ** 
OISDGP JSR C C E L P S  

STAB P I A 8 1  
LDAA [OI2F 
STAA PXAAZ 
RTS 

** CONVERTS 2 O J G I T  BCO VPLUE I N  ACCe r0 8 B I T  BINARY VALUE IN @ ** 
8CDBN2 TEA 

ANDB 
L”A 
LS * 
LSKd 
LSRa 
BE Q 

BCDLP ADD6 
OECA 
@NE 

BCONTS R T S  

I O 3 F  

ecCR.:s 
( O E O A  

BCEL F 

** ENTERS AND DISPLAYS TWO CIGI7S ** 
EN f DSZ JSR SChKEY 

@Ea LASTDG 
STROVR JSR NCCOE 

L O X  [ P I A B I  
LDAB [OEFF 
STAB 0,X 
JSR STOIC1 
@E Q LASTCG 
JSR NCCOE 
LDX l P I A @ l  
JSR STCIGP 
PF 0 L A 9 T r t  
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BRA ZTROYR 
LASTDG L O A A  P I A 9 1  

RTS c 
Q ROUTINE SETS THE PRE AND FOST C-JNTERS or1 TIMING BOARD 
PTSCON LOA9 [ O i O O  64 PTS CONTROL B I T S  

LDAA [0310 f 16 P lS/CYC 
CHPA PTSCYC 
ecs FCSET (64 B 
LOA8 C O Z 0 4  1€ PTS CONTROL BITS 
CflPA PTSCYC 
€E Q PCSET (16) 
LOAb [ O E O 8  4 P.TS CONTQOL B I T S  

PCSET LDAA P I P 6 4  SAVE OTHER B I T S  
BNDA (OIF3 + AND ADD PTS/CYC 
A 9 A  CONTPOL B I T S  
STAA P I A B 4  + (COFiTGOL B I T S  ARE 8 2 9 8 3  1 
RTS 

++ DISPLAYS AND ALLOWS ENTERING OF ROTACC *a 
*+ CONTROLS ARCTAN ACCURACY TABLE FOLLOUS *+ 
*e ROTdCC = 3 RESULTS I N  0 0  ;8 CEG ACCURBCYV T I H E  I SEC CHAH. ** 
e* ROTACC = 7 RESULTS I N  0 0 0 1 7 5  DEG ACCUQACY.9 TIME 16 SEC/CHAN ** 
CRO TAC LOX t RCT ACC 

8SR 01 s2 
LOA9 R O T A C C  
cnee t o z o 2  
eH I CROTl  
LOA9 ( 0 5 0 3  

CROTl  CHPB ( 0 5 0 7  
eL s CROTZ 
LOA6 COEO7 

CRO 12 STAB ROTACC 
JSR C I  SDG2 
RT S 

* DISPLAYS &ND ALLOWS ENTERING CF CPANEIEL NO* 
NCHNLS L D)! t NCHPR * L O A D  ADRS OF NO. OF CH OPERATED CN AND P P I Y T E -  

BSR 01 sz 
LDAQ NCHPR 
DECR * TEST FOR CH Y O ,  OUTSIDE FANG€ CF 1 TO 6 
CflPB [ 05  
@ H I  NCHb 0 6  * 
R T S  O K  W I T H I N  FRNGE 

STAB NCHPG 
R T S  

+ 

N CHLD6 LDAE ( 0 6  OUTSIDE RANGE L L A D  I N  6 

* DISPLAYS AND ALLOHS ENTERING G F  STATXON N3. 
STATNO L O X  CNSTN * LOAD AORS OF STATAW~S "40. 

BSR 01  52 DISPLAY A N C  ENTER VPLUES 
R T S  

DISPLAY AND A L L O W S  ENTECING OF RUN NOe 
RUNNO L O X  [ NRUIi 



eSR 0 1  s2 
RTS 

*a GENERAL ROUTINE FOR D I S P L A \ I N G  AND Eh fERfNC 2 D I C I T  NO. *' 
D I S E  STX TAELEB 

LOA8 001X L C A O  VALUE TO BE DISPLAYED 
JSR DXSDGP OISPLAY 2 D I G I T S  
JSR 
L O X  TAELEB 

TAB 
JSR OX SDGE 
R T S  

ENTDS2 EWlER 2 D I G I T S  
8 

STAA 0 0 1 X  * STORE NEW v a L u E  

** TURN PRINTER POWER ON ** 
PWRON m n a  PIABZ * TURN PRXNTER POWER ON 

ORAA 10350  
STAA P I A 8 2  * 
LOX 1 033A02 4 DELAY 200 !IS 
JSR OELAYJ 4 AT 1OOOKHZ CLOCK 1 
RTS 

** CONTROLS PARAMETER PFZINT 
HPRINT BS R PWRON 

BSR EL AN K 
BSR O F T D I S  
LOA0 HARfl lO 
J S  R DISDCP 
BSR PRNT 
JS R DISPER 
BSR PRNT 
JSR DISCYC 
BSR PRNT 
JSR D S 7 14 R N 
BSR PRNT 
BSR BLANK 
0SR PWkOfF 
RTS 

SEQUENCE +* 
TUFN PRINTER PONEE OH 

P R I N T  COS AND S I N  

P R I N T  HAfiMONLC NO. 

9 P R I N T  PER100 
0 

P R I N T  NO. CYCLES 

P R I N T  STATIO'I "'D RUN NO. 

TURN PRPNTER PfjkEP. !IFF 

e* TURN PRINTEX POWER OFF w *  
PWKOFF LDAA P IABZ 

dNDA [ O Z R F  1URN POWER Oi'F 
STAA P I A B Z  * 
RTS 

44  P R I N f S  VALUE 
PRNT L O A A  

ORAA 
STAA 
LDAA 
AN DA 
S T A A  

BUSY LDAA 
ANDA 
PN E 
RTS 

DISPLAYED 06 
P I A 8 2  
t 0220  
P IABP 
P I  AB2 
t OGDF 
P I A 0 2  
P I A B 2  
tOZO8 
BUSY 

LCD 1 4  

* P R I N T  L I N E  H I G H  = PRINT * 
a 

P P I N T  L I N E  LOW 
4 

* 
TEST BUSY L I N E  

94 AnVdNCF9 P A P F R  nhl P R l N T F i  WTTWOllT  P R T N f Y h C  ** 
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JSR CLPOIS 
esR FRNT P R I N T  A BLANK 
RT s 

BLANK 

*+ ROUTIhE PRINTS WPLUES P O f N T E t  A T  BY INDEX REG. *+ 
TPRINT JSR LCCDIS 

JSR PRhT 
RT s 

*+ ROUTlNE PRINTS COS AND S I N  TRANSFOFW RESULTS +* 
DFTOIS 

W A N 6  

CH A N5 

CHAN4 

CHANS 

CHAW 

CH A N l  

L O A A  
CflPA 
EE Q 
CnPA 
PE Q 
CUPA 
PE Q 
CflPA 
eE Q 
CttPA 
eE Q 
LOX 
eSR 
LOX 
BSR 
LDX 
BSR 
LOX 
BS R 
LOX 
BS R 
L O X  
@SR 
LOX 
es R 
L O X  
BSR 
LOX 
eSR 
LDX 
BSR 
LOX 
BSR 
L O X  
BSR 
RTS 

NCHP6 
t o 1  
CH AN i 
t 02 
WANE 
1 0 3  
CHANJ 
( 0 4  
CHAN4 
C O S  
W A N 5  
[ PHSSTR+ZO 
TPRINT 
t AflPSTR+EU 
TPRIhT 
[PHSSTR+16 
TPRINT 
[AHPSTR+i6 
TPRINT 
CPHSSTR+lP 
TPFIKT 

TPPINT 
[PHSSTRcS 
TPRINT 
t AYPSTR+B 
TPRIhT 
t PHSSTR+4 
TPFINT 
t AHP STR+4 
TPRINT 

PHSSTR 
TPfiIhT 
f ANPSTR 
T P F I N T  

( A H P S T R t l 2  

SELECT NO OF CH. TO BE PRINTED 

* 

* 
* 

** ROUTIRE TRANSFORHS AND P L f N T S  ALL HfiSHONICS +* 
++ BCGINNXNG 2 1  H4RHCNIC NU. H R H N I C  ++ 
PRT ALL eS R TRSET 

BEQ POUT 1 I F  ZERO RETURN 
@SR HHSE T 
eR A PRTALL 

a* F,OUTINE TRANSFORHS AND P P I N T S  EVEPY OTHER HARHGNIC * E  
++ BEGINNING A T  HARMORIC NO. HRHNIC e *  
PRT EVO eSR TRSET 

OECA 

Bsa HH SE T 
EL E POUT 1 IF -1 OR a RETURN 

G 
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BRA PRTEVO 

TR SE T JSR HRNCK 
JSR SINCOS 
L O A A  HRPNIC 
DECA 
RTS 

HHSET STAA HRPNXC 
JSR BNBCO2 
STAA HARM10 

POUT1 RTS 

+4 CONVERTS I B Y T E  BINAEY TO 2 DECIMAL ( M A X  VALUE IS 99) 
BNBCD2 CLR6 
40010 ADO8 [ O Z l O  

SUBA [OZOA 

sue@ 10z10 
AOOA [ O Z O A  
bB A 
ATS 

ecc ~ 0 0 1 0  

*+ 2s COHP 16 T IHES 1 6  B I T  FULTIPLY WITH 3 2  B I T  QROOUCT WXTH 2 SIGN eITS ** 
++ X X , X X + I  IS MU LT I P L I  CAN 0 NOT DESTROYED 
++ Y,Y+ l  IS MU L T 1 PL I ER 
644 U.Ut1.U*2rU+3 IS PECOUCT 
HULTI6  L O X  

CLRA 
H L P I  STAA 

DEX 
@NE 
LOX 

t lLP2 LDAA 
ANDA 
TAB 
EORA 
BE Q 
7STB 
BEQ 
LOAA 
LOA8 
SUB A 
sac8 
STAA 
S1 AB 
BRA 

ADO LOAA 
LDAE 
ADOA 
AOCB 
STAA 
STAB 

SHIFT  CLR 
ROR 
ROR 
ROL 
ASR 
ROR 
ROR 

[ OIO005 

XX*I ,X  

HL P1 
t 0 ~ 0 0 1 0  
Y +,l 
t o 1  

F F  
SHIFT 

A D O  
U*l 
U 
xx  +l 
xx  
u* 1 
U 
SHIFT 
U * l  
U 
X X * l  
x x  
U * l  
U 
FF 
Y 
Y + l  
P f  
U 
U + I  
u * 2  



RO R u+3 
OE x 
BN E t!L PZ 
RTS 

+e 
90 3 BYTE BINARY T O  7 DXCIT BCO CONVERSION INPUT 03.02rDl 
++ OUTPUT OUT4rOUT3rOUTZs CUT1 UNSIGNED VAL3E.S ONLY ++ 
BINBCD L O X  

B I H l  

BIN2 

B I N 3  

B I N 4  

B I N S  

B I N 6  

BSR 
BSR 

ESR 
STAA 
LOX 
ESR 
ESR 
BCC 
I S R  
STAA 
LOX 
8SR 
BSR 
ecc 
BSR 
AOOA 
ST A4 
L O X  
BSR 
PS R 
BCC 
CSR 
STAa 
t o  x 
BSR 
8SR 

BSR 

STAA 
CL R 
LDAA 
STAA 
BSR 
BCC 
BSH 
A O O A  
STAA 
R T S  

ec c 

ecc 

m o a  

** COHPONEKT OF 
BINCON CL R 

L O A A  
ST A A  
LDAA 
STAA 
LDAA 

t C 1 0 6  1000000 
BZNCON LCAD CONSTANT I N T O  C3 
BINSUB SL'ETRACT 
B I N 1  
BINADD A DC 
OUT4 
t CIO 5 1 0 0 0 0 0  
B I N C C N  L C A O  COhSTANT I N T O  C3 
8s NSUB 
B I N 2  
BINSET 
OUT3 
[ C i a 4  
BINCON 
BINSUB 
B I N 3  
BINAOD 
OU T 3  
OU 13 
I C 1 0 3  1 0 0 0  
BINCON 
BIKSUB 
B I N 4  
B f  NS ET 
OUT2 
f C l 0 2  1 0 0  
BIhCCN 
BINSUB 
BIN5 
BINADD 
OUT2 
OUT2 
su e 1  
t OEOA 
C l  
BINSUB 
81  N6 
BINS ET 
D l  
ou T i  

RCD CONVEKSIOI 
SUBT 
0 0 . x  

ROUT1 

c 3  US BYTE 
O l r X  
c 2  
02,X LS BYTE 
L. STAA G A  

G 

E ++ 

c 



Gs 
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RTS 

f 

+* COHPOkENT OF BCO CONVERSION FOUTINE ** 
BINSUB I N  C SUBT 

eSR SUB3 
RTS 

** COHPONEhT OF BCO CONVERSION ROUTINE *e 
BINAOD BSR ADD3 

LoAn SUBT 
OECA 
RTS 

** COHPONENT OF BCO CONVEfiSICN ROUTINE *+ 
BINSET asu ADD3 

L O A A  SUBT 
OECA 
ASLA 
ASL A 
PSL A 
ASL A 
RTS 

** CONSTANT TABLE FCR BINARY TO BCD CONVERSION *+ 
C i 0 6  CON OZCF1OZ421 CZbl) 1000000 
c ia  5 CO N O E O i  r 0 2 8 6 9 0 f A  0 100000  
C 1 0 4  CO N O Z C 0 ~ 0 ~ 2 7 ~ 0 E i O  10000 
C 1 0 3  CON O E O O  9 030 3 9  0 :E 8 1000 
C l O 2  CO N o z o o  r o z 0 a 1 0 ~ 6 4  10 0 

*+ 3 BVTE A00 I'OR BCD CON\ERSfOH R O U T I N E  ** 
A D D 3  LOAA 01 

AODA Ci 
STAI! D1 
LDAA 02 
ADC4 CZ 

LDAA 0 3  
AOCC C3 
ST4A 03 
RTS 

STAF, DZ 

** 3 BYTE SUBIIF.ACT FOfi BCD CONVERSION R O U T I N t  *+ 
SUB3 LDAA D i  

SUBA C l  
STAA D i  
LDAA 02 
SBCA CZ 
STAA 02 
LDAA 0 3  
SBCA C3 
STAA 03 
RT S 

AI'IOUTRFS. TRhNSFORHS P N l l  P R I l i T S  ONF HPQHOUTC 



CALLEO B Y  KEYS RUN 1 
ATPONE BSR TEST84 I F  SWITCH S S E T  00 NOT ACQUIRE OAT& 

EN E #YOU11 1 
BSR ACQDAT ACQUIRE 8 OAT4 SET 
JS R SINCOS TfiANSFOliH AND ORINT ONE HARHONfC 
BSR T E S T 8 3  REAO SWITCH 3 
EN E ATPOHE 4 I F  SET REPEAT SEQUENCE 

KYOUTl RTS 

ACQUIRES, TRANSFORMS AN0 PRINTS EVERY OTHER HARMONIC 
CALLED BY UEYS RUN 4 

ATC€VO BSR TEST84 I F  OATA PROTECT IS ON RTN 
4 

BN E KYOUT4 
BSR acQx ACQUIRE a D A T ~  SET 
JSR PRTE VO TRANSFORM AND PRIRT RESULTS 

BNE A TPE VO 4 REPEAT SHITCH ( 3 1 
BSR HR SE T * RESET HLLRMONIC NO. AND TEST 

KYOUT4 R f S  

4 ACQUIRE, TRANSFOXPI BNC PRINT ALL HBRMONICS * 
CALLEO 9Y KEYS RUN 7 * 

A T  P ALL- BSR 
eN E 
BSR 
JSR 
BSR 
@N E 

KYOUT7 RTS 

ACQX LDAA 
STAA 
8SR 
RTS 

HRSET L O A A  
JSR 
BSR 
PTS 

6 TEST SWITCH 1 
TESTE1 LDAA 

ANOA 
RTS 

TEST SWITCH 4 
TEST84 LDAA 

AN Ob 
R T  S 

TEST64 
KYOUTT 
ACQX 
PRTALL 
HRSET 
ATPALL 

HRHNIC 
HSAVE 
ACQDAT 

HSAVE 
HMSE T 
TEST83 

P I A 8 3  
Of10 

4 

P I A 0 3  
t 0 3 0  

* TEST SWITCH 3 * 
TESTB3 L D A A  P IAB~ 

bNDA COZ40 
RTS 

I F  OATA fROTECT IS ON RTN 

ACQUIRES A OATA SET 
TRANSFORM AUD P R I N T  RESULTS 

4 REPEAT S U I T C H  ( 3 1 
RESET H(LRHON1C NO. AND TEST 

4 SAVE HARMONIC NO. * 
ACQWIRE 4 OAT& SET 

RESET HaRMONIC NO. 

TEST REPEAT S h f l C k  

REAO MOO€ SUITCH 
M A S K  OUT n u  B.JT SWITCH  NO.^ 

R.EAD W O E  W I T C H  
- ' 15U OUT ALL BUT SWITCH NO. 4 

READ MODE SWITCH 
RASK OUT ALL BlJT SHITCH N O 0  3 

** CIRCULATE A C C  8 4 B I T S  I N T O  A C C  A **  
RORBA ROR B 

ROR A 
RORB 
FORA 



ROR B 
ROR A 
ROR e 
GOR A 
rZTS 

** NASTER ACQUIS IT ICN ROUTINE FCR 6 4  16 4 PTS/CYC ** 
A CQDAT JSR CLFOIS 

LDAA CYCAVG 
STAA P I A A I  DISPLAY NO. 'OF CYCLES AVERAGED 
LDAA PIAB~ READ PERIOD EXP 
bNDA C0570 
LDAB P I A A 4  REA0 P€:RIOD COEFFCIENT 
BSR RORBA CIf iCULATE E 4 B I T  INTO A 
ORA9 COZAO * SET 2 N D  AND 4TH OECIHAC P f  

STAA P I A 9 1  
LDAB FLAG12 EQ i FOR 1 2  B I T  BDC UOUOS 

JSR 0TAQ64 f iOUTINE FCR 6 4  OR 1 6  PTS PER CYCLE 
BR A BRACE 

* 

S Y A B  PIAA~ 

E O  BRACl SELECT ACQUSITo ROUTINE AS FN OF ADC WORD SIZE 

BRAC1 JSR DATA04 ROUTINE ccs 4 ers/crc 
BRAC2 LOA6 ( 2 0  * 
AOLPI  JSR BEEP CALL BEEP 20 TIMES 

OECB 
@NE A D L P l  

LDAA NRUN 
AODA 1 0 1  T H I S  ADD SETS HALF CARRY FLAG 
DA A 
STAA NRbN * INCREMENT RUN NUNBER 

JSR CLRDIS CLEAR m s P L A r  

NOACQ RT S 

+* MASTER ROUTINE FOR 6 4  OR 
** WITH 12 B I T  ADC WOAOS 
DTAQ64 L O X  ( 1536 

ST x SRTCHl 
LOX f DATA 
JSR CLFHZ 
L O X  NCYCLE 
S T X  SRTCHl 

LOX t 0 384 

LOX l DATA 
STX OATPT 
JSR ADJUST 
R T S  

BSR a a i 6 6 4  

0 7 6 4  ST x SRTCHl 

16 FTS / CYCLE ** ** 
NO. BYTES TO BE CLEARED 

LOCATION OF OAT4 TO BE CLeAREC 
CLEAR HEHORY S S C T I O N  

S E T  NO. CF CYCLES TO BE AVERAGE@ * 
ACQUIRE mra 

* =64*6 (64 PlS /CYC)  

*DEFINE LOCATION OF DATA 
+NO. OF 4 e Y l E  WOPOS TO BE NORRALIZEI) 

NORMAL I ZE 

*** ACQUISITION ROUTINE FGR 1 6  AND 6 4  POINTS PER CYCLE *+* 
** HITH 12 e n  A O C  O A T A  VCLUES. e+* 
AQ1664 CL R P I A A S  SELECT CH 0 

L o u  PIAB~ GEAD MODE SWITCH 
LOA9 P I A 8 4  CLEAR CYCLE'PULSE BY READING P I A  
LOA6 P I A 8 5  CLEAR SAPPLE P'JLSE 
bNDA [ O S 2 0  f lASK ALL BUT MODE 2 B I T  
eE Q AQQ2 I F  MODE 2 ROT S E T  LOOK FOR CYCLE FULSE 



LQQI 

A Q Q 2  

AQQ3 

CYLOOP 

CHLOOP 

AQFIN 

L O A A  
@PL 
B R A  
LDAA 

LDAA 
IN c 
L O X  
BE Q 
E X  
ST x 
LOX 
LOA0 
BSR 
I N  C 
BSR 
I N  C 
BS R 
WC 
BSR 
I N  C 
BSR 
CLR 
BSR 
I N  C 
DECB 
EE Q 
@R A 
RrS 

apL 

CPfABS 
A Q Q I  
AQQ3 
CPIA94  
A002 
P I A 8 5  
P I A A 5  
SRTCHI 
AQ F I N  

SRTCHI 
t DATA 
PTSCYC 
ACQSTK 
P I A A 5  
ACQSTK 
P I  AA5 
ACQSTK 
P I A A S  
ACQSTK 
P I A A 5  
ACQSTK 
P I A A 5  
ACQSTK 
P I A A S  

CYLOC? 
CHLOOP 

0 W A I T  FOR SAMPLE PULSE FOR CH 0 (OOWN GOING1 

S K I P  W A I T  FOR CYCLE PULSE 
* WdIT FOR CYCLE PULSE 

CLEAR S A H Q l E  PJLSE 
SELECT CH I 

4 (MACHINE CYCLES) TEST C Y C L E  CCCNTER 
4 I F  ZERO RTS 
4 DEC AN0 STORE CYCLE COUNTER 
5 *  
3 AORS O f  1 S r  VALUE IN OATA STPCKXNC bREA 
3 SET LOCP COUNTER 8 T O  NO. PTS0CYC 1 6  OR 64 
1 0 1  HAXT FOR SAMPLE PULSE CH I r R E A C  CH fi 
6 SELECP CH 2 
1 0 1  W A I T  F C R  SAHPLE PULSE CH 29 READ CH t 
6 SELECT’ CH 3 
1 0 1  WAIT FOR SAMPLE PULSE CH 39 REOD CH 2 
6 SELECT CH b 
1 0 1  WAIT FOR SAHPLE PULSE CH 49 READ CH 3 
6 SELECl  CH 5 
1 0 1  W A I T  FOR SAMPLE PULSE CH 5. READ CH 4 
6 SELECT CH 0 
1 0 1  WAIT FCP SAMPLE PULSE CH Or READ CH 5 
6 SELECT CH 1 
2 O€C PTS/CYC COUNTER (16 OR 64, 
Q I F  ZERO S T a R T  NEW CYCLE 
’ IF NOT 0 GO TPROUGHT CH SEQLENCE ONCE MRE 

0 

* (OCCUPS SANE TINE ns SAMPLE PULSE CH a B 

*Q ROUTINE ACPUISXTION AND STACK - STACKS ONE 1 2  B I T  WORD FfiCM ADC I N T b  *4  

** FOUi  8 B I T  CYTES. R E Q U I R E S  I 0 1  MACHfhE CYCLES TO CALL ANC RETURN. 
ACQSTK LDAA 

EPL 
L O A A  
bNDA 
BDOA 
STAA 
L O A A  
AOCA 
STA4 
LDAA 
ADCA 
STAI!  
6CC 
I N  C 

ACSKt INX 
I N  X 
I N  X 
I N  X 
PTS 

CPIABS 
ACQSTK 
P I  A A  5 
[ OIFO 
0 3  ,X 
03rX 
P I A 8 5  
0 2 r X  
0 2 r X  
01 r x  
t 00 
O l r X  
ACSKI 
Q Q  r X  

4 
4 
4 
2 
5 
6 
4 
5 
6 
5 
2 
6 
4 
7 
4 
4 
4 
4 

H A I T  FOR SAMPLE PULSE FOR CH I (DOWM GCfNG) 

READ LS BYTE FPCM ADC 
MASK OUT CH AORS 

STACU I N  H E M  

READ HS BYTE FROM ADC 
STACK I N  HEM 

ADD CARRY TO 3R0 BYTE 

BRANCH I F  CAPRY CLE4R: 
OTHEFHPCE I N C  HS B V T E  

e POINT I N D E X  T O  NEXT STACKING LOCATfO(ri 
z 

* 

+e MASTER ROUTINE FOR 4 PCfbTS PER CYCLE 91 
DATAQ4 JSR NOCA LL SET NO. Of CALLS TO ACQUSl 

LOX I 3 8 4  NO OF 6YTES T O  BE CLEARED 
ST x SR TCHl 4 

LOX f D A T A  STARTING ADRS 
JSR CLKHE CLEAR S T A C K I Y G  ARE4 

OATLP J S  R ACOUSl ACQUIPIES 6 CVCLES OF D A T A  



BSR 
LOX 
CE x 
ST x 
EN E 
LOX 
ST x 
LOX 
ST x 
J S  R 
RTS 

STACK 
NT bCQ 

NT IC0 
DATLP 
l 0  096 
SRTCHl 
t DATA 
DA TP 1 
ADJUST 

NCW STACK O A T A  
CEC COUNTER 

4 

* 
* 

NO. OF 4 BYTZ WOFDS TO BE NORPALIZEO 
a 
+ DEFINE LOCATION OF W T A  
ACJUST DATA FOR NO. OF PTS STACKEC 

** ROUTINE FOR STACKING 8 CYCLES OF DATA AT 16 OR 4 PTS/CYC *? 
STACK LDAB 

STAB 
ST s 
LDS 

S T K L P l  LOX 
LDAB 

STKLPZ PULA 
PODA 
STAA 
LDAA 
ADCA 
STAA 
ecc 
IN C 

STKB CEX 
DE x 
E X  
DE x 
OECB 
@NE 
OE C 
@NE 
LDS 
RTS 

t 0 8 -  
SR TCH2 
STORAR 
t DPSHT 
DATAB 
PTCY CH 

0 2 r X  
0 2  r X  
O l r X  
t o o  
O l r X  
STKB 
O O I X  

STKLF2 
SRTCH2 
S T K L P l  
STORAR 

* SET L C O P l  COUNTER (8 CYCLES OF CATAD 

SAVE STACK POINTER 
SET STACK POINTEP TO TOP OF HONSTACKED OATA 

RECET POINTER T O  DATA STl lCKING AREA 
RESET LCOP2 CO3NTER ( 6  CH AT G OR 1 6  P T S l C Y C )  

ADD 8 B I T  BYTE TO FOUR BYTE HORC 
+ L S  BYTE (03rK) IS NOT USED 
+ O  

PULL DATA FSOY STOCK 

4 

+ 
JJ SET TO NEXT DATA STACKING WORO 
ZJ 

4 
0 

* 
LOOP2 

9 

48 LOOP1 
RESTORE SPACK C OINTER 

+* ROUTINE N O R M A L I Z E S  DATA U I T P  NO. O f  C Y C l t S  STACKED ** 
ADJUST LDAB CYCAVG EXP OF L eco 

JSR BCCBN2 CONVERT f d  814ARY 
LDAA [16  + 
SB A 4 SET NO0 CF S,+IFT NEED T O  NORPLLXZE 
STAA NOSHF + 

LOX D A T P T  L C A O  POIhTER. 13  DATA 

DECB DE C hOSHF COUE!l E R 
@N E ADJLP2 
LDAA O O r X  * REHOVE CC OFFSF'T TO CREATE 
ADOA 10380  + 2 s  COMPLIHENT NUMBESS 
STAA 001X 4 

JSR IN X4 SELECT NEXT VALUE TO BE SHIFTED 
ST x DA TPT 
L O X  SRTCHl 4 OEC WORC COUNTER 
DE x * 
STX SR TCHi 4 

EN E A D J L P l  
RTS 

A O J L P l  LDAB NOSHF RESET NO.  CF S H I f T  COUNrEP. 

ADJLP2 JSR SH If TL SPIFT 4 BVTES 1 €311 LEFT 



++* ROUTINE SETS NO. OF CALLS TC ACQUSl BASED ON CYCAVG **+ 
NOCALL LO40 CYCdWC C Y C A V G  IS EXP 3F 2 I N  BCD 

++ *++ THE HIN IHUf l  NO. OF CYCLES AVERAGE0 I S  6 

JSR BC C0N2 COKWERT TO BINaRY 

BP L NOCAl IF RESULT I S  P 3 S I T I V E  CHANGE NO H f h G  
LOA8 ( 0 3  a OTHERWISE PESET TO 3 
STAB CYCAWG + 
l B  4 
JSR SETCKP RESET CYCLE COUNTER TO 2 EXP 3 
CLRB 

N O C A l  L O X  t o o 0 1  

NOLOOP OECB 

SUB8 1 0 3  SUE OUT 3 FOR Y f N  NO. OF CYCLES 

4 FOR U t 3  
0 

ST x NTACQ * S E T S  C O U N T E ~  FOR NO. OF TIMES 

en I RE TR h 
BS L NTACQ*l + 
POL NPACQ 
BRA NOLOOP 

* ACQUSl IS CLLLLEU + 

+ 

REfRN RTS 

+*+ ROUTINE FOR 
*+a PUSHES D A T A  
A C Q U S l  

AQLPO 

AQLPI 

AQLP2 

AQLPJ 

A QL 24 

AQLP5 

AQLP6 

LDAB 
ST s 
LDS 
CLR 
L O A A  
NO P 
L O A A  
BP L 
LOAA 
I N  C 
LOAA 
BPL 
LOAA 
I N  C 
FSHA 
L O P A  
BPL 
L O A A  
I N  c 
PSHA 
L O A A  
0P 1 
LDAA 
1N C 

LDAU 
@PL 
LDAA 
I N  C 
PSH A 
LDAA 
BP L 
LDAA 
CLR 
PSHA 
L O A A  
BPL 

m a  

ACQUIPING 8 011 A D C  DATA VALUES A T  16 OR 4 PCINTS PER CYCLE +** 
BYTES I N  T O  D A T A  STORAGE AREA 4++ 

OTFTCH 
S R T C H I  
PShBOf 
P I  A A  5 
P I  AB4 

CPIAB4  
AQLPO 
P I A 8 5  

CPIABS 
AQLPI  
P I P B S  
P I A A 5  

CPIABS 
AQLPE 
P I A B 5  
P I A A 5  

CPIARS 
AQLP3 
P I  A05 
P f A A 5  

CPXABS 
AQLP4 
P I A 8 5  
P I S A 5  

CPIA85  
AQLPS 
P I A 0 5  
P I A A S  

CPIAB5 
AQLP6 

PIAAS 

SET LOOP COUNTER 
S T C R E  S T N K  POINTER 
SET STACK POINTER TO STAR, IF DllT9 STORBCF 4QEA 
SELECT CHAhNEL 0 
CLEAR CYCLE PULSE BY QEADIS,  P I A  
A FUNCTIONAL NOP 
WAIT FOR CYCLE PULSE.. sanE A S  SNPL PULSE CH II 
NOTE TEST. SET P I A  ACCORDINGLY 
CLEAR SAVPLE PULSE 
SELECT CH 1 
* WAIT FOR SAMFCE PULSE (DCWN G C I N G )  

FOR CP ¶ 

4 SELECT CH 2 
* R E A D  O A T A  FOR CH a 

* STORE D A T A  F W  CH 0. 
+ W A I T  FOF SAHPLE PULSE 

FOR CH 2 
4 READ D A T A  F3R CH 1 

SELECT CH 3 
* STORE OATA T O R  CH 1 

4 WAIT FOR SAMPLE PULSE CH 3 * 
* PEA0 CH 2 

SELECT CH k 
+ STORF r d r 4  CY 2 

+ W A I T  FOfi SAflPLE PULSE C h  4 

4 READ CH 3 
SELECT CH 5 

* STORE DATA CH 3 

+ 

* W A I T  FOR S I W L L E  PULSE CH 5 

READ CH 4 
SELECT CH 0 
STORE D A T A  C4 4 

* 

H A I T  FOR SAHPLE PULSE CH 0 + 
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L O A A  P I A B 5  READ CH 5 
I N C  P I A A S  SELECT CH 1 
PSHA STORE OAT4 CH 5 
DECB 
8N E A P L P l  LOOP 
LOS SRTCHl  RESTORE STdCK POINTER 
RTS 

** ROUTINE DISPLAYS VOLTOGE ON SELECTEO CHANNEL I N  N I L L I V O L T S  *' 
** RANGE */- 5 0 0 0  MU 
VOLTMT JSR C L  F D I S  

KEYFND JSR RWSLCT (SCNKEY AFTER PELESE) 
JSR RELESE WAIT FOR RELEASE OF KEY 

@E Q 
JSR NCODE 
ANDA IOZOF 
DECA 
S T P A  P I A A 5  4 SELECT CHANNSL 
LDAA P I A 8 5  CLEAR SdPPLE PULSE 3 V  READING P I A 8 5  
JSR RELESE W A I T  FOR RELEASE OF KEY 

BN E KEYFND I F  FOUND OECOOE KEY 
LDAA CPIA95  *WAIT FOR SAMPLE PLLSE 
epL VL P i  
L O A A  P I A 8 5  tis 8 BITS 
LOA8 P I A A S  L S  4 011s 
ANDB [OEFO HASK CH AORS 
ADDA f O Z 8 O  REHCVE OFFSET (INVERT SIGN B I T )  
STAA Y 
STAB Y + l  
BSR HVOIS CCNVERT TO MILL IVOLTS THEN DISPLAY 
BRA V L P l  

VL TOUT RTS IF RTH IS FOUND 

V L P l  JSR KEYQ L C C K  FOE 4NY PQESSED KEY 

VLTOUT RTS 

CONV-IRTS Y TO 
HVDIS L O X  

ST x 
JSR 
L O X  
JSR 
STX 
LOX 
ST x 
JSR 
JSR 
R T S  

f l I L L I V O L T S  THEN DISPLAYS RESULT ON LCO 
t 0 E4C55 + SETUP r u L T I P L y  ( 1 9 5 4 1 1  
x x  4 F O R  f l V  RESULT 
HULT16 
[ U  
SHIFTL Q T I M E S  2. 
BNIN 
C Y  (USES YI Y + l s  X X s  X X + l )  
BCGOUT 
BC t C 0 2  COhVERT TO BCU 
LCDOXS DISPLAY 

** SCANS PREVIObSLY ACQUIYEO DATA FOR AeSOLUTE M A X  VALUE ON SELECTEO W A N  
HAXSGN JSR CL EDIS 
MAXLP JSR SCNKEY SCAN KEY PAD FOR PRESSED KEY 

eEQ MXOUT TEST FOR RTN KEY 
JSR NCODE 4 

dNDA t 0 5 0 F  * DETERMINE CHaNNEL NO. 
STAA CHCNT STCRE CH NO. 
BSR FNOMAX F I N D  HAXSMUM VALUE 
es R MVDIS CCIVERT TO H I L L I V O L T S  AND DISPLAY 
BRA MAXLP LCOP FOR NEXT KEY 

MXOUT JSR c l f i o f s  
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RtS 

a* SCANS ONE CHANNELS OAT4 FOR ABSOLUTE HAX VALUE - CALLED BY UAXSGN ** 
FNDttAX 

CHNLP 

NXTV 

PLUS 

LE ss 

FOOUT 

I N X 4  

a R  
CL R 
CLR 
LDAA 
STAA 
LOX 
LDAB 
BSR 
GE C 8  
EN E 
CL R 
LDAB 
CDAA 

IN C 
C O f l A  
COMB 
STAA 
CMPB 
SBCA 
L O A 4  
BC s 
STAA 
STAB 
LOAA 
STAA 
BSR 
DE c 
@N E 
LDAA 
@E Q 
C O M  
CO M 
RT S 

epL 

I N  X 
I N  X 
I N  X 
I N  X 
R T  S 

INCREflE IT :  I t i C E X  REG FOUR TIMES 

Y 
Y t l  
SRTCH3 
PTSC'IC 
CN T I  hC 

CH CN T 
INXb 

CHNLP 
SR TCH2 
o i o x  
0 0  o x  
PLUS 
SRTCHL 

c o ~ ~ a - 4  

U 
Y t l  
Y 
U 
LESS 
Y 
Y + l  
SR TCH2 
SRTCH3 
I N X 2 4  
C N T I  PC 
NXTV 
SRtCH3 
FDGUT 
Y 
Y + l  

CLEAR SIGN FLAG 2 

* SET COUNTER FOR NO OF DATA PCINTS 
BACK SET POINTER TO DATA 

4 

READ CHANNEL NO. 

SET POINTER T O  F I R S T  DATA VALUE OF SELECTEC CH 

CLEAR S IGH FLAG 1 
* 

LOAD I N  SELECTEC DATA VALUE 
ns BYTE 

SET SIGN CLbG 
NEGATE VALUE SO THAT ALL VALUES U a f D  
ARE F O S I T I V E  
SAVE ICC a 

COMPARE SELECTEU VALUE WITH L A S T  
STORE0 LARGEST VALUE, STORE LARGEST VDLUE 

8 
4 

SAVE S I 6 N  FLaG OF LARGEST VALUE 

SET FOINTER TO NEXT DATA VALUE 24 BYTES COWH 
DEC NO. DATA PGINTS COUNTER 
LCGP BACK FOR VEX1 COMPARISON 

RESTORE SIGN T O  LARGEST VALUE 
* 
* 

4 INCREMENT INDEX REGISTER 24 TIMES * 
XNX24 LDAB [24 
I N X L P  XN X 

aEce 
eN E I N N L P  
R T S  

+* DU*IPS 0 CH4hNELS OF D A T A  T O  CH4PT PAPER ** 
** VALUES ARE SENT TO THE DAC AT A RATE OF 3 0  VALUES PER SECObC *+ 
+* DATA RATE IS SET BY VAFIABLE SRTCHl AND ROUTINE DELAY4 *4 

CHARTO LDX [ O f l o l a  4 1 2 2  DECIMAL 
ST X SRTCHl * FOR DELAY OF 3 3 , 0 0 0  MACHINE CYCLES 
JSR ZEPOL START WITH ZERO V O L T  LEVEL 
ESR SNOAEtA 
RTS 

. 

c 
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** DISPLAYS 6 CH D A T A  ON SCOPE W I L E  SCANNING KEY PAD FOR RTPi AND +* 
*+ NO. FOR POSITIONING TRIGGER PULSE I N  ON€ OF € CH POSITIONS +* 
OSCOIS LDX C O I O O O O  

STX SRTCHl SET DELAY FOR ROUTINE DELAY4 
JSR RELESE H A I T  FOR RELEhSE OF KEY 

FNOKEV JSR RWSLCT t SCkKEV AFTER PELESE 1 
BE0 OSCOUT RTS I F  RETURN KEY fOUND 
JSR NCGDE 
ANOA COEOF 
ST4A SRTCHS STCRE POSITION OF SCOPE TRIGGER PfLSE 
JSR RELESE 

JSR KEYQ 29 + LOOK FOR ANY PRESSED K E Y  
8N E FN OKEY 4 I F  KEY FOUND JUYP OUT OF LOOP bNU OECOCE 
BR A OSCLP 4 

OSCLP BSR SNOANA SEhO 6 CH OF DATA TO DAC 

OSCOUT RTS 

++ SENDS 6 CHANNELS OF STORED DATA TO 8 E X 1  O I G f T A L  TO ANALOG CGNVERTEF ** ** O A T A  RATE IS DETERPINE[ aY ROUTINE DELAY4 At40 SRTCHI.' ++ 
** SRTCH5 CETEPYINES FOSITICN OF SCOPE TRIGGER PULSE ++ 
** WITH SRTCHl tO 6 4  POINTS TAKES 3.5 MILLISECONDS, CRT REfRESP R 4 f E  ** 
** MIL. BE PEOUT 42 TlHES PER SECOND AT l!lHZ CPU CLOCK ++ 

SNDANA LDAA 
STAA 
L O X  
STX 
CLR 

NX T CH 8SR 
IN C 
L O A A  
CM PA 
€E 0 
CHPA 
8N E 
JSR 

NOTRIG L O X  
ST x 
ASL A 
ASL A 
AODA 
ST A A  
LDAA 
AOCA 
ST A A  
L O A A  
STAA 

LDAA 

STAA 
L O X  
BEQ 
CSR 

SKIP  DY LDAA 
4004  
STAA 
LOAA 

NXTDAT LOX 

noDA 

nnca 

COSFO 
CPIAA3  
t 0 fFFF4  
P I A A J  
CH CN T 
ZEEOL 
CH CN 1 
CH CN 7 
17 
SNRTS 
SRTCHS 
N O T R I G  
TRIGGR 
I DATA-+ 
DATPT 

DA T P f t i  
DA TP 1 +I 
OA TPl 
t 0 0  
O A  TP 1 
PTSCYC 
CNTINC 
OATPT 
O t  r X  
t 0 3 0  
P I A A 3  
SR T C H I  
SKIODY 
DELAY4 
D A T P T t I  
( 2 4  
DATPT+l  
O A T P T  
I on 

2 1  
5 ACCESS OAT4 DIRECTION REG. 
3 CHANCE T O  DlJTPlTS 
6 MAKE CA2 AN OUTPUT (LOW) 
6 

6 
3 
2 SET NEXT CHANNEL TO 9E OUTPUT 
4 I F  CHCNf E Q  7 RTS 
3 CHANN€:t POSITION FOR SCOPE TRfGtER 
4 +  
27+ SEN0 PULSE TO TRIGGER SCOPE 
4 ADD * T f H t S  CHANNEL NOotCHCNT) TO 
5 DATA-4 TO SET POSITION OF NEXT CH 

2 *  
3 1  
4 *. 
3 *  
2 *  
4 *  
3* 
4+ SET NO. OF POINTS PER CH4NNEL 
4 +  
5 * LOA0 DATA VALUE INTO A C C  A 
2 * CONVERT Z S  COHP t4LUE TO OFFSET BINARY 
5 SEND VALUE Y O  D I G I T A L  T O  ANALCC CONVERTER 
5 *  
4 *  

3+ 
2* SELECT NEXT DATA VALUE ON T H I S  CHANNEL 
4* ( OATPT = DATPTt24  1 
3 +  
?* 

P I N  O F  148 CYCLES 

2 + TO BE sErn TO O A C  
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STAA 
OE C 
eN E 
BRA 

SNRTS L O A A  
STAA 
LDX 
ST X 
RTS 

DATPT 
CNTIhC 
NX TDA T 
NX TCH 
C O I F 0  
CPIAA3 
[ OZOOF 4 
P IAAJ  

4* 
6 * DEC POXNTS PER CHANNEL COUNTER 
4 * I F  NOT Z E R 3  TAYE NEXT DATA FCINT 
Q START ON NEXT CHANNELS DATA 
2* ACCESS C A T A  O I G E C T f O F i  REG. 
5 *  
3* HAKE L3F;ES INFUTS 4GAIN FOR KEY PAD CSE 
6* KfEP CA2 LOW 
5 

/-- 

. 
+* DEL4Y FORMULA IS 30+(S!RTCH1)*8 = NO. OF-CYCLES. +* 
++ VALID FOR SRTCHl t 0000 THROUGH FFFE a ** 
OELAYB LDX SR TCH1 5 

I N  X 4 I N X  NAK€S S R r C H l t O  SHORTEST DELdV F O S S I e l C  
OYLP OE X 4 

@NE DYLP 4 
ATS 5 

li 

++ ZER3 VOLTS L INE.  USED AS CPANNEL SPACEP. H I N  OF l Q 8  CYCLES '*- 
ZEROL LDAA C O 3 F  2 *  

STA4 PIAAJ  3 * sEi oac T O  ZERO VOLTS 
L O A A  14 2 

DECA 2 
BN E ZERLP 4 
RTS 5 

ZERLP 0SR DELAY4 WIN OF 26 CYCLES) 

** SCOPE TRIGGER PULSE 7 CPU PACHINE CYCLES WIDE +e 
TRICGR L O A 8  [QEFC 2 

STAB CPIAA3 5 HAKE L I N E  CAL HIGH 
LDAB fQEF4 2 
STAB CPIAA3 5 HAKE L I N E  C A t  LOW 
R f S  

** MASTER ROUTINE FOR CONVERTING REAL &NO f M G l N 4 R Y  PARTS FROM ** 
+* TRANSFORM TO POLAR COORDINATES ** 
*+ AMP AND PHASE ARE OBTAINED USING CORDIC ROTATIOW ** 
POLAR L O X  C STARTC i 

STX REAL OEFINE START OF REAL LOCATIONS 
L O X  I STARTS U 

ST X IHRG e OEFINE S lARf  OF IHAGINARY LOCATIONS 
CLR CHKO CLEAR CtJAHhEL YO. 

PLARLP XN C CH RQ 
BSR SE TROT CALCULATE AYP RND PHASE FOR CHANNEL CHNO 
L O  x IH AG 
JSR I N X 4  SET PO3NTER T O  NEXT I M A G  VALUE 
S l  x I H A G  
L O X  REAL 
JSR I N  >4 SET POINTEP TO NEXT RF4L VALUE 
STX R f  AL 
LDAA NCHPR * 
CHPA CHNO * I F  CHNO EQU NO. OF CHANNELS USEC, RTS 
BN E PLARLP 4 

JSR BEEP SOUNO BEEPER 
RT s 

** NEG4Tk VhLUE ( AN APPROXIHATION) ** 
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N €CAT E con O O r X  
COH O l r X  
co fl 0 2  r X  
con 0 3 r X  
RTS 

** LOADS VPLUE POINTED TO BV INDEX I N T O  U. rHEN SHIFTS U ROTPCC @ I T S  ** 
** TO RIGHT. THE NO OF SHIFTS CONTROLS THE ROTATION STEP S I Z E  I* 

LSWORK L D A A  O O r X  5 
STAA U 4 MACHINE CYCLES 
LDAA O l r X  5 
STAA U + l  4 
LDAA 0 2 r X  5 
STPA U+2 4 

HSHIFT LOPE ROTACC 3 LOAD NO SHIFTS COUNTER 
SFLOOP LSR U 6 

ROR U+l 6 
EO R U +2 6 
OECB 2 
EN E SF LOOP 4 
R T S  

** EOUr INE SETROT HO\rES VECTOR TO FIQST QUADRANT9 USCS CORCIC R O T a T I O N S  ** TO 2OTATE THAT VECTOR T O  0 CEGREESr CALCULATES NO OF DECREES FOTATEC * 
** CORSECTS FOK ACTUAL QUADRANT. CORGECTS FDE PPASE SHIFT  00 TO DATA ** 
** SAM'LINC T I M E  SKEW9 F I N A L  PPASE Oh' CHANNELS 2 TO 6 IS RELATIVE TO Cl' 1 * *  
** FHASE, F INAL  PHASE ON CH 1 IS ACTUAL PHASE, CALCULATES AHPL'ITUOES I h  ** ** h I L L I V G L T S  PER RCOT HZ ** 
SETROT LDX [ OZFFFF 

ST X SRTCHI * SET NO OF ROTATIONS COUNTER TO -1 
** HOVE VECTOR T O  1ST QUAKRRaKT ** 
*+ MIXED I N  W I T H  QUAD HOVE IS A TEST TO SEE I F  EOTH REAL AN0 I Y A G  PARTS ** 
** ARE ZERC (GNLY MS 16 B I T S  ARE LOOKED A T )  I F  TRUE ROTATION C h T  SET 0 ** 
I QU AD CLRB 

L O X  
1s T 

8SR 
b D D 8  

PIMAC CLRA 
LOX 
@N E 
INCA 

NOT 2R0 LDX 
TS T 

0SR 
INCB 

PRE AL ST AB 
L O X  
@NE 
OECA 
EN E 
ST x 

epL 

ep L 

e ~ 4  

I f l A C  
0'0 r x  
PIHAG 
NEGA TE 
r02 

0O.X 
NOTZRO 

REAL 
0 0  r x  
P R f A L  
kEGA TE 

QUAD 
0 0  r X  
ROTA TE 

GOTATE 
S R T C H l  

NEGATE IHAGINAYY PART 

CLEAR ZERO FLA'; 

NCT ZEGO 
INAC PART I S  ZERO, SET FLAG 

0010  t NEC. I r A C  PART 

LOAD 2 HSB T O  !;NDXr IF ZERO SET FLdG 

NECATE PEAL PAeT 

PCPD IS CODE F?R QOADR4NT OF VECTCF 
L C A O  2 MSB OF 3EAL VALUE 
NOT ZERO CONTIhUE 
DEC ZERO FLAG 
I F  ZEPO MEANS R O W  VALUES UERE ZERO 

0 0 8 1  s !IEGr RFAL PART 

ZERC IS IK INOEX SO I T  I S  USED TO SET R O T  CNT 

** 
** 

CORECT BCTH WERE 0 SO S K I @  R O T 4 T I O N  RCUTIKE 
QUAD t 0 0 9  01, 101 I 1  EQU QUADRANT 1, 2 1  4, 3.  * 
NEXT SECTION FOTATES VEC10R ( I N  F I k S T  QUPO.) CLOCYHISE U N T I L  XHAG ** 
BECOMES NEGATIVE. NO. 'GF ROTATION STEPS IS I N  SRTCHI ** 

ROTATE LOX SR T C H l  4 *  
I N  X 4 4  
ST x SR TCHl  5 4 I N C  ROThTICN COUNTER 



L O X  
eSR 
L O X  
L O A A  
POOA 
ST&A 
L O A A  
bOCA 
STAA 
L O & A  
POCA 
STAA 
BCC 
I N  C 

NOINC BSR 
L O X  
L O A A  
SUE P 
STAA 
L O A A  
SBCA 
STA& 
LDAA 
SBCA 
ST A A  
LDAA 
SBCA 
STAA 
ecc 

I M  AG 
LSWORK 
REAL 
0 3  V X  
u + 2  
03vX  
0 2  o x  
u+ 1 
OZVX 
0 %  o x  
U 
o i r x  
NOXNC 
00 9x 

LSWORK 
I M A G  
0 3 r X  
u+ 2 
03.X 
0 2 r X  
U 4 1  
02 r X  
( l i 9 X  

U 
0 1  r x  
0 0  .X 
c o o  
o o r x  
ROTATE 

/--- 

LOAD U AND SHIFT RIGHT 
4 
5 NEXT 11 L INES DO COS = COS + S I h t 2  EXP Fc 
3 
6 
5 
3 
6 
5 
3 
6 
4 
7 

4 
5 NEXT 11 L I N E S  00 SXN=SIN 0 COS/2 EXP N I 
5 6 

4 ' I F  SIN IS STIt!L ?,OS& LOOP BACK 
4* NEXT SECTION CORRECTS ROTATICN ANGLE T O  O 2 I G i N h L  QUADRANT ** 
CORECT L O X  

STX 
LOX 
ST X 
JSR 
LOAB 
AOOB 
LOX 
JSR 
LOA6 
@E Q 
JSR 
CHPB 
EE Q 
L O A A  
PDDA 

LDAA 
ADCA 
STAA 
L O A A  
ADCA 
STA4 
CHP 0 
e€ Q 
JSR 

SI a a  

SR T C H i  4 SCALE UP R O f A T f C N  STEP xx  4 

t 17905 4 

Y * 
HULT16 4 

RO T4 CC SET NO. OF SHIFTS T O  OBTAIN 4NC-LE I N  TEN 
1 0 3  * THOUSANDTHS 3 F  DEGREES 
t u  
SHRLP 
QUA0 
COROUT 
NEGATE 
( 0 2  
COROUT 
1 OE40 
u t 3  
ut3 
c O S ? ?  
u t2  
u+2 
r o r i e  
u+ 1 

c o 1  
COROUT 
NEGATE 

u41 

S H I F T  RIGHT NOMINAL 
L C A O  QUADRANT CODE 

NECATE ANGLE 
QUPDPANT 4 

QUAD. 1 KO C3RRECTION 

4 ADD 180.0000 OEGQEES 
4 
4 

SHIFT IS 5 

15 '00000 OEC 8 187740 HEX * 
* 
4 

4 

6 

QUADRANT 2 

NEt4TE ANGLE 
** NEXT SECTION CORRECTS FOR O A T A  SAWLING T I M E  SKEH *4 

COROUT LOAB CHKO LOA0 CHANNEL N 3 .  
PCLOOP DECE 

BEQ NOPSHF CHANNEL 1. NO OPASE CORRECTION NEEOEO 
L O X  I PHSi  * SUBTRACT PHASF SHIFT FROM CHANNEL PHASE 
eSR SUBFU3 4 

i 

6 



BRA PCLOOP I F  NEEtEO REPEAT PHASE CORRECTICN 
++ NEXl  SECTION REFERENCES A L L  PHASES TO CH 1 PHASE ++ 
NOPSHF LOAB CHNO 

OECB + 
EEQ SKREF CHECK CeANNEL NO If CH i r  S K I P  

REF CH LOX [STARTS SUBTRACT CH 1 PH4SE FROM OTHER 
BSR SUEFUJ + CHANNEL PHASES 

SKREF L O X  IHAG LOAD U INTO BINARY 
BSR STRU3 I HAGINACiY LOC P T I  ON 

++ NEXl  SECTION CONVERTS af lFLfTUDE FCUNt BY ROTPTION TO M I L I V C L T S  ++ *+ IT IS EOUIVALENT T O  f lULT lPLYING At!PLffUDE BY 1.19265669 ++ 
CNVTHV L O X  RE AI. LOAD AWLITODE I N T O  MULT POSIT ICN 

L O X  0 0  ,x 
STX x x  + 
LOX [: 0 54C54 19540 CObSTANT H8S ERROR O f  4 FPP 
ST X Y 
JSR H U L T i 6  HULT I P L Y  
LDAB to6 + 
JSR SH FL F 4 CORRECT r u L T z P L y  BY SHIFTING 
LOX REAL 8 

BSR STRUJ + STORE NEW AHPIIT'JDE 
RTS 

*+ STORE 3 L S  BYTES OF U I N  3 HS BYTES CF INDEXED LOCATION *+ 
STRU3 L O A A  U + l  

LOA4 U+2 

LDAA U + 3  

RTS 

STAA 00.X 

STAA 01,X 

STAA 0 2 r X  

SUBTRACT 3 HS BYTES CF INDEXED LOCATION FROM 3 L S  BYTES OF c' ++ 
SUBFU3 L O A A  U+3 

SUBA 4 2 r X  
STAA U+3 
L O A A  U+Z 

STAA U+2 
LDAA U + i  
SBCA O O r X  
S T A A  U + l  
R T S  

SBCA 01,X 

** ROUf INE MAKES COHPUTER JUflP TO NEXT 4K MENORY SECTION, I E  @ECIN+OElOOd * *  
+* AUXILLAliY SET OF CONTROL OR TEST PFbWAYS * e  
** IT IS CALLED a y  PRESSE~G ~ R U N B ~  THEN ~ o ~ ,  IT M A Y  BE USED TO JUMP T O  AN 1 4  

RUN B JSR S C 14 KEY 
JSR NCODE 
TSTA 
@NE RBOUT 
J M  P 

RBOUT RT S 
BE C I  N + 0 ZIOO G 

STOP 
EN D 



c 
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A P P E N D I X  B 

C I R C U I T  DRAWINGS AND BOARD LAYOUTS FOR THE 
MICROCOMPUTER S I G N A L  PROCESSOR 
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Figure 11. 
Programmable sample and cycle timer. 
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Th is  s e c t i o n  descr ibes a f i e l d  t e s t  o f  the  EM-60, t h e  da ta  a n a l y s i s  

and i n t e r p r e t a t i o n  procedures, and a comparison between the  survey r e s u l t s  

and t h e  r e s u l t s  ob ta ined us ing  o t h e r  e l e c t r i c a l  techniques. The Leach Hot 

Springs area i n  Grass Va l ley ,  Pershing County, Nevada, was chosen for  t h e  

f i r s t  f i e l d  s i t e  a t  which t h e  e n t i r e  system would be t e s t e d  f o l l o w i n g  l o c a l  

t e s t i n g  i n  Berkeley. The s i t e ,  approximately 22 m i les  south o f  Winnemucca, 

l i e s  w i t h i n  t h e  r e g i o n a l l y  h i g h  heat f l o w  area of no r the rn  Nevada (F igure  1 )  

and has been surveyed i n  d e t a i l  by means o f  var ious  geophysical techniques 

(Beyer e t  a l ,  1976), i n c l u d i n g  a low power p ro to type  o f  t h e  EM-60 (Ja in ,  1978). 

Survey Plan 

The i n i t i a l  f i e l d  t e s t  was conducted a long es tab l i shed  geophysical 

l i n e  E - E '  (F igu re  2) a t  s t a t i o n s  p r e v i o u s l y  occupied by J a i n  (1978).  For 

d i r e c t  comparisons o f  raw data and r e s u l t s  w i t h  those o f  Ja in ,  we fol lowed 

h i s  f i e l d  procedures. The EM t r a n s m i t t e r  was placed a t  3 West and the  

r e c e i v e r  was moved between s i t e s  4 West. 5 West and 1 West. The u n i t  

separa t ion  between s t a t i o n s  i s  1 km. 

Despi te the  dust and h i g h  temperatures du r ing  the  work i n  J u l y  1978, 
t he  survey proceeded q u i c k l y .  The survey area i s  n e a r l y  f l a t  (e leva t i ons  

o f  a l l  s t a t i o n s  a r e  w i t h i n  3m o f  each o t h e r )  and t h e  access i s  good. The 

p r i n c i p a l  ins t rumenta l  problem encountered was the  overheat ing  of t he  

e l e c t r o n i c s  box for  the  Develco magnetometer caused by the  h igh  ambient 

temperature. Th is  was e a s i l y  solved by keeping i t  i n  an i c e - f i l l e d  t r a y .  

I ns t rumen ta t i on  and Procedures 

The t r a n s m i t t e r  loop  cons is ted  o f  a 4 - tu rn ,  50m rad ius  h o r i z o n t a l  

Current was supp l i ed  i n  a square loop o f  #6 AWG copper we ld ing  cable.  

wave o f  p o s i t i v e  and nega t i ve  p o l a r i t y  a t  any des i red  p e r i o d  between 
3 - 10 sec by a 60 kW generator (see Sect ion  I I  on the  t r a n s m i t t e r ) .  

Peak-to-peak c u r r e n t  c a r r i e d  by t h e  c o i l  ranged f r o m  ~ 1 2 6  amp a t  0.1 Hz 

t o  %15 amp a t  10 Hz. 3 
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The r e c e i v e r  system, descr ibed 

3-ax is  Josephson-effect superconduct 

n d e t a i l  i n  Sect ion I I ,  u t i l i z e d  a 

ng magnetometer as a sensor. A - 
Develco model 8230 w i t h  s e n s i t i v i t y  10-5y/ Hz was used. 

from t h e  sensor was band-passed by means o f  a fou r -po le  Bu t te rwor th  f i l t e r  

and a m p l i f i e d .  The pass band f o r  a p a r t i c u l a r  t r a n s m i t t e r  p e r i o d  i s  chosen 

accord ing  t o  t h e  f o l l o w i n g  cons ide ra t i ons :  

Each s igna l  

(1)  The low-frequency c u t - o f f  i s  s e t  j u s t  below t h e  fundamental 
frequency t o  remove the  geomagnetic and s f e r i c  noise.  
Natural  geomgne t i c  no i se  i s  p a r t i c u l a r l y  bad a t  20-30 
sec pe r iod .  

(2) The h i g h  frequency c u t - o f f  p rov ides  a n t i - a l i a s  c o n t r o l  and i t  
should be s e t  below t h e  Nyquist  frequency. However, as i t  i s  
d e s i r a b l e  t o  reduce high-frequency n a t u r a l  noise,  we s e t  t h e  
h igh-cu t  frequency j u s t  above the  h ighes t  odd harmonic we 
wished t o  e x t r a c t  f rom t h e  s i g n a l .  Although t h e  system i s  
designed for  per iods  up t o  1000 seconds, we learned t h a t  i t  
i s  extremely d i f f i c u l t  t o  o b t a i n  re1 i a b l e  r e s u l t s  a t  per iods  
50 seconds and l a r g e r .  Th is  l i m i t a t i o n  i s  p r i m a r i l y  due t o  
l i g h t n i n g  and s f e r i c  no i se  swamping the  s igna l  du r ing  the  
long t imes needed t o  average per iods  longer than 50 seconds. 
I n  Nevada i t  was almost impossible t o  f i n d  a 50 second o r  
longer  p e r i o d  w i t h o u t  a l i g h t n i n g  s t r i k e  t h a t  would e i t h e r  
throw t h e  S Q U I D  de tec to rs  o u t  o f  l o c k  o r  generate s i g n a l s  
t h a t  exceeded the  r e c e i v e r ' s  dynamic range. A f u r t h e r  funda- 
mental problem i s  t h a t  t h e  n a t u r a l  no i se  spectrum r i s e s  roughly 
as l / f  below 0.1 Hz and so the  averaging t ime  t o  achieve a 
des i red  s i g n a l - t o - n o i s e  r a t i o  r a p i d l y  becomes imprac t i ca l  as 
t h e  frequency decreases. 

Exper imentat ion was conducted t o  determine t h e  number o f  harmonics 

t h a t  cou ld  be ob ta ined accu ra te l y  f rom a g i ven  pe r iod .  F i e l d  t e s t s  show 

t h a t  t h e  seventh harmonic can be ob ta ined w i t h  no s u b s t a n t i a l  e r r o r s  f o r  

f requencies below 100 Hz. Th is  a l l ows  us t o  o b t a i n  an e n t i r e  decade o f  

frequency measurements f rom a s i n g l e  t r a n s m i t t e r  per iod .  However, above 

100 Hz o n l y ,  t h e  fundamental frequency i s  transformed because the  sampling 

r a t e  i s  reduced t o  o n l y  f o u r  po in ts -pe r -cyc le .  Th is  does n o t  s i g n i f i c a n t l y  

slow down the  r a t e  of data a c q u i s i t i o n .  For f u r t h e r  d e t a i l s  o f  t h e  r e c e i v e r  

c a p a b i l i t i e s  see Sect ion  I I .  

G 



A f t e r  d i g i t i z a t i o n  each s igna l  i s  averaged f o r  the  des i red  number 

o f  cyc les ,  then Four ie r  transformed t o  y i e l d  spec t ra l  i n fo rma t ion  on 

t h e  odd harmonics o f  t h e  s i g n a l .  

p r i n t e r  i n  one o f  two forms; e i t h e r  r e a l  and complex p a r t s ,  o r  ampl i tude 

and phase. 

These values a r e  p r i n t e d  on a therma 

The analog s i g n a l s  from a l l  channels were a l s o  monitored cont inuous ly  

by means o f  two Gould paper-chart  recorders.  This enables t h e  opera to r  

t o  i n t e r r u p t  and recommence the  s igna l  averaging, should i n te r fe rence  

from l i g h t n i n g  o r  l a r g e  spher i c  f l u c t u a t i o n s  degrade t h e  data. 

schematic o f  t h e  data a c q u i s i t i o n  system i s  shown i n  Sec t ion  I I .  

A b lock  

Method o f  I n t e r p r e t a t  i o n  

The i n t e r p r e t a t i o n  o f  t h e  e lec t romagnet ic  sounding data (amp1 i t u d e  

and phase) has been c a r r i e d  o u t  us ing  a d i r e c t  one-dimensional ( l aye red  

ea r th )  i n v e r s i o n  method. An i n i t i a l  es t ima te  o f  t he  model parameters i s  

made, and t h e  i nve rs ion  a l g o r i t h m  mod i f i es  these parameters u n t i l  a bes t -  

f i t ,  i n  t h e  weighted- least-squares sense, i s  found between t h e  observed 

data and t h e  model p r e d i c t e d  data. The a p p l i c a t i o n  o f  d i r e c t  i n v e r s i o n  

methods i n  e l e c t r i c a l  e x p l o r a t i o n  has been descr ibed by Wu (1968), Parker 

(19701, Glenn (19731, lnman e t  a1 (1973). 

The inve rse  problem can be s t a t e d  mathemat ica l l y  as 

n 

where 

$I = 1 wi2[yi - f ( b o ,  x i ) ] .  2 

i=l 

N i s  t h e  number of observed da ta  

w i s  t h e  we igh t i ng  f a c t o r  f o r  the  ith data va lue  i 

i s  t h e  i t h  observed da ta  ( i . e .  ampl i tude o r  phase) Y i  

b i s  an i n i t i a l  es t imate  o f  t h e  M model parameters (e.g., 
0 

r e s i s t i v i t y  and l a y e r  th ickness)  

x i s  t h e  known dependant v a r i a b l e s  (e.g., frequency and geometry) i 
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I 

0 
f i s  t he  non- l i nea r  f u n c t i o n  which r e l a t e s  the  parameter b , 

t o  the  observed q u a n t i t i e s  phase and ampl i tude. x i '  

Simply s ta ted ,  t h e  inverse  problem i s  t o  f i n d  a se t  o f  model parameters, 

b. which minimize C p .  

s o l u t i o n  t o  t h e  se t  o f  equat ions :  

The values o f  b .  which minimize ( 1 )  a r e  g iven by t h e  
J J 

W r i t i n g  ( 1 )  i n  t h i s  form, we o b t a i n  

a f .  " 2  I 
= W i Y i T  9 

j 
j = l,M ( 3 )  

a f  " 2  
wi fi x 

i=l J i =1 

w h e r e  

f i  = f(g, X i ) .  

I n  general ,  t h e  f u n c t i o n  f ( g ,  c )  i s  a non - l i nea r  f u n c t i o n  of b * 
j '  

thus making s o l u t i o n  o f  (3 )  i n  c losed form impossible.  I n  p r a c t i c e  

Cp i s  minimized by an i n t e r a t i v e  technique. 

lnvers  i o n  A lgo r i t hm 

The i t e r a t i v e  weighted- least-squares a l g o r i t h m  used t o  i n t e r p r e t  

t h e  EM-60 da ta  f o l l o w s  a mod i f i ed  Marquardt approach. The model f u n c t i o n  

f(go,x) i n  equat ion  ( 1 )  i s  expanded as a Tay lo r  s e r i e s  about the  c u r r e n t  

es t imate ,  g,  and o n l y  t h e  f i r s t  o r d e r  terms a r e  re ta ined .  Th is  y i e l d s  a 

l i n e a r  es t ima te  o f  t h e  parameter changes, &, needed t o  reach t h e  minimum 

o f  C p .  The c l a s s i c  l e a s t  squares statement o f  t h e  problem would be 

[ A I &  = 9. , ( 4 )  
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where 

and 

a f  

j 
P i s  the  (NxM) m a t r i x  w i t h  elements ab 

‘ b=bcurrent 

The l e a s t  squares es t ima te  o f  t i s  g i ven  by 

( [ A I T  [A ] ) - ’  L A I T  8 . ’L t = 

and Q i s  t he  we igh t  m a t r i x .  

(5) 

This  l i n e a r  es t ima te  o f  t h e  changes needed i n  the  parameter vec to r  can 

become uns tab le  when ( [ A I T [ A ] )  i s  n e a r l y  s i n g u l a r  because the  inverse  blows 

up. 

a l i n e a r  reg ion  about the  present b and thus a r e  i n v a l i d  est imates.)  

p revent  t h i s ,  a cons tan t  named a Ridge Regression es t ima te  i s  added t o  

t h e  diagonal  terms o f  ( [ A ]  [A]) .  The so -ca l l ed  Ridge Regression es t ima te  

o f  t i s :  

( I n s t a b i l i t y  means elements o f  t become so l a r g e  they l i e  f a r  o u t s i d e  

To 

T 

= ( [ A I T  [A ]  + [ I ] K ) - l  [ A I T  g . ( 6 )  
’L t~~ % 

T The b e n e f i t  o f  ( 6 )  i s  t h a t  t h e  i n v e r s i o n  of ( [A ]  [ A ]  + [ I I K )  i s  s t a b l e .  

The va lue  o f  K i s  v a r i e d  throughout t h e  i nve rs ion .  A t  f i r s t  t h e  sma l les t  

va lue  o f  K i s  found f o r  which t h e  es t ima te  tRR y i e l d s  a new model w i t h  a 

b e t t e r  f i t  t o  t h e  data. As the  i n t e r a t i v e  process nears a minimum, t h e  

va lue  o f  K i s  decreased so as t o  approach t h e  c l a s s i c  l e a s t  squares inverse .  

The we igh t i ng  m a t r i x  Q i s  a diagonal  m a t r i x  w i t h  the  diagonal  terms 

equal t o  the  inverse  o f  the  da ta  var iance. I n  t h i s  way, t h e  r e s i d u a l  f o r  

each data p o i n t  i s  compared w i t h  i t s  expected e r r o r .  
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Q = -  1 
2 a 

where 

1 - 
022 

CT i s  a s c a l a r  f a c t o r  c a l l e d  t h e  problem standard d e v i a t i o n .  

S t a t i s t i c a l  Eva lua t i on  o f  a Model 

A s e t  o f  model parameters, k, which minimize (1)  i s  considered a 

good approximat ion w i t h  respect t o  t h e  da ta  i f  

2 
where (xF)l-a i s  t he  chi-square va lue  a t  t h e  (1-a) conf idence l e v e l  w i t h  

F = N - M  degrees o f  freedom. The exper imental  va lue  o f  t he  ch i -square  i s  

g i ven by 

where 

4 
CT i s  an es t ima te  o f  t h e  t r u e  problem standard d e v i a t i o n .  

e r r o r s  a r e  expressed as percent  o f  t h e  ac tua l  data and used as the  weights 

i n  Q, a2 i s  assumed t o  be 1 ( Ja in ,  1978). 

Because data 



d .  

J 

The u n c e r t a i n t y  i n  the  est imated model parameters i s  g i ven  as 

(Bevi ngton, 1969) 

0; = u 2 (cov(P). . )  , J J  j 

where the  parameter covar iance m a t r i x ,  cov ( P ) ,  i s  w r i t t e n  as 

Equat ion (8) g i ves  t h e  parameter var iance f o r  a l i n e a r  s o l u t i o n  o n l y .  

I n  the  case o f  a non - l i nea r  problem, as t h i s  one, (8) can be used as 

an approximat ion i n  con junc t i on  w i t h  the  parameter c o r r e l a t i o n s .  The 

parameter c o r r e l a t i o n s  a r e  a measure o f  t h e  l i n e a r  dependence between 

parameters, and a r e  g i ven  by 

ii 

j 
I f  t h e  va lue  o f  CORR(b..) i s  near u n i t y ,  then the  parameters b i  and b 

a r e  s t r o n g l y  c o r r e l a t e d  and n e a r l y  l i n e a r l y  dependent. I n  such a case 

t h e  i n d i v i d u a l  parameters a r e  no t  w e l l  determined; r a t h e r ,  t h e i r  r a t i o  

( i f  c o r r e l a t i o n  c o e f f i c i e n t  i s  +1) o r  product ( i f  c o r r e l a t i o n  c o e f f i c i e n t  

i s  - 1 )  can be determined from the  data. 

I J  

I f  t h e  c o r r e l a t i o n s  a r e  smal l ,  then t h e  standard dev ia t i ons ,  g i ven  

by t h e  square roo ts  of the  diagonals o f  (8) , a r e  a good measure of the  

u n c e r t a i n t y  of  each parameter. I f ,  however, t w o  parameters a r e  h i g h l y  

c o r r e l a t e d ,  CORR b i j  = 21, then t h e  standard dc . ;a t ions  w i l l  be l a r g e r  

than t h e  ac tua l  u n c e r t a i n t i e s .  F igure  3 i l l u s t r a t e s  t h i s  f a c t  w i t h  a 

genera l i zed  s l i c e  o f  s o l u t i o n  space. The two coo rd ina te  axes correspond 

t o  two parameters of t h e  es t imated  layered e a r t h  model. 

i n d i c a t e s  a conf idence reg ion  w i t h i n  which t h e  r e s i d u a l  sum o f  squares, 

4 ,  i s  expected t o  l i e  fo r  a c e r t a i n  percent o f  t h e  repeated experiments. 

Th is  reg ion  a l s o  def ines t h e  values o f  t h e  parameter p 2  ( r e s i s t i v i t y )  and 

t2 ( th ickness)  which w i l l  g i v e  a res idua l  sum o f  squares w i t h i n  t h e  

contour.  The o r i g i n  i s  de f i ned  by t h e  parameter va lue  a t  the  f i n a l  

The e l l i p s e  
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Figure 3. Generalized slice o f  solution space 
(After I nman, 1975) . 
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s o l u t i o n .  The t i l t  o f  t he  a x i s  o f  t h e  e l l i p s e  i s  a measure o f  t he  degree 

o f  c o r r e l a t i o n  between t h e  two parameters. I f  the  standard d e v i a t i o n s  

from (8) a r e  taken t o  be the  t r u e  d e v i a t i o n  est imates,  then the  e l l i p s e  

i s  enclosed by a l a r g e  box whose sides a r e  de f i ned  by t h e  standard 

d e v i a t i o n .  The box, which ignores parameters c o r r e l a t i o n ,  represents 

a much l a r g e r  conf idence reg ion  than the  e l l i p s e .  By us ing  the  standard 

d e v i a t i o n  imp l i ed  by t h e  box ,  one ob ta ins  a very  conserva t i ve  es t ima te  of 

the  parameter confidence i n t e r v a l  f o r  c o r r e l a t e d  parameters. Therefore, 

by cons ide r ing  the  standard dev ia t i ons  i n  con junc t i on  w i t h  parameter 

c o r r e l a t i o n s ,  a more r e a l i s t i c  parameter standard d e v i a t i o n  can be 

a r r i v e d  a t ,  which is alw 

computed from ( 8 ) .  

For a f u r t h e r  descr 

see J a i n  (1978). 

Combined Data l n t e r ~ r e t a t  i o n  

ys l ess  o r  equal t o  the  standard d e v i a t i o n  

p t i o n  o f  the  i n v e r s i o n  method and procedure, 

Dur ing t h e  EM sounding survey c a r r i e d  o u t  i n  Nevada, t h r e e  orthogonal  

components o f  magnetic f i e l d  were measured fo r  each t r a n s m i t t e r - r e c e i v e r  

l o c a t i o n .  Th is  p rov ided f o u r  sounding curves: t he  ampl i tude and phase a t  

se lec ted  frequencies for  bo th  the  v e r t i c a l  and r a d i a l  components, [ H r [ ,  

l H z [ ,  Hr phase and HZ phase. 

over  a h o r i z o n t a l  uni form medium. The ampl i tude o f  t h i s  component can 

thus be used as a q u a l i t a t i v e  measure o f  t h e  inhomogeneity o f  t he  ground. 

I f  each sounding curve were i n v e r t e d  separa te ly ,  f o u r  d i f f e r e n t  e a r t h  

models would r e s u l t .  These would then have t o  be averaged i n  some way 

t o  o b t a i n  a s i n g l e  model. A more o b j e c t i v e  approach i s  t o  f i n d  a s i n g l e  

model which bes t  f i t s  a l l  t h e  da ta  s imultaneously.  I n  t h i s  approach 

each data p o i n t  i s  f i r s t  weighted by i t s  standard e r r o r  (de f i ned  as the  

standard d e v i a t i o n  d i v i d e d  by t h e  square root o f  t he  number o f  samples) 

t o  s e t  i t s  r e l a t i v e  importance and accuracy. A l l  data se ts  a r e  then 

The t a n g e n t i a l  magnetic f i e l d  would be zero  

i n v e r t e d  simultaneously.  
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Survey Resul ts /--- 

The survey l i n e  E - E '  crosses Grass Va l ley  f rom southeast t o  nor thwest ,  

passing approximately 1 k m  nor theas t  o f  Leach Hot Springs (F igure  L ) .  

The o r i e n t a t i o n  o f  t h e  l i n e  i s  approx imate ly  45"  t o  the  s t r i k e  o f  t h e  

l o c a l  geolog ic  s t r u c t u r e .  Sounding data were taken w i t h  the  t r a n s -  

m i t t e r  as s t a t i o n  3 West and r e c e i v e r  l o c a t i o n s  a t  1 ,  2, 4, and 5 West. 

The observed f i e l d  data and t h e i r  standard e r r o r s  f o r  the  f o u r  

soundings a r e  tabu la ted  i n  Appendix A, and a r e  i l 

( 4 )  through ( 1 5 ) .  The t r a n s m i t t e r - r e c e i v e r  l o c a t  

each f i g u r e  (e.g. T3-R4 stands f o r  t r a n s m i t t e r  a t  

a t  4 West). The standard e r r o r s  l i s t e d  i n  Append 

a r e  no t  p l o t t e d  on F igures (4) through (15) s ince  

up on t h e  scales used. 

u s t r a t e d  i n  F igures 

ons a r e  i n d i c a t e d  on 

3 West and r e c e i v e r  

x A o f  t h i s  sec t ion ,  

they would no t  show 

As p r e v i o u s l y  discussed, t h e  f o u r  s e t s  o f  sounding data (ampl i tude 

and phase o f  HZ and H r )  were s imul taneously  i n v e r t e d  t o  o b t a i n  an o v e r a l l  

b e s t - f i t  model. The standard e r r o r s  l i s t e d  i n  Appendix A were d e r i v e d  

f rom the  diagonal  w e i g h t i n g  m a t r i x  [a]. 

O r d i n a r i l y ,  cons iderab le  e f f o r t  might be needed t o  o r i g i n a t e  a se t  

o f  i n i t i a l  model parameters t o  begin t h e  data invers ions .  A l l  e x i s t i n g  

geo log ica l  and geophysical  data must be considered i n  making a f i r s t  

guess. However, s ince  t h i s  had a1 ready been done by J a i n  (1978), t h e  

f i n a l  models ob ta ined from h i s  work were used as s t a r t i n g  models i n  

t h e  i n t e r p r e t a t i o n  o f  our  data.  Previous data c l e a r l y  i n d i c a t e d  a b a s i c  

t h r e e - l a y e r  s t r u c t u r e  w i t h  a f a i r l y  t h i c k  and conduct ive middle l a y e r  

o v e r l y i n g  and under ly ing  more r e s i s t i v e  l a y e r s .  I n  cases where a th ree-  

l a y e r  model r e s u l t e d  i n  poor parameter r e s o l u t i o n ,  a two- layer  model was 

used t o  more a c c u r a t e l y  d e f i n e  t h e  depth t o  and r e s i s t i v i t y  o f  t h e  

conduct ive l a y e r .  As p r e v i o u s l y  noted by J a i n  (1978) f o r  t h e  th ree- layer  

case, the  r e s i s t i v i t y  o f  t h e  bottom l a y e r  i s  very  p o o r l y  resolved.  

Whether p = 1 o r  100 Rm makes l i t t l e  d i f f e r e n c e  on the  o t h e r  parameters, 

and so we use t h e  h igher  va lue as a constant .  
3 



Figures 4 and 5 present the  data f o r  sounding T3-R1. Here t h e  

th ree - laye r  model f i t s  t h e  data f a i r l y  w e l l  and the  model parameters a r e  

w e l l  resolved. Figures 6 and 7 present the  data for sounding T3-R2 w i t h  

another th ree - laye r  model f i t  t o  the  data.  Figures 8 and 9 represent 

a two- layer  f i t  t o  the  same data .  Note t h a t  t he  common parameters 

between the  two models have v i r t u a l l y  t he  same values. However, t he  

r e s o l u t i o n  o f  t h e  two- layer model parameters i s  much b e t t e r ,  l end ing  

increased conf idence i n  t h e  depth t o  and r e s i s t i v i t y  o f  t he  conduct ive  

t a r g e t .  

Figures 10 through 13 p resen t ing  da ta  for T3-R4 show t h e  same s i t u a -  

t i o n  as found f o r  T3-R2. Figures 14 and 15 a r e  for T3-R5 and y i e l d  a 

th ree - laye r  model w i t h  good parameter r e s o l u t i o n .  

I n  general ,  a l l  t h e  models a r e  cons is ten t  w i t h  the  seeming except ion  

of  t h e  models f o r  T3-R2. 

ted, c o r r e l a t i o n  c o e f f i c i e n t  -- 0.99. 

a l l  t h a t  can be determined from the  invers ion .  Therefore a t h i c k e r ,  

more r e s i s t i v e  midd le  l a y e r  (which would keep the  r a t i o  h2/p2 cons tan t )  

would a l s o  f i t  the  data.  Thus, a general model of  8-10 Om, 500-m t h i c k  

However, p 2  and h2 f o r  T3-R2 a r e  h i g h l y  c o r r e l a -  

Th is  means t h a t  t he  r a t i o  h2/p2 i; 

500-m t h i c k  midd le  l a y e r  above a 100 f im base- 

s i n t e r p r e t e d  

gure 16 f o r  

top  l a y e r  above a two O * m ,  

ment i s  cons i s ten t  w i t h  a1 

from data  p r e v i o u s l y  taken 

cornpa r i s o n .  

t he  da ta  

by J a i n  ( 

obtained. The mode 

978) a r e  shown i n  F 
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APPENDIX  A 

TABULATION OF RESULTS FROM GRASS VALLEY TESTS 

Normalized Field" 

HZ Hr 

1.105t0.4 0,220k7.4 
'i .255tO. 52 0.548t3.4 
1.386k0.54 0.733t3.6 
1.450t0.71 0.904t2.8 
1 .418t0.21 0.93020.66 

0.94220.32 1.092t0.17 
0.648t0.15 0.989t0.08 
0.377t1.5 0.740t0.48 

1.138t0.12 l.Og5t0.30 

1.085t0.07 0.044t1.0 
1.114t0.07 0.074k1.56 
1.152t0.12 0.114k0.78 
1.23220.07 0.197t1.1 
1.28 1 t O . O  1 0.287t0.30 
1.350k0.02 0.442k0.28 

1.40120.27 0.811t1.1 
1.354k0.16 1.016t0.14 
0.996k0.26 1.250t0.54 
0.46gt0.33 1.16 t0 .21  
0.24822.2 1.019k1.30 

1.380t0.02 0.559k0.12 

0.1 i .og8to.o8 0.04724.4 
0.3 1.12350.16 0.11721.37 
1 .o  1.27120.02 0.30220.08 
3.0 1.341k0.03 0.54620.06 

10.0 1.31720.007 0.991+0.03 
30.0 0.966k0.55 1.179k0.12 

100.0 0.507k0.31 0.632k0.54 

0.1 1.101t0.31 0.203t3.0 
0.3 1.186tO.42 0.534t3.0 
1 . o  1.25720.09 0.92350.49 
3 . 0  1.10520.23 1.052tO.61 

10.0 0.59620.38 1.007+0.27 
30 b . 0  0.131214.4 0.708k1.36 

* 
Errors in percentages 

T3-Rl 

~ 3 - ~ 2  

Phase in Degrees?;" 

@Z @r 

183.8320.18 275.5323.00 
185.91t0.29 245.8252.60 
182.2620.27 235,0251 3 8  
176.7020.26 224.7824.60 

148.50tO. 19 185.71tO. 12 
136.1720.17 174.0020.65 
117.80k0.54 161.77t0.05 
95.3021.40 145.16k0.18 

170.34+0.04 209.96t0.23 

181.95t0.03 286.60t1.27 
183.67k0.02 271.7051.26 
184.82k0.09 262.1720.56 
185.25t0.05 251 .9020.62 
184.31+0.01 243.12k0.14 
180.92t0.01 233.71tO. 15 
176.88k0.02 228.75tO. 10 
169.83k0.18 219.26k0.58 
160.44tO. 02 207.44t0.01 
130.17t0.20 182.27t0.06 
94.74t0.39 159.00t0.11 
73.60k2.10 151.42t1.0 

182.1620.08 254.25t2.2 
184.66k0.03 251.25t0.75 
183.52tO.O 1 233.95t0.38 
177.2720.01 177u27k0.03 
160.42kO.O 1 t60.42+0.0 1 
131.55k0.16 153.98?:0.04 
107.8950.28 59.48t0.17 

182.62k0.15 258.47t3.9 
183.01+0.29 243.7022.0 
171.2420.05 206.6920.24 
154.62t0.14 185.13t0.19 
120.18+0.18 158.5720.15 
90.04t20.81 137.35t0.64 

** 
Errors in degrees 
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