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INTRODUCTION 

Electrical and electromagnetic (EM) techniques have been shown to be 

useful for del ineating either the gross geological structure or the reser

voir region of some convective geothermal systems. This app1 ication is 

based on the relationship between the bulk resistivity of the reservoir 

region and a complex function involving, among other things, temperature, 

type and concentration of ionic species, presence of a gas phase, effects 

from conducting sulfide or clay minerals, and fracture permeabi 1 lty. It 

has been noted in the literature that 1 iquid-dominated geothermal systems 

exhibit a lower resistivity than surrounding rocks for several possible 

reasons: (a) increased ion mob!l lty; (b) a higher concentration of ions; 

and (c) increased permeability and/or porosity. However, there is evidence 

that some geothermal reservoirs exhibit higher bulk resistivity than 

surrounding rock because of a vapor phase (The Geysers) or a porosity loss 

caused by secondary minerals (Cerro Prieto). 

Of the techniques available to determine subsurface resistivities, 

dc resistivity has been the most widely used, but the magnetotelluric (MT) 

method has also been used in both reconnaissance and detailed studies; and 

several controlled-source EM techniques have been tried as well (Keller and 

Rapolla, 1976; Harthi11, 1976; Jackson and Keller, 1972; Ghosh and Hallof, 

1 973; and Ke lIe r, 1 970) . 

In the LBL/U.C. Berkeley evaluation of geophysical techniques for 

geothermal exploration, a successful test was made in Grass Valley, Nevada, 

of a prototype frequency-domain EM system (Jain and Morrison, 1976; Jain, 

1978). These experiments showed that the EM soundings gave interpreted 

results that compared well with those from dipole-dipole dc resistivity 

surveys. Based on the need for continued development and demonstration 

of a field-worthy system (Ward, 1978), and supported through the Department 

of Energy/Division of Geothermal Energy1s Exploration Technology Program, 

LBL and U.C. Berkeley have developed the EM-60 system, the number related 

to the 60 kW output of the motor generator used. 
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The system, easily expandable to include time-domain measurements, is 

designed for use with a large moment, horizontal-coil transmitting antenna. 

This choice was based on the need to overcome a number of problems en

countered in dc resistivity, MT and existing controlled-source EM systems: 

(1) Because no ground contact is needed, the system is better 
suited to areas where the contact resistances are high, 
such as sand-covered desert regions or talus slopes on 
mountains. 

(2) A magnetic field detector can be used, thus eliminating the 
need for long wires, other than the transmitter coil, to 
be laid out and retrieved. 

(3) The transmitter can be installed at a convenient location, 
an especially helpful feature in terrain where access is 
1 imited, and a survey around the transmitter site is 
conducted by moving the receiver only. 

(4) Vertical resistivity soundings are made by varying frequency, 
not transmitter-receiver separation as in dc resistivity, 
thus avoiding interpretational difficulties introduced by 
I atera I i nhomogene i ties. 

(5) By generating an EM field over a broad frequency range 
(10 3 Hz to as low as 10- 3 Hz), the sounding curves provide 
both good resolution of the near-surface as well as depth 
penetration to basement. 

(6) The system would not depend on natural field activity, 
and would therefore provide reI iable data in bands where 
the absence of natural signal often leads to incomplete 
~1T data. 

Despite considerable interest in higher frequency EM techniques for 

mineral exploration throughout much of the world, and for low-frequency 

EM techniques for petroleum exploration in Russia (Vanyan, 1967; Smith, 

1963), surprisingly little work on EM soundings have been done in western 

countries. Compared to the rapid technological advances in seismic re~ 

flection, for example, developments in EM techniques have been slow. The 

difficulty in interpreting EM results even for simple geological settings, 
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problems in generating and measuring the low-frequency magnetic fields, and 

field problems associated with laying out and retrieving long heavy wires, have 

discouraged efforts to employ EM techniques, even in areas where seismic and 

other techniques are not useful, 

This report, divided into three sections describing the transmitter, 

the receiver and data interpretations, should show that we have made signifi

cant technical advances toward the development of a large moment EM system 

employing a magnetic dipole source, Hopefully, the system will have practical 

application in geothermal and other surveys, 
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THE EM-60 TRANSMITTER 
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This section gives a brief description of the EM-60 transmitter, 

its general design and the considerations involved in the selection of a 

practical coil size and weight for routine field operations. The trans

mitter was designed with several criteria in mind: 

(a) The system should provide a large magnetic moment, greater 
than 106 MKS at low frequencies, 

(b) The system must operate reliably under adverse field 
conditions with a small field crew, 

(c) The system must be both safe and easy to operate; and 

(d) The system should be relatively inexpensive so that 
copies or similar systems may be repl icated at a 
reasonable cost. 

Except for the last point, for which we have no basis for judgment 

or comparison, all the criteria seem to have been met. The transmitter 

is operated by one man; however, laying out and retrieving the horizontal 

loop antenna requires a larger crew, the exact number of which would depend 

on loop weight, geometry and terrain, etc. Electronic schematics and 

mechanical drawings are not presented here, but are available. The key 

design feature of the transmitter is the transistorized switching arrays 

which permit rapid switching of large currents into the loop. 

The Transmitter 

The EM-60 system is powered by a Hercules gas01 ine engine 1 inked to 

an aircraft 60kW, 400 Hz, 3¢ alternator. These two components form the 

motor generator (MG) set, and are mounted in the back of a Dodge one-ton

chassis, four-wheel-drive truck (Figure 1). Truck and motor-generator 

set were selected, in part, on the basis of availability of these 

components at LBL. The output is full-wave rectified and capable 
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of providing ±150 volts, 400 amp to an external load which is a horizontal 

coil (Figure 2). The block diagram, Figure 2, shows that the direction 

of current flow through the coil is controlled by one of two transistors. 

These are actually parallel arrays of 6 to 60 transistors mounted modularly 

in a box called the !'crate!! (Figure 3). The crate also houses the ful1-

wave rectifier. 

Transistor modules are interchangeable, each consisting of a heat 

sink and fan to enhance heat dissipation. With 18 to 20 of the modules 

in place, up to 400 amp may be del ivered to the coil. Above the crate 

is the electronics rack. This houses the amplifiers used to control the 

transistors in the crate (Figure 4). During travel and storage, crate 

and electronics boxes are carried internally, protected by a snug-fitting 

cover attached to the rear of the truck. During operations both are 

swung away for cool ing and easier access. 

Separate from the transmitter truck, but connected to it by cable, 

is the remote control box (Figure 5). This contains a crystal-controlled 

oscillator and dividers, so that a fundamental period of from 10- 3 to 10 3 

can be selected. On the panel of the control unit are range and thumb

wheel switches for selecting the fundamental period, as well as controls 

and indicator I ights for the transmitter. The remote box may be taken 

100-150 feet from the transmitter truck where the motor-generator noise 

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

rapidly away from the truck, even when the louvered side panels are removed. 

The operating frequency, fo' the inverse of the selected period, is 

amp! ified at the truck and used to turn the switching transistors on and 

off via the array driver chassis. Since isolation between the load 

voltages and the truck chassis is desirable, optical couplers link the 

array driver to the control signals. For the same reason, separate 

floating voltages are provided for the array driver. The crate controller 

1 inks the truck to the remote box and houses the control electronics. 

These chassis are in the upper rack (Figure 4). 
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Figure 2. A general block diagram of the EM-GO transmitter section. 



10 

(eBB 788-8381) 

Figure 3. The crate with its cover removed, showing the modular 
arrays of transistor switches and the full-wave recti
fier at left. 
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(eBB 781-953) 

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. 
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Magnetic Dipole Moment 

For electromagnetic surveys it is usual to desire the largest 

moment, M, practical or possible. By definition: 

M "" NIA 

where 

N = number of turns, 

= current in amperes, and 

A 'I . 2 "" COl area In meters. 

The current, I, defined by Ohm's Law is: 

v =z 

(1) 

(2) 

and depends on the voltage, V, from the rectifiers and the impedance, Z, 

of the loop, 

The EM-60 is a square-wave voltage generator, switching between +150 

and -150 volts. At low frequencies, the inductive nature of the coil can 

be ignored and the moment can be given as 

M 
NVA 
-R-

where V is ~150 volts. and R is the resistance of the coil. 

Coil resistance is given as: 

(4) 

where p is the resistance per unit length of wire. and f is the total length 

of wire in the coil. For a circular coil the area, A, may be expressed in 

terms of the coil length as 

A "" 
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Substituting equations 4 and 5 into equation 3, the dipole moment is given 

in terms of the wire parameters useful in planning a field survey, 

(G) 

This shows that the maximum moment from a given length of wire is produced 

using only one turn. However, in many field situations, terrain, vegetation, 

and/or water may dictate the use of smaller area, multi-turn coils. Also 

important in surveys are the total weight of wire that can be brought 

into the field and the amount of current that may safe1.ybe carried 

through the wire. Higher currents than those recommended ~an sometimes 

be used so long as the heating effects do not pose a fire hazard or 

create other problems; e.g., a hot wire melting into ice would be 

difficult to retrieve. 

For several wire sizes that have been used or considered for use 

with the EM-GO, we I ist in Table I the minimum wire length considered 

safe. For these lengths heating is only sl ightly detectable by hand. 

Table I also shows the corresponding weights for the minimum lengths. 

Initially, we contemplated using a 4/0 welding cable to real ize the 400 

400 amp capability of the EM-60. This would require laying out and 

retrieving at least 4 km of cable weighing 4000 kg, not an insignificant 

task for men and machines. Because LBL does not have field equipment to 

handle cable of this length and weight, and because the parameters are 

antithetical to a cost-effective exploration method, field tests and 

surveys have been conducted with shorter lengths of the smaller #10 and 

#G cables. Therefore, the EM-GO has been operated well below its full 

capabl I Ity, del ivering typically ±63 amperes to the coil. 

Field Tests 

The EM-60 was given its first full-scale field test in Grass Valley, 

Nevada during July 1978. The site was chosen because previous electrical 

and electromagnetic surveys along establ ished geophysical 1 ines had 

provided us with a subsurface electrical model against which the EM-GO 

results could be compared. The terrain is flat and open, making loop 
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TABLE 1 

DESIGN CONSIDERATIONS FOR THE EM-60 TRANSMITTER COIL 

WI RE Silt 

PARAMETER 10 6 2 4/0 

Wi re resistance/km ( /km) 3.28 1. 30 .513 .160 

Weight (kg/km) 49 118 299 955 

Minimum coli length to 
prevent excessive 
heating (km) 1.8 2.3 3.3 4.2 

Minimum co 1 1 we j g h t ( 1 ) 
to prevent excessive 
heating (kg) 86 273 972 4000 

Current carrying capacity 
of minimum length cable 
(amps) 25 50 90 225 

(1) Weight does not include weight of insulation. 
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handl ing easy. The coil used consisted of four turns of #6 wire, 100m 

in diameter and 1372m in total length. The 115m of cable not used in 

the loop provided pigtai Is to the transmitter truck. Figure 6 shows a 

comparison of calculated dipole moments for various turn-area combina

tions and the measured moment for the coil used in Grass Valley. The 

dipole moments are calculated on the basis of 126 amp peak-to-peak 

delivered to the coils at low frequency. Depending on coil diameter and 

number of turns, a cut-off frequency exists above which the dipole moment 

dec! ines because of the inductive reactance. In practice the measured 

dipole moment did not quite follow the theoretical curves above the 

cut-off frequency, This is because the load, due to its reactive nature, 

caused the motor-generator to labor less at higher frequencies, thus 

increasing the effective power input to the loop. 

Current in the coil was monitored by means of a O.Oln, 0.1 percent 

shunt resistor. This shunt also provided the reference voltage carried 

to channell of the receiver by means of a twisted pair of wires. The 

reference voltage served as the current amplitude and phase reference 

at the microprocessor-based receiver described in Section II of this report. 

Except for refuel ing operations, the transmitter operated contin

uously and without failure during the five days of field operations. 

During this time the ambient temperature exceeded 42°C in the shade, 

and the longest continuous run was nine hours. 
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Moment::: turns x area x current 

N~ I, r~ 218.4 meters 

EM-60 supplies ±63 amps into 
I. 372 x 103 meters of :# 6 wire. 

10 7 
+- N~ 2, r~ 109.2 meters c F-----------~~~~~~~~------------------------~ 
Q) N=3 r= 72.8 meters 
E N =4 r= 54.6 meters o 
E N ::: 5, r" 43.7 meters 

N ~ 10, r~ 21.8 meters 

Given: I. 372 x 10 3 meters of # 6 wire, in a circle 

• ::: Grass Valley, Nevada, 50 meters radius, (measured) 

4 
10 IOL-'?r2 ------.-LIO--;-I---~L-------1.IO'1 ----l,,--~----l103 

Frequency (hertz) 

XBL 788 - 2664A 

Figure 6. Theoretical and observed dipole moments over the 10-3 to 
103 Hz frequency range for a circular loop of #6 cable. 
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A MICROCOMPUTER-BASED RECEIVER FOR THE EM SYSTEM 
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A Receiver for an EM Pros tem 

This section describes a programmable, multichannel, multi-frequency, 

phase-sensitive receiver. The receiver was designed and built in the 

Engineering Geoscience Group, Department of Materials Science and Mineral 

Engineering, U.C. Berkeley, as part of a Lawrence Berkeley Laboratory 

project to develop for geothermal exploration, a large-moment electro

magnetic prospecting system. The transmitter for this system, described 

in the previous section, consists of a 60-kw motor-generator, power

transister switching circuitry and a horizontal loop antenna. At a 

receiver station the magnetic fields are detected by means of a 3-

component SQUID magnetometer. The signals are then conditioned by a 

set of ampl ifier-filters, and processed by the microcomputer-controlled 

frequency-domain receiver (Figures 1 and 2). The electric field components 

may also be detected and processed if so desired. Field tests at Grass 

Valley, Nevada, described in the following section, showed the system 

capable of obtaining well-defined sounding curves (amplitude and phase 

of magnetic fields) from 1 kHz down to 0.1 Hz. Transmitter-receiver 

separations of I to 2 km were used with transmitter moments of about 

2 x 10
6 MKS. 

Measurements at frequencies below 0.1 Hz were made, but the statisti

cal error grows larger with decreasing frequency because of the rapidly 

worsening signal-to-noise ratio. The noise is geomagnetic fluctuations, 

the spectrum of which ~aries approximately as l/f. Although the receiver 

is designed for frequencies to 10-3 Hz (1000 second period), obtaining 

useful information below 10- 1 Hz would depend on longer averaging times 

and larger primary fields than used during tests. Low frequency informa

tion might also be obtained by means of a magnetic gradiometer detector 

to cancel common geomagnetic noise. 
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Horizontal loop, M:> 106 mks at 100 Hz 

Control unit 

Telemetry 
o Clock. 

a Loop input current 

o Voice intercom 

/

3 Component 
SQUID 

.----F-_-_-_-_-~--~----~------_.'""'I magnetometer 

Ee 
Ch 1 

6 Channel 2 14----1 Filters 
Stacking 3 Gnd 
Spectrum 4 Amplifiers \-+-__ --' 
Analyzer 5 

61<*-----1 

Electrode array 

A low frequency electromagn IC pros cting system 

XBL 786-2575 

Figure loA low frequency electromagnetic prospecting systemo 
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~ EY pot 
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Fig u re 2. EM rece i ve r s ta t ion. 
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The field tests showed it was practical to analyze the first 4 odd 

harmonics (1, 3, 5 and 7) in the transmitted square-wave at one time. 

This reduces the number of frequency changes at the transmitter to 

only one per decade for frequencies below 100 Hz. In tests, over

lapping spectral estimates were obtained from closely-spaced fundamental 

and harmonic frequencies, and the comparisons were good. 

Through the keypad the operator is able to set the parameters 

controll ing the signal processing, such as: 

a) Period of the fundamental current waveform. 

b) The maximum number of odd harmonics of the waveform, up to 
16, to be measured. 

c) The number of cycles of the signal to be averaged prior to 
Fourier decomposition. 

d) The number of input channels (up to 6; e.g., 3 magnetic and 
2 telluric and a reference from the transmitter). 

Ampl itude and phase information at each harmonic can be displayed 

sequentially on the receiver's five-digit LCD (Figure 3). However, it 

is more efficient to record the data on the optional six-column thermal 

printer. Table T gives an example of the thermal printer output format. 

In addition, the operator may call routines which display the stored wave 

forms on an oscilloscope, or sequentially dump them to a chart recorder. 

Descriptions and examples of chart recorder and oscilloscope displays 

are given in Table 2. 

Table 3 lists the receiver's basic specifications and special 

features. 



OPEN 
REGISTER 

INDICATOR 
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Figure 3. Liquid Crystal Display Format. 



26 

TABLE 1 

THERMAL PRINTER OUTPUT FORMAT 

, STATION NO. 
~ RUN NO, II II , 
U U I 

III NO, OF CYCLES AVERAGED (EXPONENT OF 2) 
I u. 
III 

PERIOD IN MILLISECONDS 
I.U 

n I HARMONIC NO. 
U I. 

MILLIVOLTS OR REAL! , 
8 CI C/ .3 AMPLITUDE IN 

CH 1 
::; 

IMAGINARy 1 
J 0 II n r PHASE IN DEGREES OR 

L . I U -, ::; 
., II 
::; 0 ci I~.O AMP or REAL 

CH 2 II n In PHASE or IMAG 
.U U IU 

3 8 CJ o If 
I.U 

AMP or REAL 

.. PHASE or IMAG 
CH 3 n n c1 

.U U C 

J II II o II AMP or REAL 
.J 0 -I I.U 

CH 4 II II , 
3 PHASE IMAG .U U :J or 

38 1-/ 9.3 AMP or REAL 

CH 5 n II 1-/ 1_/ PHASE or IMAG .U U 

:1 8 C/ o 1_ 
I.U 

p.MP or REAL 

CH 6 II II 1- I PHASE or IMAG 
.U U :J 0 

1. When the rectangular mode is used, the in-phase or real part 
replaces amp! itude and the quadrature or imaginary part replaces 
phase. Note that the real and imagniary parts are not scaled 
by the constant 1.19266 to obtain millivolts and are not phase 
corrected for the sampl ing skew. See Table 10 key no. 1. 
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TABLE 2 

CHART RECORDER AND OSCILLOSCOPE DISPLAY 

, , , I I , I 

~ rt1.1 ~I (' H ;,. li';...,':\ I I (C' .'} I 1· c I I r rj (. 

-tr .... -; ·r T r 
.... UI 1 _C 1--

. .. ~ -

+1-+ 
zero volts for 4 points, 
functions to separate channels. 

Example of a chart recorder dump of six channels 
of a digitally stored sinewave at 16 points per 
cyc Ie, Paper moved to left. 

CHART AND SCOPE DISPLAY 

Output voltage range 

Digital to analog conversion resolution 

CHART RECORDER DISPLAY 

Points per cycle 

64 

16 

4 

OSCILLOSCOPE DISPLAY 

Points per cycle 

64 

16 

4 

Refresh rate 

45 HZ 

150 HZ 

350 HZ 

+/- 5 volts 

8 bits (39.6mvolts/bit) 

Time required for dump 

14 secor,ds 

4.2 seconds 

1.8 seconds 

Display time window 

22 m sec 

6.7 m sec 

2.9 m sec 
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TABLE J 

M6800 MICROCOMPUTER SIGNAL PROCESSOR 

SI 

ENCY 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 DIGITAL 
CO~VrRSION RESOLUTION 

SYNCHRONIZAT ON SIGNAL 

PHASE REFERENCE 

DETECTION ALGORITHM 

QUANTITIES OUTPUT 

DATA OUTPUT FORM 

POWER CONSUMPTI 

INTERNAL BATTERY LIFE 

SIZE AND WEIGHT 

PROGRAMMED AS A 

STACKING HARMONIC 

1.01 x 10-3 Hz to 1.0 KHz 
(990 sec to 1.0 msec) 

Better than 0.05 degrees 

15 Up to 2 cycles 

1.0 KHz to 101 Hz: 4 pts/cycle 
100 Hz to 13 Hz: 16 pts/cycle 
12.5 Hz to 0.00101 Hz: 64 pts/cycle 

Up to 32, 8, 0 r 2 harmon i c 5 for (; 4, I 6, 0 r 
4 pts cycle,respectively 

Six single-ended or differential channels 

t 5V signal voltage 

12 bits binary 

7.68 MHz, TTL internal or external, 
switch selectable 

Phases of harmonics in the channel 
waveform serve as phase references for 
channels 2 to 6 

16 and 4 pts/cycle (8 bit data resolution) 
i. acquire 8 cycles of data 

i i. stack data, repeat i 
iii. sine and cosine transform stacked data 

16 and 64 pts/cycle (12 bit data resolution) 
i. acquire and stack data continuously 

i i. sine and cosine and transform stacked data 

Ampl itudes, phases, number of cycles averaged, 
harmonic number, period of fundamental, 
station no., and run no. 

5 digit LCD and 6 column thermal printer 

10-15 watts 

8-10 hours continuous 

9 x 16 x 16 inches, 35 lbs. 
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An Adaptable Receiver Design 

Although the instrument was designed as a special ized receiver for 

a particular EM system, it has a general structure adaptable to many 

signal processing tasks in geophysics. Perhaps the most important 

feature of this structure is programmabi 1 ity. This feature allows 

one to modify the function of the instrument through a programming 

change rather than by time-consuming hardware modifications. 

The receiver's hardware is also designed for flexibility. The 

hardware is organized around a backplane bus containing the address, 

data, and control lines for the microcomputer (Figure 4 and Table 4). 
The chassis has eight circuit-card slots connected to this bus. Five 

slots are used in the present system; the other three may be used for 

system expansion; e.g., additional memory, special control boards, 

or analog filter circuits. 

These features, combined with the instrument's calculator-l ike 

operation and portabil ity, make it extremely promising as a general 

purpose receiver for exploration geophysics. 

At present, a time-domain EM program is under development for the 

receiver, and other program additions are being considered. 

Simple Operation 

The receiver is simple to operate. When power is turned on or the 

reset switch is activated, the receiver automatically performs self-test 

routines and initial izes all control parameters to bring itself to an 

operational state (Table 5). The program automatically selects the 

optimal number of points per cycle and analog to digital conversion 

word sizes for data acquisition operations (Table 6). Although the 

user has the option to select several control switches and parameters 

to increase the efficiency of the signal processing operations, the 

operator is required only to set the period and the number of cycles 

of waveform to be averaged, and call a signal processing routine. 

Table 7 gives a list of the steps the operator follows. These 

procedures will be discussed In more detlal In following sections. 



PROGRAMMABLE 
TIMING BOARD 

30 

DATA ACQUISITION 
BOARD 
(ADc) 

FRONT PANEL 
INTERFACE BOARD 

CI /0) 

MEMORY BOARD 

2K WORDS RAM 
4K WORDS PROM 

CENTRAL 
PROCESSING UNIT 

M6800 
MICROPROCESSOR 

EXTERNAL 
TIMING 
CLOCK 

L 
INPUTS 

(6 CHM!NEL) 

FRONT 
PANEL 

DATA, ADDRESS AND CONTROL BUS 

XBL 786-2578 

Figure 4. System hardware structure for M6800 microcomputer 
signal processor. 
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TABLE 4 

M6800 SIGNAL PROCESSOR BACKPLANE 

PIN NO. NAME PIN NO NAME 

1 -15v 29 D4 

2 -15v 
30 D5 

3 +ISv 31 D6 

4 +15 v 
32 D7 

5 
OV 33 

6 OV 34 

7 +5v 
35 

8 +5 v 
36 

9 N/J (LSB) 37 

10 Al 38 

11 A2 39 NMT 

12 A3 40 IRQ 

13 A4 41 Qj2 

14 A5 42 VMA 

15 A6 43 R!W 

16 A7 44 Qjl 

17 A8 45 
-
RST 

18 A9 46 HALT 

19 AIO 47 

20 All 48 300 BAUD (x16) 

21 A12 49 PAGE QjQj 

22 A13 50 PAGE FF 

23 A14 51 +5 v 

24 A15 52 +5 v 

25 DI1J (LSB) 53 OV 

26 Dl 54 OV 

27 D2 55 _9v 

28 D3 56 -9v 
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TABLE 5 

M6800 MICROCOMPUTER SIGNAL PROCESSOR 

SPECIAL FEATURES 

I. VERSATILE CONTROL ROUTINES ALLOW AUTOMATIC CALCULATION 
AND PRINTOUT OF SINGLE OR SELECTED GROUPS OF HARMONICS 
(E.G. ODD HARMONICS, 15TH THROUGH 1ST). 

I I. CHART RECORDER DUMP OF STORED SIGNALS. 

I I I. OSCILLOSCOPE DISPLAY OF STORED SIGNALS. 

IV. VOLT METER FUNCTION - DISPLAYS VOLTAGE ON SELECTED CHANNEL IN 
MILLIVOLTS. THIS ROUTINE IS USED TO SET GAIN LEVELS. THE 
SYSTEM SUPPLY VOLTAGE MAY BE CHECKED BY EXAMINING THE VOLTAGE 
ON CHANNEL 7. 

V. MAXIMUM VALUE FUNCTION - FINDS MAXIMUM VALUE ON EACH OF THE 
STORED WAVEFORMS AND DISPLAYS VALUE IN MILLIVOLTS. 

VI. AUDIO TRANSDUCER ALERTS OPERATOR TO COMPLETION OF LONG SIGNAL 
AVERAGING OPERATIONS. 

VI I. AUTOMATIC SYSTEM TEST ROUTINES: 

A) TESTS 2K OF DATA STORAGE MEMORY (RAM) IDENTIFYING 
ANY DEFECTIVE MEMORY CHIP (16 OF THESE). 

B) TESTS 4K OF PROGRAM STORAGE MEMORY (ROM) IDENTIFYING 
DEFECTIVE ROM CHIP (4 OF THESE). 

C) TESTS FOR PRESENCE OF TIMING SIGNALS: CHECKS RATIOS 
OF SAMPLE TO CYCLE PULSES AT EACH OF 4, 16, AND 64 
POINTS PER CYCLE: DISPLAYS ERROR-IDENTIFYING-CODES 
IF ERRORS ARE DETECTED. 

D) WRITES TEST SQUARE WAVE INTO MEMORY FOR CHECK OUT 
OF TRANSFORM ROUTINES. 

E) TESTS LIQUID CRYSTAL DISPLAY AND PRINTER. 
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TABLE 6 

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

DIGITAL CONVERSION WORD SIZE, 

POINTS PER CYCLE 

64 

16 

4 

ANALOG TO DIGITAL 
CONVERSION WORD SIZE 

12 BIT WORDS 

8 BIT WORDS 

PERIOD RANGE 

990 sec THROUGH 80 msec 

(0,00101 HZ) (12.5 HZ) 

79 msec THROUGH 10 msec 

(12.658 HZ) (100 HZ) 

9.0 msec THROUGH 1.0 msec 

(111.11 HZ) ( 1 . a KHZ) 

PERIOD RANGE 

990 sec THROUGH 20 sec 

(0.00101 HZ) (50 HZ) 

19 msec THROUGH 1.0 msec 

(52.63 HZ) (1.0 KHZ) 
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TABLE 7 

RECEIVER OPERATION PROCEDURE 

Part Set Control Switches and Connect Cables 

Select internal or external 12 volt power source. 

Turn receiver power on. 

Select internal or external SYNC (7.68 MHZ). 

Put run/load switch in run position. 

Place mode switches in selected positions. 

Press test switch on printer, before connecting printer. 

Connect printer, turn printer power on. 

Connect input and output cables. 

Part 2 System Test 

Press reset - system test. 

Look for error codes and examine checksums. 

(see section on system test) 

Part 3 Set Parameters 

Enter Period: Press (PER), (NO.), (NO.), (NO.), (LCK PER) 

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

Enter No. of Cyc. Avg.: Press (NO.CYC), (NO.), (NO.), (RTN) 

Enter No. of Channels: Press (NO.CHL), (NO.), (NO.), (RTN) 

Enter Station No.: Press (MEM) , (2), (NO.), (NO.), (RTN) 

Part 4 Call System Programs 

Call volt meter routine for each channel and set gains. 

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

Call one of the acc;uisition routines e. g. (RUN), (Al) 

Cal] scope display routine (RUN), (OSC), (1) 

or call chart display routine (RUN), (CHT) 
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High Accuracy Phase Measurements 

The receiver was designed to make high accuracy phase and amp1 itude 

measurements under conditions of low signal-to-noise ratios. High 

accuracy measurements are particularly important for electromagnetic 

soundings at frequencies below about 10 Hz, where phase accuracies of 

0.1 degree may be required to invert the soundings reI iably. 

The phase accuracy obtained from a given sinusoidal waveform, 

excluding al iasing, is a function of the signal or data resolution, 

the number of points per cycle, and the precision of the transform 

arithmetic. Figure 5 shows the maximum phase error that can be expected 

with a given resolution and number of points per cycle. If the signal

to-noise level of the measured signal is known, Figure 5 may be used 

to estimate the number of times the waveform must be stacked to obtain 

a given phase accuracy. 
-k 

One may assume N 2 reduction of noise. 

Under favorable signal-to-noise conditions, exceptionally accurate 

phase measurements may be made. For example, laboratory tests have 

shown the receiver capable of measuring relative phases with accuracies 

better than 0.002 degree below 12.5 Hz, 0.006 degree below 100 Hz, and 

0.05 degree below 1000 Hz. 

The periods of the harmonics in the stacked waveforms correspond 

exactly to those analyzed by the sine and cosine transform routine, by 

definition of the harmonic content of a periodic waveform. This precise 

matching of waveform periods e1 iminates spectral smearing resulting 

from the finite data lengths, and makes the high accuracy phase measure

, ments possible. 
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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 100 ppm. 

Phase measurements relative to the transmitter current are made by pro

cessing the transmitter current waveform (on channell) 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 I to act 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 controll ing 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 trans

mitter and receiver will be operating at 51 ightly different frequencies. 

This difference in frequencies puts a restriction on how sharp the receiver's 

digital fiJter 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 7.68 MHz clock input on the receiver. 

This requires telemetering the transmitter clock signal to the recei~er 

but allows unrestricted stacking of the waveforms. 



Frequency domain EM soundings can be made 'lith the receiver in two 

ways. One approach involves the normal ization of the phase and 

ampl itude spectra of the magnetic field by the spectra of the trans

mitter current. This method requires that the voltage across a shunt 

resistor in the transmitter loop be brought to channell of the 

receiver via a twisted pair of wires. These wires are the only 

physical connection between the transmitter and receiver, and provide 

an absolute phase and ampl itude reference for the system. The second 

approach el iminates the need for a current reference from the trans

mitter by analyzing phase and ampl itude relations between the vertical 

and horizontal magnetic fields, which define a polarization ell ipse. 

The essential information on earth conductivity structures is contained 

in EM soundings produced by either the transmitter current reference 

or polarization ell ipse approaches. 

SIGNAL PROCESSING 

Table 3 1 ists the principal features of the receiver, which is built 

around the M6800 microprocessor (Figure 6). The simpl ified program struc

ture is shown in Figure 7, and the hardware structure is shown in Figure If, 

A multichannel, 12-bit analog-to-digital conversion module is used to 

sequentially sample six channels of electrical signals. The sampled 

waveforms from each of the channels are stacked in memory to improve 

the signal-to-noise ratio, then normal ized by the number of cycles 

averaged. The discrete Fourier transform is then obtained using a 

table of 16-bit sine and cosine constants and a software multiply 

routine using 16-bit fixed point operands and producing 32-bit products. 

In-phase and quadrature results from the transform are converted to 

phase (in degrees) and amplitude (in millivolts) using a CORDie rota-

tion method. Next, the phase-shift errors introduced by the sequential 

sampl ing of the six channels are corrected, and the phase of channel 

1 is subtracted from the phases of channels 2 through 6. Thus, phases 

for signals on channels 2 through 6 are all relative to the phase of 

the signal on channell. The binary results of the processing are 

converted to BCD and printed out on a thermal printer. Table 1 gives 
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(eBB 7810-13519) 

Figure 6, M6800 microcomputer signal processor, 
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TRANSFORM RESULTS 
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Figure 7. Simpl ifled program structure for 
M6800 microcomputer signal 
processor. 
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an example of the output format from the thermal printero In this 

case, a common signal was entered onto all six channelso Ampl itudes 

agree to within ±0.3 mill ivolts, and the maximum phase error, on 

channel 6, is 0.0056 degrees (.0977 mill iradians). 

OPERATIONS 

Table 5 1 ists special features of the receivero In addition to the 

keypad accessible signal processing, waveform display and utility routines, 

the receiver contains a system test routine designed to test vital sections 

of system hardwareo The system test routine is automatically called when 

the receiver is powered up and each time the reset switch is pressedo The 

automatic test programs are listed in Table 5. Sections VI I A-E. 

Systems Programs 

The receiver has ten keypad accessible system programs which allow 

the operator to control the instrument's function. These programs are 

called by pressing the RUN key followed by the number key corresponding 

to the selected program. The key symbols and programs are defined in 

Table 8. 

Stored Pa 

Three types of stored values may be accessed from the keypad: 

(1) operator-set control parameters, e.g., number of cycles averaged; 

(2) program-set parameters that may be examined by the operator, e.g., 

number of points per cycle~; (3) signal processing results, e.g., phase 

and amplitude. The more frequently used parameters have been assigned 

separate control keys for faster access; less frequently used parameters 

are read by pressing MEM, then the number key associated with the 

particular parameter. Key symbols and parameter descriptions are given 

in Tables 9 and 10. 



Key 
Symbol 

I 
Al 

4 
AEO 

7 
AAL 

2 
TI 

5 
TEO 

8 
TAL 

6 
CHT 

o 
OSC 

6 
MAX 
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TABLE 8 

SYSTEM PROGRAMS 

The RUN key followed by the program key number given on left 
callsA the following programs: 

Acquires a set of signals at the selected period and averages 
the selected number of cycles; then transforms and prints a 
single harmonic defined by HRM. 

Acquires signals as the above program. Then transforms and 
prints every other harmonic beginning with HRM down through 
the first harmonic. 

Acquires signals as above program. Then transforms and 
prints all harmonics beginning with HRM down through 
the fir~harmonic. 

Transforms and prints one harmonic defined by HRM. 

Transforms and prints every other harmonic beginning with 
HRM down through the first harmonic. 

Transforms and prints all harmonics beginning with HRM 
down through the first 

Dumps 6 channels of stored signals to chart recorder. 
See display format note. The keypad is not functional 
during this dump. 

When followed by a number key (I to 6), displays 6 channels 
of stored signals on oscilloscope. Scope trigger is posi
tioned in front of channel's data corresponding to previously 
entered number. Trigger position may be changed any number 
of times. Exit by pressing RTN. (Refresh rate is 1+5Hz). 

When followed by a number key (1 to 6), for channel number, 
displays voltage (in mill ivolts) present on selected channel. 
The sampl ing frequency is 6 times the number of points per 
cycle. 

Channel seven is internally connected to the +5V supply line. 
Exit this routine by pressing RTN. 

RTN No program is called. Returns control to operating system. 



Key 
Symbol 
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TABLE 9 
NUMERICAL CONTROL PARAMETERS 

AND 
STORED TRANSFORM RESULTS. 

HRM Harmonic Number 

Range 01 through (PTS/CYCLE)/2. RTN closes location. 

NO. Number of Cycles Averaged 
CYC 

Raises 2 to power entered. 

Range: 2° through 215 or 1 through 32.768 

RTN displays in decimal the number of cycles averaged and 

closes the location. 

PER Period in milliseconds 

e. g. 1.2 3 "" 1.2 x 103 msec 

No leading zeros; do not enter decimal point (range 9.9 5 through 

NO. 
CHl 

1.00). 
LC 1\ 

Period set by following entry of 3 digits by PER' 

results in no change in period and closes location. 

Number Channels 

Range: through 6 

limits number of channels put through polar conversion and 

printing. RTN closes location. 

RTN 

AMP litude and Phase or (real and imaginary) 
REl 

and 

PHS 
IMG 

when this key is followed by a number 1 through 6 (Channel No.) 

display shows value for that channel. 
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TABLE 10 

OTHER STORED PARAMETERS 

The MEM key followed by no. key accesses the following: 

key no. 

o Points per cycle. 64, #16 or 4. set by program. Function of period. 

Phase correction. Phase shift due to sampl ing time skew. 

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

using rectangular mode. Set by program. Function of harmonic 

and PTS/CYC. 

2 Station number. Operator set. A two digitvaJuewith range of 

00 through 99. 

3 Run number. Operator set and program incremented each time 

4. 

a new set of data is acquired. A two digitvalue with range of 

00 through 99. 

Phase accu I for rectangular to polar conversion. 
------------~~------

Range 03 to 06. Parameter is initial ized to 04. 

04 produces 0.014 degree accuracy with a maximum calculation 

time of 2 sec/channel. 

06 produces 0.0035 degree accuracy with a maximum calculation 

time of 8 sec/channel. 



Key 
Symbol 
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TABLE 11 

CONTROL KEYS 

R~N Key calls one of ten programs defined by number keys. 

(See Table V for the 1 ist of system programs. 

RTN Closes open parameter locations; and for system programs 

OSC, MAX, and VLT. It returns control to the operating system. 

LCK Sends entered period to programmable sample timing board. 
PER 

RUN When followed by key no. 0 causes program to jump to next 
B 

page of memory. This page is optional and user defined. 

System control or diagnostic programs may be placed on this 

page to extend the degree of special ization of this system, 

e.g., an IP program computing percent frequency eff~~t. 



RECT or POLAR 

46 

TABLE 12 

MODE SWITCHES 

Selects mode in which transformed values will be presented. 

(Note: Rectangular mode values are not phase corrected for 

sampl ing skew and are not scaled by the constant (1.192659) 

to obtain values in millivolts per root HZ. Polar values 

have al I corrections appl ied.) This switch is read by 

program at the end of the SIN-COS transform routine. 

2 WAIT FOR CYCLE PULSE 

Causes acquisition routines to wait for the beginning of 

next cycle before starting data acquistion. It is useful 

when working with periods greater than about 2 seconds, 

in that when deactivated it eliminates the waiting period 

before the beginning of the next cycle. This switch is 

read by the program for periods greater than 20ms (50HZ) only. 

Acquisition routines with smaller periods always wait for the 

cycle pulse. 

3 REPEAT 

Causes any of the three data acquisition routines to repeat their 

processing and printing operations until the switch is turned off. 

Also caases the system test routine to be repeatedly called. 

4 DATA PROJECT 

Prevents accidental overwriting of data sets in memory. The 

acquisition routines read this switch before acquiring new data 

sets. 
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During operations, the numerical control parameters (Part 3, Table 7) 
must be entered correctly, but not necessarily in a particular order. 

Table 9 provides detailed descriptions and examples of how the variables 

must be entered. Table 10 1 ists other stored parameters, The number of 

points-per-cycle sampled and phase corrections are set up by the program, 

but these values may be examined by the operator through the keypad. 

The phase accuracy control determines the accuracy of the rectangular

to-polar conversion, and is preset automatically during system initial i

zation. The only parameters that the operator may wish to change are 

the station number and the run number, which are used for data identi

fication on the printer. The run number may be initial ized to 0 each 

time transmission of a new fundamental period begins. After each 

averaging operation the run number will be automatically Incremented. 

Control Keys 

There are four control keys. Two of these are used to call programs 

and the other two close memory locations after values have been entered. 

The control keys are described in Table 11. 

Mode and Control Switches 

There are four mode switches located in the upper left corner of the re

ceiver front panel. These switches provide the following options; (1) rec

tangular or polar formats for the Fourier transform results; (2) waiting or 

not waiting for the beginning of the next waveform cycle before acquiring 

new data; (3) repeating the data collection and processing procedures or 

stopping after one operation; and, (4) protecting the waveforms stored in 

memory from being over-written or normal memory operation. These switches 

are described in Table 12. 

In addition, there are four control switches in the center of the front 

panel (Table 13). Left to right the switches are used to: (I) select regu

lar operation (RUN) or a program loading mode; (2) interrupt an executing 

program; (3) reset and test the system; and, (4) select internal or external 

synchronization clocks. 
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TABLE 13 

CONTROL SWITCHES 

RESET - SYSTEM TEST 

Momentary contact causes instrument to begin the system test 

sequence, testing memory and timing and initial izing all system 

parameters, (See system test routine description,) 

INTERRUPT 

Momentary contact will interrupt and terminate the execution 

of any program, Control is given back to the operating system, 

parameters are not effected. 

RUN/LOAD 

Selects one of two sets of RESET and INTERRUPT vectors. RUN 

is the standard set for system operation, The load spt corresponds 

to the Motorola MIKBUG vector set, If a MIKBUG oriented TTY 

interface board is present, programs may be loaded into memory 

and examined when this switch is in the load position. 

This switch has the potential to be used to select between two 

operating systems, 

SYNC INT/EXT 

Selects between internal and external 7.6800 MHz clocks for 

data sampling timing. 



Diagnostic Warning Clocks 

Diagnostic warning codes are provided to aid the operator in identi

fying incorrectly set parameters or system malfunctions, When an error 

is detected, the appropriate warning code is displayed on the two least

significant digits of the display; and in most cases, the program is then 

halted, disabl ing the keypad. When the displayed code corresponds to 

an improperly set parameter, the parameter may be re-entered after the 

interrupt switch is pressed, The warning codes are defined in Table 14. 

Memo Test and Memo Error Codes 

As part of the system test routine, the data and proqram memories 

are checked for errors. If a data memory (RAM) error is found, the 

program halts and a code identifying the defective chip is displayed, 

(See the RAM error codes in Table 15), The program memory (PROM) test 

routine sequentially calculates and displays a checksum for each of 

the lK PROM chips, Comparison of the displayed checksums with the 

correct values given in Table IS allows identification of defective 

chips, (See the Memory Board Layout drawing, Figure 17, for chip locations,) 

PHASE POLARITY CONVENTIONS 

The Transform 

Signals are SINE and COSINE transformed using an ~-iwt convention 

(i .e. -sinwt for sine transform and coswt for cosine transform). 

Phase SI 

If a wave crest arrives prior to the crest of another wave of zero 

phase, the former wave is defined to have a positive phase advance. 
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TABLE 14 

"'fARN I NG CODES 

H1 Illegal number of cycles averaged 

H2 111 egal harmonic number 

H3 Illega 1 period 

H6 Waiting for cycle pulse 

H7 Waiting for sample pulse group 

H8 Incorrect ratio of sample to cycle pulses 

HH Incorrect use of AMP or PHS keys 
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TABLE 15 

MEMORY ERROR CODES 

RAM ERROR CODES 

FORMAT: A.9J.Q5, 

1~)1< no. of MEM (1 to 8) 

Bad bit no, 1 to 8) 

i.K no, to 4 for 1st K 

i.K no, S to 8 for 2nd K 

PROM CHECK SUMS 

Each checksum is displayed for 1 sec, 

lPP 6 

2PP-P 

3PP5L 

heck sum symbols 

L--_____ ~lK no, of lK PROM chips 
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Phase Relative to Channell 

The computed phase on channels 2 through 6 are relative to channel 

phase; that is, channell phase is subtracted from the phases on the 

other channels. 

The phase on channell is measured relative to the beginning of 

the cycle pulse. This pulse has a precision period matching that of 

the transmitter, but the two are asynchronous. 

DEVELOPMENT SYSTEM 

Programs for this system were developed using a CDC COMPASS-based 

cross assembler, written by John Wood, Lawrence Berkeley Laboratory 

computer consultant. The source program was written and edited in the 

Geoscience Engineering Laboratory on a ADM-3 CRT Terminal using the 

NETED interactive editing program. After assembly the machine code 

was written onto a cassette tape and loaded into the development hard

ware for debugging. The development hardware consists of the EM 

receiver with an extra RAM memory board to simulate PROM and a tele

type interface board with a MIKBUG operating system. 
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APPENDIX A 

A SYSTEM PROGRAM FOR A 6-CHANNEL EM RECEIVER 



tOENT CAR,8EGIN 
SST 
Ho80G 
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•• PUF?OSE - CO~PLETE SYSTEM PRCGRAM FO~ I 6 CHANNEL EM RECEIVER •• 
•• STACKS 6 CHANNELS CF SICNAlS, SINE AND COSINE TRA~SFOR~S •• 
•• ANY HAFMCNIC I~ SIGNALS, OUTPUTS AMPLITUOES IN "ILlIVOlTS •• 
H AND PHASES RELATIVE TO CHAi'!NEl ONE IN DEGREES H 

•• AUTHOR GARY L OPPLIGER, ENGINEERING GEOSCIENCE GPOUP •• 
H UNIV .. CF CAL BEf:KElEY e •• 

H VE~ SION - 2,(1 JUL If j2, 1'97& H· 

BEGIN EQU 

•• PIA ADRS OEFINITIO~S •• 

PlAAl 
CPIAAl 
PIA81 
CPI A81 
PIAA2 
CPIM2 
PI AB2 
CP!AB2 
P!AA3 
CP:' AA3 
PIAB3 
CP!AB3 
PI AA4 
cpr AA4 
PlA8'" 
CP;: 1181+ 
PIAAS 
CPI AA5 
PIA 
CP I At!') 

EQU 
EOU 
EOU 
EQU 
EQU 
Eau 
EOU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
fQU 
EQU 
EQU 
EQU 
tOU 

Oi; 

QU 

O;FFE4 
O;::FFE5 
O:::FFE6 
O:::FFE.7 
II ;FF E8 
O;::FFE9 
{J;;:fFEA 
O;FFEB 
o ;FF EC 
O;:FF'EO 
o :::FF EE 
O;FFEF 
0;: FF 08 
O;FF09 
0::: FF £] A 
O::;:FFOB 
O:::FFOC 
O;;FF'OrJ 

~ 

I#-

'" I#-

• 
'I> 

I#-

• 

• 
• 
• 

LCD AND FRINiER ;:>IAS 

• KEYPAD AND MODE 
• 
• SW! reti PIA 
• 

TIMER PIA 

• A DC PIA ,. 

RAM STACK LOCA TI eN"···"'·'" 

S TA CKP EQU BOTTO~ OF P~OGPAM STACK ClOD THROCGH 14FI 

Fl AG12 EOU 0;;:49 1 8'( TE EQ 1 IF 12 BIT AOC WORe::: ARE USEe 

OA TAB EOU 1I = 4A 2 
PSHaDT EQU 0=4C 2 
OTPlCH EQU 0=4E 1 THIS liHUE 'iUST LEAC PTCYCH 
PlOCH EOU 0;: 4F 1 
liAR EQU !L SETS LOCATION 'F FlLOCK OF VARIA:LE~ IN FAt' 

CYCAVG EQU liAR 1 BYTE 
NeVCl€: EQU IIAj;'H 2 SYTES 
P rscyc EQU \lAfH3 1 
HPMNIC EQlJ II1'.R"4 1 
CNTINC EQU IJAF!~ 1 
CNLPPT EQU IIAIH6 1 
NCHPR EQU VAR ... ? 1 
NfiSHF Fnu VA J:? +!'. 1 



dA TPT 
STOh:AR 
TA elE? 
BeDOU T 
8NIN 
TABLES 
STRPT 
CHeNT 

'( 

XX 
U 
FF 

SRTCHl 
SRTCH2 
SR T CH.3 
EXPA 
COES 
HARf"!10 

VI/ 

C3 
C2 
Cl 
03 
02 
01 
oUT4 
QUO 
oUT2 
oUTl 
SUBT 
PHS! 
?HS2 
?HSle 
P TCY10 
NTACQ 
H SA \IE 
NRUN 
NSTN 
SRTCH4 
SRTCHS 
SIHCH6 
RoTACC 
REAL 
IMAG 
01IHEN 
CHNO 
QUAD 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
[QU 

EQU 
EQU 
EQU 
EQU 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 

EQU 

EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
fQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
EQU 
fQU 
EQU 
EQU 
EQU 
EQU 
EQU 

IIAf:(+9 
IIAP+l1 
VAP+13 
SHlRAf:( 
TAeLEP 
IIAF+1S 
IIAIHl1 
IIAR+:1.9 

VAf<+2(l 
IIAfH22 
IIAP+24 
IIAP+28 

IIAR+29 
\1M;;' 31 
IIA",+32 
SIHCH;;? 
SR lCH3 
IIAIH33 

\lAk+34 

1/11 
'111+1 
VII +2 
II II +3 
111/+4 
VI/+5 
VV +6 
VII H 
lJ V.8 
VV +9 
VVHO 
\/1/+11 
\lV+12 
0;:E1 
o 
0;:£6 
o 8 
0;:E9 
():;EA 
0;:E8 
O;::EC 
O:;:£D 
o 
tl:;rO 
O:r2 
(} ::FI+ 
O:;::F5 
II =F6 

2 
Z 
2 
2 S Y YES 
2 
2 
2 
:1. 

2 
2 
1+ 
1 

2 
1 
1 
i 
1 
1 

HS • SCRATCH A~EA 
• Felt=' SINS CD 

lS • 
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MS • UNSIGNED 8lNARY INPUT 
• MAX® OF 23 B!TS 

L S • 
MS • DECIMAL OUTPUT 

• ForMAT- OS 76 54 32 

LS • 
SCR A lCH 
1 HS BYTE PHASE COR !N BINARy 
2 2 LS aYTES 
4 6 V IE S 
1 BY TE Frs/cye IN BCD 
2 BYTES N00 OF TIMES ACQUSl IS CALLED 
1 HARMCNIC NJ@ STORAGE LOCATION 
1 BY TE 
i 
1 
1 
2 
1 VARIABLE FOR CONTROLLING ACCUR~CY OF ARCTAN FN4 
2 HOLDS AQRS OF REAL VALUE 
2 HOLDS ADRS o~ IMAG V~lUE 

1 DIVIDE 9'( TEN FLAG ( MOllE DECI~AL POrN! LEFT) 
1 CHANNEL NO .. 
1 QU ADRANT NO .. 

.~. O~FINITIONS OF RAM STORAGE AREAS .~~ 

~~ UNUSED RAM AREA (ISD TH~OUGt iFF) ~. 

RAf'1SH~. 

RAMEN 0 

AMPSTR 
PHSSTR 
STApTe 
S TAR.TS 

EQU 
tQU 

EQU 
EOU 
EQU 
EQU 

0:;0000 
O:=07FF 

Il ::::98 
0:=80 
0:::80 
o ::::C8 

START OF RAM 
ENC OF RAM 2K REQUIRED 

24 BY rES 
24 8Y TES 
24 BYTES 
24 BY n:s 



DATA EQU 0:0200 1536 BYTES ENDS AT 07FF 
•• DATA IS BEGI~NING OF DATA STACKING AREA@ ONLY THE FIRST 96 eVTES ARE 44 

4. USED WHEN 4 PTs/eye ARE STACKED THE REMAINDfR IS USED AS A DATA 
.4 COLLECTION AREA@ DPSHT AND OfSHB DEFINE COllECTION AREA 
OPSHT EQU OATA+384 TOP OF DATA STACK USED WITH 4,lE PTs/eye 

•• PERIOD TO FTSCVC AND Arc WORe S!lE MAP 4f 

•• FOR MIN 930 KHZ CPU CLOCK •• 
ED EQU 60 LONG PERIOD L T If/. 6 
ceo EQU 0:10 (E0G@ 100E6 HILLISEC '" 1.0 
E1 EQU 0=10 64 PTS/CYC " 1 
eel EQU 0:80 12.5HZ OR 80MS '" 8 0 
£2 EQU 0=10 16 PTS/f,YC • 1 
CCl EQU 0:10 100HZ >f 1,,0 
£3 EQU O:DO ~ PIs/eye .. 0 
CC3 tQU 0:10 .. 1.0 SHORT PER!OD MIT 
E4 EOU 0:10 .. 1 12 TO 8 8IT !lnc CUTOFF 
CC4 EQU 0 20 • 2.0 SOHZ lR 2DMS 

ORG BEGII'I 

JHP MASTER !NT? '" 
JMP MA Sf ER SWI • "ESET AND INTERRUPT VECTCF,S 
JI'1P MA SlER Nt'I " JMP RE Sf IS RESET .. 

•• HElL E USED BY ROUTINE i'U t- EA CH PCUTINE CORRESPONDS TO A KE't NO. . .. 
~lINTA8 JMP OSCOIS RUNe OISPlA '( DA Ttl. ON SCOPE 

JMP ATPONE Rl!N1 ACQU ,rRANS~PIUNT ONE 1"1lf'HNIC 
JMP SINces RUN2 SIN AND COS TRANSFORM RounM 
JMP CH AR TO RUN3 DUMP DATA ON CHART PAPEP 
JMP ATPEVO Rl'N~ ACQUIRE,fRANS,PRINT EVERV OThER HfiR~CN!C 

JMP PRTEVO 
JMP ["I A )(SGN 
JMP ATPALl 
JMP PR TA II 
JMP VOLHH 

RESETS LOS (STACKP 
LOX [0 4 
snc PIAA4 
SIX PIA84 
CLRB 
ERA IN 2S1 

INZSYS LDA8 un 
CLR CP lUi 
ClR CPIA 81 
ClR CRUl2 
eLR CPIAB2 
CLR CPlAA3 
elR CPlAB3 
elR CPlAA5 
elR CPUBS 

INZSl LOX { 0 E;C (l F 4 
ST){ P AA3 
LOX { 0 FF4 
Sf)( PIAB3 
STX PIUS 
LDX (0 :=OCF 4 
Sf)( PlASS 

RUNS PRI~T EVERY OTHER HARMONIC 
RUN6 FItm MA MUM SIGNAL 
RUNT ACQUIRElfPA~S,PRINT ALL HIH,~Ct\IC 

RUf\;8 PRINT AU HAFMONICS 
F:IJ 1\ 9 MAKES DEVICf A VOLT METER 

R ~ET STACK POINTE~ TO PROGRAM ST.CK LOCATION 
SE T TIMffl PU 

B FLAG SEr9~ESlJL TS IN BRANCH TO '5YSTST 

B FLAG SEJ~P ENTS BRANCH TO SYSTST 

• 5 T KEYPAD PIA PA6-PAl ARE OLTFlTS 
• PAD-PIS IRE INPUTS FOR COLUMNS 
• PBO-P83 ARE ~urpUTS FOR KDWS 
• PBs-pel ARE INPUTS FOR MODE SWITCHES 

.. SET ADC PIA 
• PAO-PA' ARE OUTPUTS 
.. PSD-PBI ARE INFUTS 



INZS2 

JI.'#- SYSTEM 
SYSTST 
RAM",Hl 

PROMLP 

LOX 
Sf)( 

STX 
Sf)( 
LOX 
SiX 
eLR 
1ST8 
BN E 
BRA 
JSR 
RTS 

rEST 
BRA 
JSR 
JSR 
SNE 
LOU 
STU 
ClRB 
lOX 
SiX 
JSR 
INca 
STU 
STAB 
lOX 
JSR 
CMPS 
BNE 
JSR 
LOlA 
STAA 
STU 
lOU 
STU 
LDAA 
STAll. 
JSR 
JSR 
JSR 
JSR 
JSR 
JMP 

HI Fit 
PlAAl 
PIABl 
PI flA2 
{(I 7FC 
PIAB2 
P1A82 

IN 2S2 
SYSTST 
CUlDIS 

CH ECKS 
RAMCK 
TlME~T 
TEST83 
SYSTST 
((I :;:cc 
PlAB1 

[ BEGIN 
OA TP T 
PRCMCK 

P!AA! 
P1AA2 
to FCZ 
DELAY3 
(04 
PROMlP 
LOMEM 
[0 :;:88 
PlAtH 
PIAB1 
[0 8 
PIAA2 
[ 0::;0,3 
PIAB2 
PWRON 
PRNT 
PRNT 
PWROFF 
INZIJAR 
CKLOCP 

'I' SET lOC FIAS 
• CBl IS SET HIGH 

• 
• MAKE PB3 IN INPUT FD~ PRINTER 
4 All OTHERS A~E OUTPUTS 
4 ASSURES PRINTER POWER IS OFF 0 

• CH ECK 8 fL A G 
4 IF fQU 8P.AMCH TO SYSTEM TEST 
SYSTEM TEST 
CLEAR DISPLAY 

2K ~A~ AND 4K ~OM, WRITES SQUAREWAVE INTO HEM •• 
e~ANCH TO ~AM CHECK 
DC TEST Of SAM~LE AND CYCLE PULSES 
". READ SWI1CH :3 
4 IF SET REPEAT RAM AND PULSE TESTS 
~ SET UP LCD AS XPPXX TO INDICATE PROM 
• PLACE PP IN DIGITS 3 AND 4 

BEGINN ING CF ROM 
SAVE 

C~EATE CHECK SUM ON 1K OF PROM 
INC lK CHIF COJNTER 
PLACE CHECK SUM IN LOWEST 2 CIGI1S ON LCD 
PLACE CHIP NO. IN 5TH DIGIT PCSITIC~ ON LCD 

DELAY OF 90000D MACHINE CYCLES PfF: CALL 
IF CHIP NO@ EQU 4 QUIT PROM CHECK 

LOAD MEMORY WITH SQUAREWAVE FOR TE~TS 

". LOAD -@8@8@8@8@8 INTO lCO 
• TO TEST ALL LCD SEGMENTS 
• 
• 
'i> .. 
• 
Pf<lNTER POWER ON 
• PRINT -.8.8.8.8.8 
• TWICE 
PRINTER POWER 'FF 
INITIALIZE VARIABLES 
TE~TS COMPLETE GO TO MAIN PRCG~AM 

•• ROTITING BIT RAM TEST ~OUTINE ODES NOT USE FAM STORAGE •• 
• '1' IF A BAD LOCATION IS FOUND FROGRAM HALTS AND LCD DISPLAVS •• 
•• A IN 5TH DIGIT Tt INDICATE RAM, 8IT NO.!! - 81 IN 3Rn DIG •• 
• JI. AND QUAFTER K N00 IN 1ST GIG (1 ~ 8.@ FORMAT 10502 ~. 

PAMCK lOX (RAMSrp. leCATION OF ST~RT OF CHECK 
LOAn (0;00 ¥ DISPLAY (AAAAA) ON LCD 
STAA PIAA1 ~ 

STAA PIAB! ~ 

lDAA rQ;OD • 
STAI pIAA2 • 

SHF1ST CLR OO,X • WRITE ZEROS INTO ME~ 

lDAA OO~X • 
BNE SACS!T If. IF NOT ZERO BAD BIT 
INCA SET ACCA TO 1 



RAMlP 

8A OBIT 
TSTl P l 

RAMSLF 

STU 
CMPA 
8NE 
IISlA 
liSt 
CMPA 
SNE 
ISH 
SPt 
INX 
CP)( 
8NE 
JMP 
ClR8 
INCB 
lSRA 
eNE 
STX 
lOAA 
STAA 
INC 
STAB 
BRA 

oo,x 
OO,X 
8A DB! T 

(lO,X 
o IhX 
SA OBI T 

RAMLP 

{RAMHHH 
SHFfS! 
RAMRTN 

T5TL!'! 
PlAlll 
£0 4 
CPIAA:1 
PIAAl 
PIABl 
RAMS!.F 
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CC~PARE Ace II WITH MEMORY LOCATIO~ 
IF Nor EQU BRANCH TO BAD T 

if, SHIFT 81 TS 
cCtPARE Ace II WITH MEMORY LOCATIC~ 
IF NOT EQU B~ANCH TO SAO BIT 
• TEST FOR BIT IN 8 POSITION 
if, IF FOUND INC INDEX,TEST NEXT BYTE 

ADRS OF LAST BYTE TO BE TESTED +1 
IF NOT LAST BYTE, TEST NEXT BYTE 
8~ANCH SERVES FN S!~ILAR TO RTS 

• DETERMINE SIT POSITION OF BA[ Ell 

'" 
'" STePE INDEX IN LCD, MS BYTE GOES I~ DIG 1,2 
• LS BYTE WENT INTO CONTROL PEG 
• RESTOPE (ONT~OL ~EG 
INC eIG 1 TO C!<EATE 1/4 K NO .. 

• WRI H SIT /110 0 1N DIGI TS 3 AND 4 .. 
HALT THE CCMPUTER 

H PR.OM CH EeK 
PROMCK CLR 

ClR 
CLRA 

CALCULATES A C~ECKSUM fOR 1~ OF ROM ~. 

SRTCHl 
SR ICHi H 

PRMLP LOX 
JIDDA 
INl( 
STX 
lOX 
IN )( 
Sf)( 

CPX 
8NE 
IHS 

DATPT 
oo~x 

Oil TP T 
SIHCHl 

SRTCHl 
(0;:0400 
PRHlP 

• CHECK FO~ 1000T~ TIME THPOUG~ leep 
• 

•• TIMER SAMPLE AND CYCLE PULSE TEST TESTS RATIO CF SAMPLE/[YCLE FULSES .~ 
.~ FOR 64, 16. AND 4 FTS PER CYCLE OIS?LAYS HE WHEN WAITING FCR CYCLE 
•• PULSE. DISPLAYS H7 WHEN ~AITING FOR SET 'F SAMPLE PUlSES~ rI~PLAYS r8 
~~ AND HALTS PRCGRA~ IF RATIO OF SAMPLE TO CYCLE PULSES IS IN EfROR 
TIMtRT LoAA (0=25 PE~IOD COEF. 2~5 

CtAS PEFIOD EXPONENT EO 
8SR STRPER STORE PEFtOD SET 
lOX {2S SET RATIO SIMP/eye 
SSR RATIOT DC RATIO fEST 
LOAA (0=40 PEftOo COEF$ 
LOAS (0=10 PEFIOD EXP. 

'hO 
::1 

MSEC 
COUNTERS 
+1 FOP THIS PE~IOO 

ESR STRPER STORE PEP!OD 
lOX (97 SEl RATIO AS 

SET CQUNTEF'S 
A El 0 \IE 

BSR RATIOT DC RATIO TEST 
LDAA {O=2C PERIOD CCEF0 2$0 
TAB PERIOD EXP ~2 5HZ 
eSR STPPER STCRE PEF!CD 
LOX (385 SET RATIO 
eSR RATIOT DO RATIO TEST 
IHS 

.~ STORES PERIOD AND SET 
STRP~~ ~TAA P AA4 

A~[ POST CCU~T::RS .~ 
SFT PFRYC" r.nFF~ 



•• TEST 
RA TIOT 

TTLP1 

STAB 
JSR 
FITS 

PIA84 
PROSE! 

OF SAMPLE 
SRTC!-l6 
CLPDIS 
{ 0 000 
PIAB4 
PlASS 

SfT PERIOD EXP@ 
SET PRE INC POST COUNTERS AND PTS/CYC 

TO C'CLE PULSES •• 
STCRE IDEIL RATIO NO~ 
CLEAR LCD DISPLAY 
SET RATIO COUNTER TO ZERO 
CLEAR CYCLE PULSE ~y READING PIA 
CLEAR SAMPLE PULSE 
¥ WAITING FOR CYCLE PULSE 
• PU T HE) ON LCD 

• WAIT FOR CYCLE PULSE 
'I> 

CLEAR CYCLE PULSE 
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TTLP2 

OF RA TIO 
Sf)( 

JSR 
lDX 
lOAS 
lOAB 
lOAS 
STAe 
LOAA 
EPl, 
lOAS 
INC 
lOU 
8Pl 
lOllS 
INX 
lOU 
BPI. 

( C 6 
PIAA1 
CPH84 
TTlP1 
PIAB4 
PlAtH 
CP1A85 
TTlP2 
PlASS 

PUT H7 ON lCD~ WA!TING FOR SET OF SAMPLE PULSES 
WAIT FOR SAMPLE PULSE 

T THAl T 
TrOK 

CPX 
€lEQ 
!NC 
eRA 
JSR 
IHS 

•• LOAD MEMOR Y 
Jif¥ SING i.E CHNL 
LOMEM lOX 

SO( 
lOX 
JSR 
LOX 
LOllS 
eRA 

LO/'H lOAS 
LOM2 lOU, 

CPIA84 
TT lP2 
SF< lCH6 
TrOK 
PI At\1 
TTHAlT 
CLI<DIS 

WITH +59~5 

PA TTfRN IS 
( 1536 
SRTCHl 
{ DATA 
CLF-M2 
[ DATA 
(12 
LDM2 
(48 
[ (I ;::7' F 
IH) ,x 

CLEAR SAf'PlE PULSE 
INC RATIO caUNTER 
• lOOP BACK UNfIl CYCLE PULSE IS FCUND 

CC~PARE RATIO coutn WITH IDEAL VAUE 
IF EQUAL RETUR~ 
PUT H8 ON LCD TO INDICATE RATIO E~ROR 

CLEAF LCD 

VOLT SQUAREWAVE FOR TEST 
2 HIGH,S LOW~8 Ht8 L TC FOR 64 PTS 

NOe BYTES TO BE CLEARED 

START OF SECTION TO BE CLEARED 
CLEAR MEMOti'f 
DEFINE STAPTING ADQS 
F(~ FIRST PARTIAL CYCLE 
START PARTIAL CYCLE 
6CH·8PTS=48 SET COUNTER FOR 8 t5V POINTS 

+5 VOL TS 
ST AA 
CPX 
SEQ 
JSR 
DEes 
BNE 
lOAA 
lOllS 

( OATAH532 
LDMOUT 
IN)(4 

LeAD VALUE IN MEMO~Y 
CC~PARE WITH L~ST LOCATION 
IF EOu FHS 
SELECT NEXT LOCAT!ON (IHX 4 TIMES) 
DE C COUNTER 

lDM3 ST AA 
JSR 
DECB 
ENE 
eRA 

lOMour RTS 

LOM2 
to 0 
(48 
00,)( 
1N)(4 

lDM3 
lOM! 

¥¥ INITIALIZE VARIA ES 
INZVAR lOA A [Q C 

LOX (0::00150 

IF NOT 0 STORE ONE MORE tSV VALUE 
-5V 

SET CCU~TER FO~ 8 -5V POINTS 
STCRE -'5V VALUE 
SELECT NEXT VA~UE 
DEC COUI\TER 
IF NOT 0 ST~RE ON ~ORE -SV VALUE 

00 NEXT +5 CYCLE 

NO. OF BYTES T) Bf CLE~RED 
START OF SECTION TO BE CLEARED 



JSR 
INC 
INC 
INC 
lOU 
STAll. 
JSR 
lOAA 
S T t\I\ 
RTS 

ClRMEM 
HARMUl 
HRf'lNIC 
NCYClEH 
(4 
1=;0 TA CC 
FR OSET 
r 0 ;06 
NCHPI' 
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CLE A R MEMORY 

SET ARCTAN F~ ~CCURACY 
SET FTs/eyC AND PP£ AND POST COUNTEPS 

,.. SET NOe CF CHaNNEL.S (IPERATED ON 

~i;I. LOOI( FOR ANY PRE SSE 0 KE Y IF FOUND ACC A IS A NONZERO \lAll:E H 

KEYQ ClRA 2 (MACHINE CYCLES) 
STAA PIAB3 5 
lOU PIAA3 4 
COMA <:: 
ANOA rO:::3F 2 
RTS ') 

ROU TIN E ~ If DELA Y 
if'" DELA Y 
DELAY1 
DElAY3 
OElAY2 

EO - NO. CYC.~62+(SRTCH3-1)l!f14+(S~TCH2-2)·3580 

lOX [O::1A62 • PRESEJ DELAV 87278 CYCLES 

Dl YLP1 

STX SRTCH2 
DE C SRTCH2 
ef~E ot Yl,P1 
FirS 
DEC 
EEQ 
eRA 
"'IS 

Sf< TCH3 
OELAY2 
OlYlPl 

H CHECKS FOR r~ElEASE OF fRESSEC KEY ~~ 

FEL,ESE CL RA 
STAA PIA83 ROW 

~EllPl lDAA PIAAJ COLUMN 
CO'1A 
AN DA (0 ::3f 
8NE REllP1 
BSR DELAY! ABOUT 90 MIlLISfC DELAY FOR KEY OEBOUNCf 
IHS 

</0". SOUN OS E!EEPE f; FO" 8518 CYCLES •• 
BEEF lOAA [ a c JI. BR.ING LU,E C92 HIGH FOR BEEPER 

ST AA CPlAB3 • 
lOX ( 0 ~62 ~ 

eSR DElAY3 JI. 0 ElA Y 
LOU [ Il '+ lj. 

ST AA CPIA83 lj. BRING C82 LO~ FeR BEEPER OFF 
IHS 



"'''' ACTIVATE ONE ROW O~ KEYPAD, TEST COLUMNS FOP RESPONSE 
lOTST STU PIAB3 ACTIVATE ROW 

LOU 
INCa 
COMA 
ANOA 
FHS 

PIAAJ READ COLUM~ 

"'. INTERPRET PRESSED KEY·· 
INTP ASL9 

IlSLB 
ASLB 
BSR DELAY! 
DECa 
lOX {0901 
STX SIHCH2 

LOOP! INC SRTCH2 
EEO ERR 
INCB 
CI'1PA SIHCH3 
EE Q EN 0 
ASL SRTCH3 
BKA Loepl 

ERR t>:op 
EJR A RW SL CT 

END BSR BEEP 
1S T8 
prs 

11ifo. MASTER 
SCNKEY 
RWSLCT 

~OUTINE FOR SCANNING KEYPAD •• 
8SR f;ELESE 
LDAS (0 
lOIlA [O:;OE 
8SR LOTSI 
8GT INTP 
LOAA (C::;OO 
BSR LOTST 
8GT INTP 
LOU {1'J::;08 
eSR LOTST 
8GT INTP 
lOiU UJ 7 
aSR LOTST 
E!GT INTP 
BRA RWSLCT 
IHS 

lq.lq. CLEAR LIQUID 
CLRDIS lOU 

STAA 
STAA 
lOU 

CRYSTAL 
( Cl 
PIAAl 
PIABi 
(0:;0 F 

OISFlAY ~lq. 
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STAA 
lOAA 
ANOA 
Sf AA 
RTS 

PIAA2 
PIAB2 
[0 C 
PIAB2 

~ SAVE PRINTER CONTROLS .. 
62 

MAY 14 78 

H DISPLAYS A NO. ON LSD OF lee WITHOUf AFF::CHNG OTHEP I/ALUES H 

lCol LDAS PIAAl 
AN 0 8 { 0 {; 
AN oA [ 0::;0 F 
ilSA 
STAA PI AA 1 
AN OA (c::o F 
RTS 

'" '" CO Nil E R T KEY 
T STeD CMPB 

eNE 
LOU 

CODE NO" 
oo,X 
SCl? 
SR TCH3 

lC OECI~Al VALUE D-3 •• 

SGtP INX 
CEC 
RTS 

H KE'(PA 0 CODE 
CONlll CON 

CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 
CON 

SRTCH3 

CONVERSICN 
O;OA 
0;::09 
O:;G8 
0:;:12 
0;11 
0;:: 10 
O:;1A 
o 19 
0::; 18 
0;;:1:1 

"'. MASTER POUTINE FOR KEY 
NCODE LDAI [0;;:09 

STAll SRTCH3 
LOAA to 8 
LOX (CONII! 

NCLP JSR TSTCO 
8Ml EN OL 
BRA NCLP 

ENOL PTS 

CC~P~RE KEYCOOE W!TH TA8LE CODE 
• IF THEV ARE ~QUAl LOAn crUNTER 
• I~TO Ace A AS Bce VALUE 
PClNT I~OfX TO NEXT CODE 
.. DE C COUNTER 

TA elE 
<;) 

8 
7 
6 
5 
4 
:3 
2 
1 
o 

CC DE 10 DE CIHAL CON VEPS ION • If. 

KEYPAD ceDE CONVERSION TABLE 

If.. SEL::: CTS 1 OF 10 SUBP,CUTII\ES THAT MAV 8E CIi. LU" 0 •• 
RUN BSR elFOIS 

eSR SCNKEY '" LOCK FOR NO .. ENTERED ON KEYPAD 
BSR NCODE If. 

eM?A {O :::88 IF A NUM8ff; IS NOT FOUND PETURN 
SEa RNOUT 
eSR LCOl DISFLAY ON LCD 
! n';( HWNTAP-3 RUI;. T A FlI F -.'1 
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ACC A IS COUNTER SfLEcrOR 
RNLP 
OQ,X CALL SELECTED RUN ROUTINE 

RNour 

INX 
INX 
INX 
OECA 
BPI., 
JSR 
LOAS 
STAB 
RTS 

to 4 ~ TURN OfF OPEN REGISTER I~OICATC~ 
CPIAIl2 If. 

H CONTROL KEY JUMP TABLE ~~ 

CKTA8 

COUt1 

1iI>. THIS 
MASTER 
CONKEY 
CKLOOP 

JMP 
JMP 
JMP 
JMP 
JMP 
JMP 
JMP 
JHP 
JM? 
JMP 

IHS 

IS THE 
lOS 
JSR 
JSR 
JSR 
CMPA 
aNt: 
SUBS 
JSR 
01PA 
eEQ 
LOAS 
STAB 
LOX 
eSR 
eRA 

RUNB 0 EQUIVAlE~T KEY NO$ 
HRf'lSl T 1 
HEM 2 
RUN 3 
NCHNlS .. 
PER S 
cye 6 
CDUM ., 
AMP 8 
PHS 9 

MASTER CONTR(l leO? FOP, THE PROG~AM 1iI>~ 
[STACKF SET STACK POINTER TO PROGRAM STICK LOCAf!ON 
INZSYS 
SCNKE'f 
NCOOE 
to:=.88 
CKLOOP 
r 0;0,3 
NceD/:: 
[0;88 
CKlOCP 
{O C ~ TUPN ON (PEN REGISTER INDICATOR 
CPIAA2 .. 
(CKTA8-3 CO~TROl KEY JU~P TA~LE -3 
RNlP 
CKLOOP 

.. iii> DISPLAYS PEElOO FORMAl @ (8 B 1,,2 '3 3) :3 ::;: SLANK ~Je. 

OISPER LOAA PIAA4 
STU PIIBi 
lOU PIAS4 
AN 0 A { (l 0 
LSRA 
lSRA 
LSRA 
lSRtl 
AOOA (00 
STAA PIAAt 
LOlA (O::::4F 
STAA PIAA2 
IHS 



'HI- SUBR,OU TINE S 
STOIGl lOAS 

A~OB 
8SR 
SRA 

STOIG2 lOllS 

SAME 

•• LOAD 
LOPER 

LOP1 

ANDB 
Ad A 
ST All. 
JSR 
RTS 

PERIOD 
LOU 
STU 
LOA8 
ANOa 
LOAA 
ANOA 
JSR 
ABA 
STAA 
eSR 
RTS 

STOIGl A~D STO~G2 - STORE DIGITS 1 AND 2 •• 
( 0 ::;:()F 
0 .. )( 
SHFL4 
SA t4E 
(C Il 
O,l< 

DISPLAYED ON lCD TO T:r ME" .1f. 

PI AEU 
PIAA4 
PI A84 
[0 F 
PIM! 
{ 0 7 
SHFL4 

PIAB4 
D I SP ER 

•• AllO \liS ftHEF!N G AN C EXAM1NA nON OF PERIOD •• 
PER JSR CLFDIS CLE A" LCD 

BSR OISPER 
JSR SCf'.iKEY 
BEQ rOCK 
JSR NceD€: 
LOX {PIAS1 
JSR STeIG1 
eEa TaCK 
JSR NCGOE 
lOX [PUS! 
JSR ST DIG2 
SEQ TaCK 
JSR NeeOE 
LOX {PIUl 
JSR Sf CIG2 
eEQ TOCK 
CHPB [ 0:;05 
eNE TOCK 
eSR lOPEK 
eSR PR.OSET SET prs/cvc AND PFE AND pas r 

rOCK JSR OISPER 
Ins 

PROSE! JSR FISSEl S Eer NO., prs/eve 
JSR PTSCCN SET PTS/CVC CONTPOl BITS 0 N 
LOAA PTSCYC .. CON IIEIH TO BCD 
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COUNTERS 

TIMEI' BOAI:'C 



JSR 
STU 
RTS 

SHFl4 ASLA 
ASLA 
ASLA 
ASlA 
RTS 

SNBeC2 
preYiO 

lII>lII> DISPLAV ON LCD NO,. OF CYCLES TO BE AIIE~AGEO H 

D!SCVe LOAS CYCAIIG 
JSR 01 SDGZ 
fHS 

H· MANAGES DISPLAV ANt ENTR.' CF NO., OF CYCl.::S TO BE AVE~AGEO ~. 
eye 

STROVi 

LAST01 

lII>liI> SET NO,. 
S£ TeNT 

SKIP 

ERRORl 

6SR 
JSR 
eEQ 
JSR 
lDX 
LOAS 
STAB 
JSR 
eEQ 
JSR 
LOX 
JSR 
BEQ 
8RA 
LDAA 
ST All 
eSR 
eSR 
RTS 

OJ sevc 
SCNKEV 
lA :STOl 
NceOE 
{PU8l 
co F 
o~x 
Sf or Gl 
LASTO! 
NCCDE 
{PUB1 
ST CIG2 
l A Sf 01 
S HO '11 
PIIlS1 
CYCAVG 
01 scve 
SETcn 

OF CYCLES TO 
CLRB 
lOAA CYCAVG 
CMPA (0::15 
8HI ERkOR1 
CMFA [ O::OF 
BlE SKIP 
LDAB ( 0 =0 A 
ANDA Ul F 
ABA 
eSR SETC\\2 
JSR CYCDEC 
RTS 
lDAB {O :;81 
STA8 P1A131 
RTS 

BE AVERAGED IN eINA~V ~~ 

CCCN VERT Nee OF CYCLES TO BCD A~C 
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CISPlA '( 



SETCN2 lOX (C:H1OCl 
srx Ncveu:: 

SLOOP DECIJ. 
8MI RTN 
ASL NCYCLE H 
FiOL NCVClE 
BR.A SLeop 

RTN FITS 

H D!S;:;UIV AMPLITUDE ANt FHASE •• 
AMP lOX [AMPSTR 

STX SR TCHi 
eRA APi 

PHS LOX {PHSST~ 

STX SRTC~l 
APi JSR CL~DIS 

JSR SCNKEY 
JSR NCCD£ 
CHPA {C :89 
ENE AP2 
STU PIAA1 
8RA APOU T 

AP 2 OECA 
8MI APOUT 
(,HPA [ 0::05 
8GT APOUT 
ASLA 
ASLA 
ADD A 
ST AA 
eee 
INC 
lOX 
eSR 
RTS 

SIHCH1+l 
Sf( TCHi +1 
AP3 
SR TCHl 
SfHCHl 
LeCDIS 

• ADOED APFIL 22,7~ 
If 

AP3 

APOUT 

.l!/> LOAD Lce WITH It BY TE5 POINTfO AT ey INDE)( "'''' 
lCODlS LOU 3 11 )( 

STAA 1'1.0..0.1 
lOU 02~X 
Sf AA PIAS1 
LDAA 01~X 
ST AA PIAA2 
lDAA OO~X 
ANOA ( 0::0:5 If> SAVE fRINTER CONTROLS 
lOAB PIAB2 Jf. 

ANDS [ 0 C ~ 

A~A '" STU PIA82 
RTS 

.If> MANAGES PA~AMETERS ACCES~EO THROUGH HEM (EV Jf.~ 

HEM JSR CLRDIs 
JSR SC~KEY '" 
JSR HeDDE 4 DECODE ~EV 
ANOA {O::OF 
CMPA ( I) ::Ot'l 
RNi=' M.11 
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Ji1P DI'SPTC 
MJl CMPA [0::01 

eI SPLA Y prs/cyc 67 

8Nt: f1J2 
Jf1P D1 SPHC 

MJ2 CMPA (0::02 
8NE MJ3 
JHP STAll'.O 

MJ3 CMPA r 0::;0 ~ 
8Nf MJ4 
JMP ~ur;NC 

MJ4 CHPA [0::04 
eNE MJ5 
JMP CRCTAe POUlINE TO SET ROTATION ACCURACY 

MJS RlS 

.... OISP lAY POINTS PER CYCLE 1fj."f. 

OISFTC JSR CL~DIS 

LOU PT CY 10 
STAll. PIAA1 DISPLAY P01NTS I CYCLE 
fHS 

"f."f. OISPLAY STATION NO. AND RUN NO. FORMAT = ( XX XX) '1-'1-

DSTNRN JSR CLROIS 
lOAS NSTN 
CL.RA 
JSR 
ORAA 
STU 
STAS 
lOAA 
STU 
RTS 

RORBA 
( 0 F 
FIABl 
PIAA2 
NRUN 
PIAAl 

eI~CUlATE Ace 9 INTO Ace A RIG~T POTATION 
8LiHll< DIGI T NO 3 

'1-" DISPLAYS NO. 
CY COEe lOX 

STX 
ClF< 
JSR 
JSR 
lDAA 
Sf AA 
lOU 
SUA 
lOU 
STAll. 
!:!TS 

OF CYCLES 
NCYCLE 
02 
03 
BINBCD 
CLROIS 
oun 
PIMH 
OUT2 
PIAB1 
cun 
PIAA2 

LOAD DIGITS 3 ANn 4 INTO LCD 
leAD rIG!! 5 AND DECIMAL PTS urc LCD 

"f. DISPLAY RUN NO. ON DIGITS 1 A~C 2 
Ii> 

TO 8E AVERAGED IN SCD FORM ~'I

• CONVE~T ~cveLE TO 5 DIGIT 
01 IS lS BYTE 
elf A~ MS 8YT E 

COt-VERT TO 8CO 
CLEAR DISPLAY 
LS 2 DIGIt'S 
TO LCD 2 LS DIGITS 
NEXT 2 DIGITS 
TO LCD 
MS D!GIT 
TO l CO 

Bce VAUJE 

'1-.... COSINE AND SINE CONSTANT TABLE ...... 
• TABl~ ST~UCTURE - 8e 2 BYTE CCNSTANTS, WITH OVERLAPPING SETS OF 64 ces ~ 

• AND 64 SIN 2 aVTE CONSTAN1S. 

COSTOP 

SINTOP 

CON 
CON 
CON 
CON 
CON 

O:7f~O tD F,O l,C=70,O=89,O=7A,O=7C 
0;76tO::41,O;,O,O 2,O;f4,O:60,O;:62 l 0::F1 
O=5A.O=82,O=51,O=33,O;~7,O=lC,Q;:3C,C::;56 
0:30,0 ,O:2S,O:28,O=18,O:F9,O;:OC,O::8C 
0; () fl ,{J :: Q Il II (J ;:f 3,0 :: 7 4, {):: E7 , 0:: C 7,0 :;;0 A II C:: 08 



68 
CON 0 Cf • 0:: 0 S, 0 3,OEU,O 98,0::E4,0 .OECn 
CIJN O::AS,O:;1E,O D.Q F,C ,0:;93,0 ,O::lE 
CON 0 89,0 o ( <5,0 4,1)::82.0::71,0 Q,OE9F 
CON (J 80.tl 01,0 81ltO ,O;a2.0E17t~=85.~=84 
CON C 89,1) to F,O::1E.,1l .. 0::93,0 ,OEOF 
CON OEA5,0 ,0 AE,OECD,C::88,O::E4,OECl,O::AA 
CON I)::CF, O:HlS t 0 A.O::06,O::E7~O::01.0 3.0::74 
CON 0::00 .. 0;:00,0 e,a C.OE18.C::F9.Q 5.0::28 
CON I) 30,0 to:: 3C, 0;:5 OE41.0::1C,OES1,D::33 
CJN O::5A.lL82,O- 2,0 1,0:: ~A , (1:: 60 9 0 O~(I:;:E2 

CON 0 76,0:: 41 w 0 1il,O::7C,1) lOt 0;:8 9 
CO seen CON o :;:7F ,0;61 

CON 0:: 7F ~ I) .O;7F.O;61.D:::7D,D;S9,OE7A,D:::7C 
CON 0::76,0:::41,0:::70,0 2.0=EA.U;60,~;62,O=F1 
CON O=5A,D;8~.C=S1.1)=33.0=47.0=1C.D;3C.D::56 
CON 0:; 30.0 ,il::25,O ::28,0= .O;F9 

SINSDT CON O::OC,O:;8C 

•• MASTER ROUTINE FOR DOING S1~E AND COSINE TRANSFORMS •• 
SINCOS LOX (OATA 

SIX DA TPT 
START OF STORAGE APEA FOR STACKEC ~rGNALS 
PCINTEF TO SIGNALS 

LOX: (STIUHC 
LOAA {!l::3CJ 
JSR CLRMEM 
LOX rSTARTC 
STX STCRAR 
lOX (COSTOP 
sn: TAELEP 
lOX (COS80T 
Sf)( TlELE8 
ElSR TR~SFM 
lOX {DATA 
STX Oil. TPT 
LOX t STArns 
STX STGRAI" 
LOX {SlNTCP 
STX TIl REP 
LOX [SINSOT 
STX TABLES 
8SR TR~SFM 
JSR PHSCCP, 
CLR OI VTEN 
JSR TESTSl 
Sli ERECT 
JSR POtA l' 
INC DIVTEN 

~ECT LOX [PHSSTP 
STX Be COli T 
LOX [STARTS 
STX BNIN 
JSR eN VRT 
CLR 01 \!T[N 
LOX (AMPST!;' 
SiX Becour 
LOX tSTA~TC 
STX BNIN 
JSR CN VRT 
JSR MfFin T 

t.OPR RTS 

START OF MEM SECTION TO 8E CLEAREC 
NC OF BYTES TJ Sf CLEARED IS 48 
CLEAR STORAGE AREA FOR TRANS RESULTS 
• OEFe STO~AGE AREA FOR 
• cos TRANS R£SUlTS 

• DEFINE TOP AND SOTTOM 
• OF TRaNS CON TABLE 
• FOR CO S T RAN S 

DO cos TPANS 

• CEF@ STORAGE AREA FOR 
• SIN TPANS ~ESCLTS 

", SAfE 
>j. FOR S!t\ TRAt~S 

DC SIN TRANS 
CALCULATE PHASE CO~RECTICN 
SET DIVIDE 3Y 1~ FLAG TO ZERO 
TEST SWITCH 1 
IF ON SKIP ~ECT TO POLAR CON~ERSIC~ 
CC~VEPT TO POL~R COORDINATES 
SET DIVIDE BY TEN FLAG TO 1 

• BINARY TO BCD FOR SINE 
CLEAR DIV!CE BY 10 FLAG 
Ii(. IDENTIfY OUTPUTS AND INPUTS 
• .,. 
.,. 
• BINARY Ie geD FOR COSINE 
Ii(. 



4~ PERFORMS SI~E 
fF:NSFM JSR 

8SR 
SUBS 
saCA 
eSR 

TRNlP eSR 
ADDS 
.tIOCA 
BSR 
lOU 
LDA8 
SUBS 
SBCA 
ecs 
eRA 

TRNl 8SR 
SUSS 
SBCA 
BSR 

TRN2 JSR 

~~ SETS 
4 ... FROM 
CCIHRL 

lPl 

lP2 

OUT 

.... LOAD 
LOAD 

DE C 
SHE 
JSR 
rns 

SIZE FOP 
SI~E AND 

LOU 
ST AA 
JSR 
LOIIA 
lOAB 
lSRA 
LSRB 
CMPA 
8NE 
lOU 
CMP8 
BEQ 
/iSLA 
lSRB 
BRA 
STU 
RTS 

POIN fER 
lOU 
lOAB 
Ins 
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TRA "SF ORM .4 OR CCSINE 
CCNTPL SET COU~TER INCREKENT reNTINe) Ahe SET C~LPPT 

LOAD 
eN TINe 
£0:;:00 
STORE 
LOAD 
ctHINC 
(0- II 
STORE 
TA BLEB 
TABL E8+1 
TAELEPH 
TA ElEP 
TRN1 
TRN2 
LOAD 
[ 0::80 
{o::oo 
STORE 
SE TM LT 
CNlPPT 
T"' .... lP 
NORM 

TAELEP TO ACC ~ SACK SET 
l# TABLE 
IV POINTER. 

Ace TO TABlEP IV 

TAEtEP TO Ace· ADVANCE 
4 TABLE 
"" POINTER. 

ACC TO TABLEP • 

ill- PESET 
L2S If. TABLE 

If. POINTER 

• RESE T 
l# CONSTANT 

'" POINTER 
l# IF 
If GR.EATER 
l# THAN 
... EN 0 OF 
l# fA BlE 

SET UP ANn MULTIPLY 

NC~MALIZE T~ANS RESULTS FD~ 64,16,4 PTs/eye 

COUNTER INCRE~ENT 

COSINE TABlE" 
PTSCYC 

FOR USE IN SELECTING CONSTA~TS •• 
.1fI. 

CN lPFT 
HRMCK 
PTSCYC 
( 0:;40 

(0::02 
lPl 
tiF Iv1N Ie 
( O:i(H 
OUT 

LP2 
eN TI f';C 

INTO Ace A AND e 
T A elL EP 
TA Ell [PH 



If.~ STORES Ace A 
STOPE STAll 

If.¥ SETS 
Sf Tf.1L r 

Ct1A~LP 

sua 
fHS 

UP ANe 
LOX 
Sf)( 

LOX 
LOX 
STX 
LOAA 
ST AA 
eSR 
JSR 
BSR 
eSR 
DEC 
ENE 
RTS 

If.'!f.lf. SU3ROUTINE. 
AOTFSK lOX 

LOAA 
ADOI'. 
SUA 
lOU 
ADCA 
SUA 
LOU 
flOCA 
STU 
lOU 
ADCA 
SUA 
JSR 
STX 
IHS 

If.¥ SET UP DA TA 
DA TSET lOX 

LOX 
Sf)( 
LOl( 
JSR 
Sf )( 
~TS 
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AND B INTC POINTER ¥¥ 

T A eLE? 
HlSLEP"1 

MUL T IPLIES 
STGRAR 
STRPT 
Til. ELfP 
OO~X 
XX 
( 0 ::::06 
Cli eN T 
DA TSET 
MULTi£, 
EXPSHF 
ADTFSK 
CHeN T 
CH ANtP 

DATA FOR 6 CHANNELS ¥¥ 

RESET POINTER TO TRANSFORM STACK Te 
POINT AT C~ 1 SIN OR COSo 
• LOAD AURS O~ CONSTANT 
• LOAD CONSTANT INTO MULTIPLICAND FCSIrID~ 
• (NCr DESTROYED AFTER MULTIPlV. 

• SET CHA~NEL COUNTER 
• 

• DEC CHANNEL COUNTER 

ADD TO TRAN~FO~~ STACK ¥.~ 
STFPT LeAD STORAGE A~EA POINTER 
U+3 
3,X 
3'i/ X 
U+2 
2,)( 
2,X 
U+l 
1,X 
1,)( 
U 
0,)( 
O,X 
INX4 
STRPT 

VALUE FOf: 
OATP T 
OOt X 
y 
DA TPT 
IN )(4 
DATPT 

SET ADRS OF STJRAGf AREA POINTER TO NEXT eH 

t'UlT!PlY H 

LeAD AORS OF STACKED nATA 
~ PUT DATA FRO~ CN N 01S 16 8ITS) If'.!TO 
If. MULTIPLIER POSITION FOF SUB ~ULT16 

RELOAD ADRS OF STACKED DATA 
POUlT I N DE X A T D A Tl\ FOR N EXT C H nit) 
STORE ADRS OF ~EXT DATA liALUE 



•• EXPAND PRODUCT OF ~ULTIPLY EV SHIFT!~G TO RIGHT .~ 
.~ THIS MAKES ROOM FOR SlACKI~G 6~ VALUES .~ 

EXPSHF LOAS [0=05 
SHFlP ASR U 

!'OR U+l 
POR U+2 
~OR U +3 
OECB 
ENE SHFLP 
PTS 

•• ROUTINE CLEARS UNLIMITED SEC lIONS Of MEN •• 
•• INDEX MUST CONTA!N STA~TING ADRS § 

•• SRTCHI ~UST BE NO. OF BYTES TO BE CLEARED. 
CLRM2 STX DATPT 
CLRMLP lOX DA TP T 

CLR Of! ,X 
INX 
STX DATPT 
lOX SR TeN! 
DE )( 
STX SRTCHl 
eNE CLRMlP 
IHS 

71 

•• INDEX MUST CONTAIN STA~TING ADRS / Ace A MUST CONTAIN NO. CF BYTES Tr. • 
•• BE ClE ARE o~ 
CLF-MEM ClR OO,X 

INX 
DECA DEC COU~TER 
ENE CLfMEH LOOF 
IHS 

•• SEL~CTS MAXIMUM FOINTS PER CYCLE POSSIBLE .~ 

PTSSET LOAA PIAA4 ~ 

CMP. [D;OA • 
8CS PfSERP • LEADING ZERO FOUND ERPOR 
lOAA (Ell • 
lOAS teeD • 
BSR COMPAR • 
81'11 PTS64 • 
SRA PTSERR • PERIOD TOO LARGE 

PTS64 LOAA (64 
Sf U PTSCYC • 
lOU tEl • 
lOAS [CCl • 
8SR COMPA'R ~ 

8MI PTS16 • 
SRA SETFl FTs/eye .,. 64 

PTS16 LOAA {16 
STU PTSCYC 
LOU {E2 
LDAS {CC2 
eSR COMPAR 
8MI FTS4 

• 
• 
• 
• .,. 
• 
• eRA STF12 16 prs/evc 

PTS4 lOAA [~ 
.,. 

STAA FTSCYC • 
lOAA (E3 ~ 

lOA8 (CC3 • 
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asp COMPAP 
8MI PTSERR • PERIOD TOO SMAll 

H NEXT 6 LINES SET UP FO~ 16 PTs/eyC" THESE VALUES WIll BE USED IF ~.lI! 

H 12 IS C LEA R Eel E 8 e I TAO cwo R (J S I Z E ! S U Sf 0 
STF12 lOX £0=8060 12e~ 96 DEC O~ 8~, 6~ HEX 

srx DTPTCH DIPTCH, PTCYC1 
LOX !oPSHT+768· 
STX PS~8CT • DEFINE 80TTO~ OF DATA COLLECTIO~ AREA 
lOX {OATAt-3eO 
SIX DArAB • BOTTOM OF STACKING AREA 
LOU {16 
CMPA PlSCYC 
BEQ SETFL IF PTSCYC '" 16 SK1P NEXT SEenei'< 

• NEXT SIX LINES FDf 4 PTs/eyC WITH e 911 ADC WORDS • 

S€TFL 

tlDGS 
PTSt::RR 

•• COMPARE 
COMPAR 

LTHAN 

GTHAtIi 

lOX (O=2G1e 32, 24 DEC OR 20, 18 HEX 
STX DTFTCH CTP1CH, PTCYC~ 
LOX {OFSHT+19Z ~ 

SiX PSHscr • DEfINE aCTTO~ OF DATA COLLECTIO~ AREA 
LOX rDATA+92 • 
STX DATAS • BOTTOM CF STACKING ARE~ 
CL~ fLAG12 CLEAR FLAG FOR 8 BIT Aoe WORDS 
LDAA [£4 50HZ CHANGE O~EP POINT 
LDAB (celt 
eSR COMPAf<, 
81'11 ADes 
INC FLAG12 
FHS 
lDA8 
JSR. 

{ (l ;:8 ~ 
ERkOR 

PE RI ODS •• 
Sf AA EXPA 
STAB COE8 
LDU PIAB4 
ANOA [0::70 
CMPA EXFA 
SHI GTHAf\! 
BCS lTHAIIi 
lOAA PI AA/;, 
CMPA COES 
erH GTHAt-
BCS LTHAI'< 
CLRA 
RTS 
lOU r e- l:l 
RTS 
lDAA { 0;01 
RTS 

SET FLAG12 FOR 12 BIT ADe WORD SIZE 

DIS ~LA VS 1-3 

READ EX? 

Ace » 1'1 
Ace <( M 

READ COEf 

ACC » M 
Ace <{ M 
Iii' EQUAL 

Jf. LESS THAt-

Iii' GREATER THAN 

Iii'Iii' NORMALIZE TRANSFORM RESULTS FOF 64, 1&, lP 4 POINTS/CYCLE •• 
NORM CLR8 

LOAA 
CMPA 
BEQ 
/lSl A 
8Ml 

PTSCYC 
to a 

END 

NOFMl 

• E4 PTS/CYC USED NORMALIZATIC~ ~CT NEE [EO 
• DETERMINE ~O® OF SHIFTS 
~ NEEDED TO ~CRM~LIZE 



INCB 
e~A 

NORM1 ST AS 
NORMO 
NOSHF 

~ TRA~SFCR~ED VALUES, 
~ SrO~E NO~ IN NOSHF@ 
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LOX 
LOAA 

STCRAR 
(0;:06 

LeAD AO?S OF STORAGE AREA FOR TRA~SFORMf.C VALUES 
'SET eH COUNTER 

NLOOP1 
NLOOP2 

NRENO 

S~I HL 

LOAS 
eSR 
DECS 
BNE 
JSR 
OECA 
eNE 
FrS 

,list 
ROL 
POL 
ROL 
IHS 

M)SHF 
SHIFTL 

NLCOP2 
IN ):4 

NLCOP1 

3,X 
2,)( 
1,X 
0,)( 

LeAD NO$ OF SHIFT COUNTER 
4 BYTE T!~ES 2 ~ULT. 

DEC NO@ OF SH!~TS COUNTER 

SET INDEX TO NEXT VALUE IN OATA SE1 
DEC CHANNEL CO~NTER 

~~ CONVERT 8INA~Y RESULTS T( OISFLAYAELE FO~M ~~ 

CNV~T LDAA [D~06 
STAA CHCN T 

CNVLP eSR BeceON 
oTST DIVTEN TEST OIVIO BY TEN FLAG 
SEQ SKIPt>lV 
JSR M\tDEC MGIIE DECIMAL Pf .. 

SKIPMV JSR !NX~ PC1NT TO NEXT SET OF DECIMAL DUTFUT LOCATIONS 
Sf)( seCOUT ~ 

LOX SNIN • POINT fe NEXT SET OF BINARY 
JSR INl<4 '" INPUT LeCATIONS 
STX BNIN II> 

DEC CHeN T 
ENE CNVLF LOOP I) TIMES 
RTS 

~. MAI~ ROUTINE PREPARES BI~AFY DATA FC~ DISPLAY AS BCD VALUES •• 
BCOCON 8SR BeCPT1 00 PART 1 

eSR SCCP1Z DC PART 2 
IHS 

.~ PRE~ARES BINARY VALUE 
8CDC02 eSR BCCPH 

LOAS {1Z 
eSR SHRLF 
lOAA [O~OF 

STU lH9X 
lOU SIHCH2 
SUA 00 ~X 
LOAA 02,X 
81 TA {O 0 
ENE BCOUT 
OR II A. ( 0 (1 
STU 02,X 

BCOUT HS 

Fef DISPLAY AS SIGNED 4 DIGIT BCD VALLE ~~ 
00 PAPT 1 
~ SHIFT ~ SYTES 12 BITS RIGHT 

~ BLANK LEAD!NG ZERO 
~ ANn ALL D~CIMALS 

'" LOAD SIGt-; 
"" BLANK SECOND zrr:o IF P~E SENT 
• 
~ 

• 
iJ!!. 

FCR.MAT (- xxxo 



•• CONVE~TS eINARY DATA 
I3CDPT1 CLRI3 

LOX SHIN 
LOU 02,)( 
SUA 01 
LOU 01,X 
SlAA 02 
LOU OfhX 
STU 03 
8Pt. POSIT 
COM 03 
COM 02 
C'1M 01 
LOAS CO::02' 

POSIT STAa SIHCH2 
JSR SINBCC 
LOX BCOOl,;f 
LOU OUTi 
STAA 03,)( 
lOAA OUTZ 
STAA o 2 ~)( 
lOAA oun 
STU (19)( 

LOAA ( (1:::40 
LOllS OUTLt 
ANDS [ 0;:0 F 
sue 00,)( 
RTS 

¥. CONVERTS BINARY DATA 
9CDPTZ SNE BLARG 

NOZEKO 
8t A F:G 

8MEO 

SSML 

SHR44 
SHRlP 

LOAS 01,)( 
AN 0 8 { 0 0 
8NE EM EO 
LDAS 01,X 
ANoe {O::OF 
BNE NOlE~O 
ORAB [0;:0 F 
STAB 1:11 ,X 
8RA 8SM!.. 
eSR SHf<1+4 
LSRA 
eSR 
lSRA 
ORAA 
Sf AA 
lOIlA 
SUA 
FTS 

LOAS 
LS~ 

ROR 
,"OR 
ROi~ 
CECS 
BNE 
RTS 

SHR44 

tl1 \IX 
01,)( 
SRTCH2 

( 0;::04 
oo,X 
01,X 
02,X 
0:3 ~X 

SHRLF 

TO 8 CD FOP OISPtA V (PAn it •• 74 

Ne MINUS S.! GN 
• 
• LOAD BIUKY DATA, 4TH BYTE NOT USED 
4<-lS BYTE 
4<-
4<-
". 

'l'MS BYTE 
TEST FOR NEG BI~4RY VALUE 

• NEGATE NEG BINARY VAl.UE 
• 
• 

SET NEGA1IVE SIGN 
SAVE FOR LATE!'; 

BINA~Y TO eco ROUT!NE 

• LSD • STORE 0:: c IMAL RE SUL r S 
• 
4<-
4<-
4<-

SI:: f 3FD DECIMAL ex )(,.X)( x» 
¥ 

¥ 

if. MSO 

TO BCD FOR DISPLAY (PAPT 2) .~ 

• NO LEACI~G ZEPO 

¥ NEXT DIGIT IS NOT A ZERO 

4<-
• TEST FO!' LEADING ZERO 

• BLANK LEADING ZERO 

SMALLEST N00 
SH!FT J;'IGt-lT 
SH! n OECI'1AL 

SHI FT DECIMAL 

• ADO oEcI~.l ~OINT 

• LOAD SIGN 

S~IFT 4 BYTES ~ PLACES RIG~T 

- 8RAt>l(H 

.4<- CALCULATES PHASE CORKECTION IN TENTHQUSANOT~S OF DEGREES •• 



>j.Jf. DUE TO TIME 
PHSCOR LOAB 

lOU 
PHLP LSRB 

LSRA 
CMj::A 
8NE 
LOU 
STU 
CLR 
STAB 
CLR 
JSR 
LOX 
Sf)( 

lOX 
STX 
JSR 
lOX 
STX 
LOU 
STU 
lOX 
STX 
LOX 
SIX 
JSR 
JSR 
IHS 

MVOEC LOU 
ANOA 
ASLA 
LOAS 
ANOB 
ABA 
Sf AA 
Ins 

OISPHC LOX 
JSR 
RTS 

SAMPLING SKEW 
[ CJ ::40 
PTSCYC 

{ 1):;:01 
PHLP 
HRMNIC 
YH 
'( 

XXH 
XX 
MUL Ti6 
U+2 
'f 
( 0;::2 49F 
xx 
MULT 16 
U+2 
PHS2 
U+l 
PHS1 
(PHSl 
SNIN 
[PHS 10 
8CCOLT 
BcreeN 
MIJ DE C 

!PHS10 
LeDOIs 

~~ HAR~ON!C SIZE CHECK :t(.lf. 

HRt"N!C 
PTSCYC 

HRMCI< lOAS 
LDAA 
LSRA 
CSA 
eec 
LOAS 
JSR 

H~MOK1 IHS 

HRMOK1 
(0 ;:B2 
ERROR 

75 

If. LOAD HARMONIC NO. INTO MULTIPLY POSITION 

If. LOAD CONST~Nf FOP MULTIPLY (0&9375 OEGPEESl 
JI. 

~ CONVEPT 8INA~Y PHASE TO BCD 
JI. .. 
~ 

If. 

MOVE DECI~Al (1/10) RESULTS ARE !~ DEGREES 

ROUTINE MO~ES DECIMAL PT TO LEfT 

M(i\,E DEC PT LEI:'T 

If> RECOMBINE 

~ELOAO DECIMAL PT 

DISPLAV P~ASE COR~ECTION 



•• DISPLAYS E~ROR SYMBOL (ACCS) AND HALTS P~OG~AM ¥~ 

EF.ROR JSR CLROIS 
STAB PI AS1 

(SELF eRA ESELF 
RTS 

If.~ ENTER HARMONIC NO", H 

HRMSlT LOAB HA~M10 
JSR OI SDG2 
JSR ENTOS2 
STU HAf."Mlll 
TAB 
JSR 015DG2 
JSR Be calliz 
STAB HRt'NIC 
JSR HRMCK 
JSR PHSCCR 
FiTS 

CALCULATE PHASE CORRECTION 
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JiJ. '" DI SP LA,( S TWO 
Dr S DG2 JSR 

DIGITS IN Ace e ON LCD FO~MAT (E B (I 2,,8 8) 8=elANK H 

CLfiDIS 
STA8 
lOAA 
ST AA 
IHS 

PIIlSl 
( O:;2F 
PIAA2 

.~ CONVERTS 2 DIGIT BCD VALUE IN Acce fO 8 9IT 8INARY VALUE IN e •• 
BCOSN2 TBA 

ANOS (O::OF 
LSRA 
lSRA 
lSRA 
lSRA 
SEQ Be [R TS 

SCOLP ADoe {O=OA 

SCORfS 

H· £NERS 
ENT OS2 

SfROIiR 

OECA 
SNE 
PfS 

AND 
JSR 
SEQ 
JSR 
LOX 
LOAB 
STAB 
JSR 
EEQ 
JSR 
lOX 
JSR 
PFr:J 

BeCl F 

OISPL AYS 
SCI'-iK EY 
l.ASTOG 
NCCDE 
{PU81 
[ 0 
(hX 
Sf 01 G1 
LA Sf CG 
NceOE 
[PHS! 
Sf el G2 
UI ~T rr. 

TWO nG! 1'5 Iif./f. 



LASTOG LOAA 
RTS 

STFO \lR 
PIAEH 

IJI. ROUT! NE SE TS THE PRE AND POS T COUtHEPS ON TIMING BOARD IJI. 

P TSCON LOA8 ( 0;0 () 64 FTS CONTROL SITS 
lOAA (0;1 (J ~ 16 prs/eye 
CI>1PA PTSCYC 
ecs FeSET (64) 
LOA8 ( Q :;(14 H PTS ceNTROl 1311S 
CMPA PTSCYC 
eEO peSET (lEd 
LDA8 {O ;:08 4 prs CONT~OL BITS 

peSET LOAA PIA84 IJI. SAVE OlHER BITS 
IlNOA ( 0 J IJI. AND AOD prs/eye 
ABA IJI. CONTFOl 91 rs 
ST AA PIA84 'f (COt-iTfWl SITS APE B2@83 , 
F.TS 

'fIJI. DISPLAYS AND AlLO~S ENTERING OF F,OTACC ¥IJI. 

1JI.'f CONTROLS ARCTAN AeCU~ACY TABLE FOLLOWS .IJI. 

77 

n ~.oacc ::: 3 RESULTS IN ,.0;8 DEG ACCUR~CY, TIME 1 SEC CHAN0 .". 
".~ ROTACC ::: 7 RESULTS IN 000175 DEG ACC~~ACV, TIME 16 SEC/C~AN •• 
CPOTAC LDX [ReTlee 

BSR 01 S2 
lOA8 ROTAce 
CM PB ( 0:::02 
8H! CROT! 
lOAS (0;:03 

CROTl eMPS (0:::07 
8LS CROTZ 
lOAS rO;::01 

CROT2 STAB ROTAce 
JSR [1 SDG2 
RTS 

lJf O!SFL. AY SAND ALLOWS ENTERING CF C~AN"EL NDG • 
NCHNLS LOX 

eSR 
LOA8 
OECS 
eMPS 
8HI 
IHS 

NCHlD6 lDAB 
Sf AS 
iHS 

... DISPLAYS AND 
ST A TNO lOX 

eSR 
FHS 

[NCHPR • LOAD IDRS OF ND~ OF CH OPERATED [~ AND PPINTEn 
01 S2 
NCHPR 

((l5 
NCHL 06 

(06 
NCHP~ 

• TEST FOR CH ~O@ CUISInE ~ANGE CF 1 Tn 6 

OK WITHIN ~ANGE 
OUTSIDE PANG~ LOAD IN 6 

ALLOWS ENTERlf\;G OF STATION N:>,. ", 
(NSTN • LOAD lOPS OF STATION NO,. 
DIS2 DISPLAY ANC ENTER VALUES 

• DISPLAY AND ALLOWS ENTEFING OF RUN NO@ 
RUNNO LOX [NRUN 



eSR 01S2 
RTS 

'PI- GEN::P,AL ROUTINE FOR OISPLA'ING AND Et-.TERING 2 DIGIT NO .. ",~ 
DIS 2 S TXT A Ell E B 

LOA£! 009X 
JSR DISDG2 
JSR ENTOS2 
LDX TAELE8 
STAA OlhX 
TA8 
JSR 
IHS 

Pf.~INTEP 

lOU 
OPAA 
ST AA 
LOX 
JSR 
IHS 

01 SOG2 

POWER ON 
PIAB2 
{ 0 0 
P1AB2 
( 0::3,1102 
DElA YJ 

LeAD VALUE TO 8E DISPLAYED 
DISPLAY 2 DIGITS 

EN lER 2 DIGITS 

", TURN PRINTER POWER ON 

if DE LAY 2 I) 0 '1 S 
", ( AT 1000KHZ CLOCK 

•• CONTROLS PARAMETER PPINT SEQUENCE •• 
HPRINT BSR PHRON TURN PRINfER PDWEF ON 

.... TUR~ 

PWROFF 

SSP ElL AN K 
SSR OFTOIS PPINT COS A~D SIN 
LDA8 HARM10 ", 
JSR DISDG2 • PRINT HI~MDNIC ~D. 
eSR PRNT ". 
JSR DISPER • PRINT PERIOD 
8SR PRNT ". 
JSR DISCYC ". PPINT NO. CYCLES 
8SR PRNT ... 
JSR OSTMRN • PRINT S'ATIO~ AND RUN NO .. 
eSR PRNT ... 
BSR BLANK 
8SR PWkOFF TURN PRINfER POWEP OFF 
IHS 

PRINTER 
lOU 
ANDA 
STU 
IHS 

POWER OFF 
?IM2 
( (} 

PIA82 

• 
• TURN POWEI< OFF 
• 

if$.. PRINTS VALUE DISPLAYED m; LCD 
.", 

PRNT LOU 1"1,1182 ... 
OR I'\A ( 0 :;:20 if$. PIUNT LINE HIGH '" PRINT 
STU PIABZ • 
LOAA PIIIBl • 
ANDA to :;OF ... PFINT tINE bOW 
STAll PIAB2 • 

BUSY LOliA PIA82 ". 

ANOA {o::o {3 ". TEST SUSY LINE 
eNE au SV' • 
RTS 

78 



BLANK JSR 
eSR 
IHS 

CLF'DIS 
PRNT ,.. PlUtH A 8LANK 

,... ROUTI~E PRINTS VALUES POINTEC AT BY INDEK REGe •• 
TPRINT JSR LeCDls 

JSR PRNT 
fHS 

•• ROUTINE PRI~TS COS AND SIN TRANSFOFH RESJLTS •• 
OFTDIS LOIlA NCHP~ • 
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CMPA rGI • SELECT NO OF CH 0 TO 9E PRINTED 
flEQ CH AN! • 
CMPA (02 • 
EEQ CHAN2 • 
CMPA [ a 3 • 
E!EQ CH AN3 • 
CHPA { 04 • 
SEQ CHAN4 • 
CMPA [05 • 
SEQ CHAN5 • 

CHAN6 lOX (PHSSTK.ZG 
eSR TPR!NT 
lOX {AMPSi~.20 

8SR TP to, T 
CHANS lOX (PHSSTR+16 

BSR TPRHH 
lOX (AMPSTR+16 
8SR TP1HNT 

CHAN4 lDX {PHSSTR+12 
eSR TPfIf\T 
lOX [AHPSTR+12 
eSR TPFtINT 

CHAN3 LOX [PHSSTR~8 

eSR TPRINT 
lOX lAMPSTR+e 
eSR TPRl"'T 

CHAN2 lOX (PHSSTR+4 
eSR TPFINT 
lOX (Af<lPSTRH 
ESR TPF?INT 

CHAN1 LOX (PHSSTR 
eSR TPF-INT 
lOX IAMPSTR 
SSP TFHNT 
FiTS 

•• ROUTINE TRAhSFORMS AND PfiINTS ALL H.~MONICS •• 
•• BEGINNING AT HARMCNIC NOe HRMNIC •• 
PRTALL eSR TRSEr 

SEQ POUTl IF ZERO RETURN 
ElSR HM Sf T 
SRA PRTALl 

•• ~OUTINE TRANSFORMS AND P~INTS EVEry CTHE~ HA~HON!C •• 
•• BEGINNING AT HARMONIC NO. HR~NIC •• 
PRTEVO ElSR TRSET 

DEeA 
8LE POUTl IF -1 O~ n ~£TURN 
BSR HMSET 



eRA PRTEVO 

fF'SET JSR HRMCK 
JSR SINCOS 
UlAA HR~NIC 

O[CA 
HS 

HMSET STAA HRtlNIC 
JSR BNBCIJ2 
Sf All. HARH10 

POUH RTS 

•• CON~ERTS 1 BYTE BINA~Y 

9N8CD2 CLRB 
A DOHI ADOB 

SUBA 
eec 
SUB€! 
AI) Oil. 
ABA 
RTS 

{O ;:10 
tll::OA 
A 001 0 
(0;:10 
[O;:OA 

•• 25 COMP 1& TIMES 16 BIT 
IS •• XX,XXH 

•• '1','1'+1 
••• U,U+l,U+2~U+3 

MULT16 lOX [0 

IS 
IS 

OOS 

HLPl 

MlP2 

ADO 

SHIFT 

CLRA 
STU 
OEX 
E!NE 
LOX 
lOU 
ANOA 
TA8 
EORA 
13£ Q 
'iSlB 
BEQ 
LOAA 
LOAB 
SUBA 
S8CB 
STU 
STAB 
BRA 
UlAA 
lOAS 
AOOA 
AOCB 
STAll 
STAS 
CLR 
ROR 
ROF! 
IWL 
ASR 
~OR 
f.iOR 

HLP! 
( 0;0010 
1(+1 
£01 

FF 
SHIFT 

ADO 
U+l 
U 
XX +1 
XX 
U+l 
U 
SHIFT 
U+l 
U 
X)(+l 
XX 
U+1 
U 
FF 
Y 
H1 
FF 
U 
U+l 
U+2 
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TO 2 DECIMAL (MAX VALUE IS 99) 

~ULTIPlY WITH 32 BIT PRODUCT wITH 2 ~IGN ellS ~ • 
MULTIPLICANC NOT DESTROYED 
MUL TIPLIEF 

Pf'COUCT 



ROP U+3 
DEX 
BNE MLP2 
RTS 

~~ 3 BY TE BINAR Y TO 7 DIGIT eCD CONVERSION INPUT 03,02,01 lIJ.JQ. 

.111> QUTP' UT OUT~,OUT3,OUT2,(UTl UNSIGNED VALJES nNLY .lIJ. 

BINBeD lOX (C 106 llHI 0 IHlO 
SSR BINceN LeAD cOtiSUNT IN TO C3 

8na 9SR BINSIJ8 SlJ eTF:(.ACT 
BGC B1I';l 
eSR BINACO IDe 
STU OUT4 
LOX (C1D5 100000 
eSR SU;CCN L CA 0 co t-s TANT INTO C3 

BIN2 eSR 81 "SUB 
ece BIN2 
SSR BI NS ET 
ST AA oun 
lOX [C 104 
8SR BINCON 

BIN3 8SR 81 NSUB 
eec BIN3 
BSR BlNICO 
AOOA OUT3 
STU oun 
lOX {C1G 3 1000 
8SR BINCCN 

BIN4 eSR BINsue 
ecc BIN4 
eSR 8!NSn 
STU OUT2 
LOX rCl02 100 
8SR BINceN 

BIN5 eSR BINSliB 
BCC BINS 
8SR 81NAOO 
AOOA OUTZ 
SUA OUT2 
CLR sueT 
lOIU ({):;O A 
Sf AA C1 

SINE> 8SR BINsue 
Bce SINo 
SSR SINSEl 
AOOA 01 
STU OUH 
RTS 

JQ.. COMPONEI\T OF BCD CCNVE~SION ROUTINE .", 

BINCON CLR SU8T 
LOAA (09)( 

STU C3 MS BYTE 
lOAA ()1 I1 X 
STU C2 
LOU o Z ,x LS BYTE 
SUA Cl 



Ins 

Ii/-Ii/- COMP Ot-lE NT OF BCD CONVE~sION fourINE ~. 
BINSIJ8 IN C 

eSR 
IHS 

SUST 
SUS3 

H COMPONEf.iT OF 
8tNADD 8SR 

BCD CONVERSION ROUTINE •• 
A DOl 

LOU 
OECA 
RT'S 

SUBT 

H COMP ONE NT OF 
8INSE T eSR 

BCD CONVERSION ROUTINE .~ 

Ao03 
LOAA 
DECA 
ASLA 
ASL A 
ASLA 
ASLA 
IHS 

sueT 

n CONSTANT TABLE FeR BINARY TO 
Cl06 CON 0=CF,O=42,C 4C 
CiDS CON O=Ol~O=86,O AD 
C104 CON o=CO,n=27~O lC 
Cl03 CON 0=00,0=03,0 8 
C102 CON 0=OD,0=30,0:64 

BC~ CONVE~SION •• 

•• 3 BrTE ADD FOP BCD C0N\ERSICN ROUTINE •• 
A003 LOAA 01 

AOOA 01 
Sf AA 01 
LOAA 02 
AOGA C2 
Sf AA 02 
LD AA 03 
AOCA C3 
ST AA 03 
RTS 

•• J BYTE SUBTRACT FO~ BCD CONVERSION ROUTINE •• 
SUB3 lDAA 01 

SU8A Cl 
STAA 01 
LOAA 02 
SBCA C2 
ST AA 02 
lDAA 03 
S8CA C3 
ST AA 03 
RTS 

1000000 
100000 
100 tl C 
100 (I 
1!)(1 

• A~QUrRES. TPANSFORHS ANn PRt~TS nNF HA~Mn~T~ • 
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--,-_.,- . ,- .. ". ~ - .... 
'I' CALLE 0 BY KE'tS RUN 1 'If. 

ATPONE BSR TESTB~ If. IF SWITCH ~ SE T no ~OT ACQUIRE 
eNE KYOU T1 'If. 

8SR ACQOAl ACQUIRE I DA U SET 
JSK SINCOS T~ANSFO~M AND oRINT ONE HARMONIC 
8SR TEST83 ~ READ SWITCH 3 
ENE ATPONE 'If. IF SET REPEAT SEQUENCE 

KYOUTi RTS 

'If. ACQUIRES, TRANSFORMS AND prINTS EVERY OTHER HARMONIC ... 
• CALLED BY KEYS RUN 4 
ATPE~O eSR lEST84 

SNE KYOUT4 
eSR ACQX 
JSR PRTEVO 
BSR HRSE T 
ENE A TPE VO 

KYOUT4 iHS 

... 
• IF DATA P~OTECT !S ON RT~ 

ACQUIRE A DATA SET 
TRANSFO~M AND PRINT RESULTS 
4 RESET HARMONIC NOm AND TEST 
• REPEAT SWITCH « :3 ) 

• ACQUIRE, T~ANSFOKM ANC PRINT All HAPMCNICS 
• CALLED 8Y KEYS RUN 7 
ATPALL 8SR lEST84 

ENE KYOUH 
eSR ACQX 
JSR PR TA lL 
BSR HRSE T 
eN E A TPAll 

KVOUT7 IHS 

ACQX LOIlA HR~NIC 
STU HSAVE 
eSR ACQOAT 
IHS 

HRSET LOU HSAVE 
JSR HMSE T 
BSR TEST83 
RTS 

'If. TEST SWI TeH 1 "" TESTSl lOAA PIAB3 
ANDA i 0:;:10 
iHS 

IJI. rES T SWITCH '+ iii> 

TESTB4 lOAA PIA83 
ANDA ( 0 0 
RTS 

"" TEST SWITCH 3 Jq. 

TESTB3 LOU PIA83 
ANOA ( 0 0 
Ins 

• IF DATA P~OT~Cl IS ON RTN 

ACQUIRES A DATA SET 
T~ANSfORM A~O PRINT RESULTS 
'If. RESET HARMONIC NO. AND TEST 
• kEPEAT SwITCH ( J ) 

... SAVE I-IARMONIC: NO. 
• 

ACQUIPE A OA H SE T 

• RESET HARMONIC NO. 
• 

TEST REPEAT sWIrCI-

READ MODE SWITCH 
MASK OUT ~LL 8JT SWITCH NOo! 

READ MODE SWITCH 
MASK OUT ALL BUT SWITCH NOo 4 

READ MODE SWITCH 
MASK OUT ALL BUT swITCH NOe 3 

• 'If. RCULATE Ace e 4 BITS INTO Ace A • .,. 
ROR8A RORB 

i=:aRA 
RaRB 
FORA 

83 
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~. MASTER 
A COOAr 

RORB 
!'OR A 
ROf<B 
"OR A 
RTS 

ACQUISITICN ROUTINE 
JSR ClFDIS 
lDAA CYCAIIG 

FeR 64 1f! ~ PIs/eye ".". 

". 

". 

STU PI AU DISPLAY NO" OF CYCLES AVERAGEC 
lOAA PIA84 ". R fAD PERIOD EXP 
ANDA {O =.7 Q " LOAS PIAA~ • READ PE~IDD COEFFCIENT 
8SR ROI':BA CII'CUl A TE E It B1 T INTO A 
ORAB [ 0 {l ~ SET 2ND AND 4TH DECIMAL pr 
STAB PI AA2 
STAll. FIABl 
lOAS FLAG12 EQ 1 FOF< 12 at T AOC WORDS 
eEa BRAC1 • SElf CT ACQUSIT3 ROUTINE AS H OF 
JSR OTAQ64 "OU TINE FeR 6~ Of<: 16 PTS PER CYCLE 
eRA BRAC2 

BIUC1 JSR. DATA Qlt FOU TINE FeR 4 p rS/CYC 
BRAC2 lDA8 flO if. 

AOlFl JSR BEEP • CALL SE.EP 20 TIMES 
OECS 
eNI: AOlPl ~ 

JSR ClRDIS CLEAR DIS?L A Y 
LOAA NRUN ,.. 
AODA rel ~ THIS ADD SETS HALF CARRY FLAG 
DU '1> 

STAll. NRUN If. IN CREMEtH RUN NUMBER 
NOACQ RTS 

•• MASTER ~OUTINE FOR. 4 OR 16 FTS I CYCLE •• 
•• WITH 12 BIT ADC WORDS •• 
OTAQ54 lOX (1536 • NOe BYTES TO BE CLEARED 

STX SRTCHl • 
lOX 011, tl L OCA HON JF DAU TO BE CLEAREC 
JSR CU~M2 ClEAfi MEMORY S:: C TlON 
lOX NCYClE • SET NO@ CF C'l'ClES TO BE AIIERAGEC 
Sf)( SRTCH1 • 
8SR AQ1664 A(QUIPE DATA 
LOX r 0384 "I- 64"'6 (64 PT S/CVC) 

84 

AOC 

OT64 Sf)( SRTCH1 ·t,C .. OF 4 eYTE WOP os TO Sf NORIMAlI2EO 
lOX [DATA 
SIX OATPT 
JSR ADJUST 
RTS 

if.~. ACQUISITION ROUTI~E 

~". WITH 12 BIT ADe DATA 
A Q 166 4 CL R P I A A 5 

LOU PI AB3 
lDAB PIA84 
LOAB PlASS 
ANOA 0 ;20 
eEQ AGlQ2 

• OEF INE LOCATION OF DATA 
". 

NORMALIZE 

FeR 16 AND 64 POINTS pr~ CYCLE ~¥¥ 

vtlU£S@ '1> •• 

SELECT CH tl 
~EA 0 MODE SWI ICH 
CLEAR CYCLE PULSE 8'1' ~EADING PIA 
CLEAR SA~PlE PULSE 
MASK ALL BUT MODf. 2 BIT 
IF MODE 2 Nor SET LOOK FOR CYCLE FlJ l S E 

wORD S!Zf 



AQ01 

AQ02 

AQQ3 

CYLOCP 

CHLOOP 

AQFIN 

LOAA 
BPI. 
BRA 
LOAA 
BPI. 
lDU 
INC 
LOX 
BEQ 
DEl( 
sn 
LOX 
LDA8 
BSR 
INC 
8SR 
INC 
BSR 
INC 
aSR 
INC 
BSR 
CLR 
BSR 
INC 
OEes 
SEQ 
eRA 
RTS 

CPUB5 
AQQl 
AQQ3 
CP IA 84 
AQQ2 
PIABS 
PIAA'? 
SR TCHl 
AQFIN 

SRTCH1 
[ DATA 
PTSC'fC 
ACQSTK 
PlllAS 
A C QS TK 
PI AlIS 
ACQSTK 
PIUS 
Acas TK 
PIAA5 
ACQSTK 
PIAAS 
IlCQSTK 
PlAAS 

CYlOOP 
CHLOOP 

• WAIT FOR SAMPLE PULSE FOR CH D CCOWN GOING) 

SKlP WAIT fOR CYCl~ PULSE 
• WAIT FOR CYClE PULSE 
• (OCCURS SAME TIME AS SAMPLE PULSE CH 0 , 
CLEA~ SAMPLE PJLSE 

SELf CT CH 1 
4 (MACHINE CYCLES) TEST CYCLE CC~NTER 
4 IF ZERO RTS 
4 ~ DEC AND STO~E CYCLE COUNTE~ 

5 • 
3 ADRS OF lsr VALUE IN DATA ST~CKING ~FEA 
3 SET L~CP CJUNTER B TO N00 PTs/eyC 16 OR 64 
101 WAIT fOR SAMPLf PULSE crt 1,REAC CM 0 
6 SELEC r CH i? 
101 WAIT feR SAMPl~ PULSE CH 2, READ C~ 1 
6 SELECT CH 3 
101 WAIT FO~ SAMPLE PULSE CH 3, PE~C CH 2 
6 SELECT CH r. 
lel WAIT FeR SAMPLE PULSE CH 4~ ~EAO eH 3 
6 SELEcr Crt ? 
101 WAIT fO~ SA~Pl~ PULSE eH 5, PEAD CH 4 
6 SELECT CH Q 
101 WAIT FC~ SAMPLE PULSE CH a, READ eH 5 
6 SELECT CH 1 
2 DEC PIs/eye COUNTER (16 OR 641 
4 IF ZERC STAPT NEW CYCLE 
4 IF NeT 0 GO T~POUGHT CH SEQLENCE ONCE MOPE 

•• ROUTINE ACQUISITION ANC STACK - STACKS ONE 12 BIT WORD F~CM IDC I~TC •• 
~. FOU~ 8 eIT eVTES. REQUIRES 101 HACHr~E CYCLES TO CALL AND RETURN@ 
ACQSTK lOAA CPIA8S 4 WAIT FOR SAMPLE PULSE FOR CH 1 (DCWM GCINGI 

ACSKl 

•• MASTER 
OATAQ4 

OATL? 

!3PL ACQSTK 4 
lDAA PIAA5 4 
ANDA (0 0 2 
ADDA 03,X 5 

REIlD LS 8YTE FrOM AOC 
MASK OUT eli /lOPS 
~ STACt( IN HEM 

STU tl3,X 6 ~ 

LDAA PlASS 4 READ MS BYTE fROM AGe 
ADCA 02,)( 5 STACK IN MEM 
STAA 02,X 6 
LDAA 01tX 5 ADO CARRY TJ 3RO BYTE 
ADeA {on 2 
STAA 01~X 6 
8CC ACSKl 4 BRANCH IF CARRY CLEA~ 
INC DD,X 7 OTHE~wI~E INC ~s 9YTE 
INX 4 ~ 

INX 4 ~ POINT INDEX TO NEXT STACKING lOCATIO~ 
INX 4 • 
INX 4 • 
RTS 

ROUTINE FOP. 4 PCnTS PER CYCLE •• 
JSR NOCAlL SET NO. OF CALLS TO ACQUS1 
lOX { 384 ,.. NO OF BYi::S TO BE Cl EARED 
STX SR reHt ~ 

LOX {O AT A STARTING ADRS 
JSR CLf:.:M2 CLEAR STACKING AREA 
JSR ACOUSl ACQUIPIES 1} C'fCLES OF Oil. TA 



SSR STACK 
LOX NT tlCO 
eEX 
STX NT tCO 
E!i'iE 01\ TLP 
LOX [0096 
STX SRTCHl 
LOX [0 AT A 
STX Oil. TPT 
JSR ADJUST 
RTS 

~'f "ourINE FOR STACKING 8 
STACK LOA8 UJ8 

STAB SR TCH2 
STS STCRAR 
LOS !OPSflT 

STKLPl LOX Oil. TAB 
LDA8 PTOCH 

S fKlP2 PULA 
AOOA 02,X 
Sf AA 02,)( 
LOAA fl1 ~X 
AOCA [00 
ST AA 01,)( 
ecc STKe 
INC 00,)( 

STKB DEX 
OD 
O[X 
OEX 
OEC8 
8NE STKLF2 
DEC SR rCH2 
8NE STKlPl 
LOS srCRtlR 
RTS 

•• ROUTINE NORMALIZES DATA 
ADJUST LOAB CYCAVG 

JSR 8C[BN2 
lOAA [16 
S8A 
ST AA NOSHF 

AOJlPl lOAB NOSHF 
LOX OATil! 

ADJLP2 JSR SHIFTl 
OEGB 
ENE AOJlP2 
LOAA !HhX 
AODA { 0:::80 
S1 AA CO~X 
JSR IN )(4 
STX DA TPT 
LOX SRTCHl 
DEl< 
Sf)( SRTCHl 
aNE AOJLPl 
IHS 

86 
New STACK CAT A 
", CE C COUt-; TE ~ 
", 

JI. 

", 

", NO .. OF 1+ 8'( E WC!'OS TO BE N (J F t' ALI Zf 0 
~ 

~ DEFINE LOCATION OF OATA 
A[JUST Oil TA FOR NO .. OF PTS STACKEC 

CYCLES OF DATA AT 16 OR 4 PIS/CYC .~ 
~ SET leOP! COUNTEF (8 CYCLES OF CATA) 

SAVE STACK POINTER 
SET STACK POINJEF TO TOP OF NONSTACKED DATA 

Kf~E1 POINTER 1'0 DATA STACKING /lP-EII 
RESET LCOP2 COJNTER (6 CH AT 4 OR 16 PTs/eye) 

PULL DATA F~O~ ST~CK 

• ADD 8 BtT BYTE TO FOUR BYTE weRe 
'I> l S BYTE (Q 3 ,)() I S NO T USE D 
~'" 
~ 

~ 

JI. 

'I> 

~ SET TO ~EXT DATA STACKING WORe 
~ 

~ 

'" 
lfI. LOOP2 

I!J 

~ lOOP1. 
RESTORE STACK POINTER 

WIT~ NO OF CYCLES STACKED ~~ 

EXP OF 2 !jeD 
CON VE.FiT fC 9I'lAPIf 

~ SET NC. CF SHIFT NEED TO NOR~~lIlE 

RESET NO. CF S~IFT COUNTEP 
LeAD POINrE~ Tl DATA 
S~IFT 4 BVTES 1 BIT LEFT 
DEC ~OSHf COUNTER 

lfI. REMOVE [C OFFSfT TO CPEATE 
~ 25 COMPlI~ENT NUMBE~S 

SELECT NEXT VALUE TO BE SHIFTED 

• DEC WORe COUNTE~ 



••• ROUTINE SETS NO. DF CALLS Te ACQUSI 9ASED ON CYCAVG ••• 87 
••• THE MINIMUM NO@ OF CYCLES AVERAGED IS 8 ••• 
NOCALL LOAS CYCAVG CYCAVG IS EX~ ~F 2 IN eco 

JSR 8CCBN2 CC~VERT TO BINARY 
SUBS [D3 SLE OUT 3 FOR ~IN ND@ OF CYCLES 
8?L NOCAi IF RESULT IS POSITIVE CHANGE NOTHI~G 
LOAS r03 • OTHERWISE ~ESET TO 3 
STAB CYCAVG • 
TBt.\ 
JSR SETC~2 RESET CYCLE eOUNTEP TO 2 EX? 3 
CLRB • FOP N=3 

NOCAl lOX (0001 • 
STX NTACQ • SETS COUNTE~ FOR ND. OF TIMES 

NOLODP GEe8 • ACQUSl IS CALLED 
EMI RE TRt-. • 
ASL NTACQ+1 ~ 

~OL NTACQ ~ 
BRA NOLOO? ~ 

RETPN IHS 

.~". ROJTINf FOR. 
"'.Jt. PUSHES DATA 
ACQUSl LOA8 

STS 
lOS 
elR 
LOU 
NOP 

AQlPO LOU 
8PL 
lOAA 
INC 

AQlPl lOU 
BPt. 
LOAA 
INC 
f:SHA 

AQLP2 LOU 
8Pl 
LOIlA 
INC 
FSHA 

A P3 lOAA 
8PL 
lOAA 
INC 
FSHA 

AQt.P4 LOAA 
EPL 
lOU 
INC 
PSHA 

AQlP5 lOAA 
8Pl 
lDAA 
elR 
FSHA 

AQLP6 LOIlA 
8?l 

ACQUHING 8 
BYTES IN TO 

OTfTCH 
SRTCH1 
PSl-i80T 
PlAAS 
PIA84 

CPIAB4 
AQLPO 
PlASS 
PIUS 
CPUBS 
AQLP! 
PIAS5 
PlllAS 

CPIA85 
AQlP2 
PIA85 
PIAAS 

CPIA85 
AQLP3 
PIABS 
PlAAS 

CPIA85 
AQlP4 
PIA.85 
PI AAS 

CPIA85 
AQlP5 
PIABS 
PlAAS 

CPIA 85 
AQLP6 

BIT Aoe OAf A VALUES AT 16 OR 4 I~TS PEP CYCLE ••• 
DATA STOFAGE A~EA •• ~ 

Sf T lOOP CCUN TER 
STCRE STACK POINTER 
SET STACK POINTER TO START OF OATA STORAGE A~EA 
SElE CT CHAt-NEl I) 
CLEAR CYCLE PULSE 8Y ~EADING P!A 
A FUNCTIot~AL NOP 
WAIT FOR CYCLE PULSEe SAME AS S~Pl PULSE CH 0 
NefE TEST w SET PIA ACCORDINGLY 
CLEAR SA~PLE PULSE 
SELECT CH 1 
~ WAIT FOP SAMPLE ;:JUlSE mOWN GC1NG) 
'" FOR CI-' 1 
'" READ DAlA FOR CH 0 
'to SELECT CH 2 
• STORE DATA FD~ c~ 0$ 

". WAIT FO~ SAMPLE PULSE 
~ FOR CH 2 
• READ DaTA F~R CM 1 
JfJ. SELECT CH 3 
~ STORE GATA FOP CH 1 

~ WAIT FOR SAMPLE DULSE C~ 3 

~ PEA 0 CH 2 
• SELECT CH 4 
~ STORE (ATA C~ 2 

Jt. WAIT FOR SAMPLE PULSE CH 4 

lifo READ CH 3 
.If SELECT (H 5 
~ STORE nATA eH 3 

~ WAIT FO~ SAM~Llr PULSE CH '5 

.If READ CH 4 
• SELECT CH 0 
lifo STORE DATA C~ 4 

• WAIT FOR SA~PLE PULSE CH a 
'" 



LOAA PIABS 
INC PIUS 
PSHA 
OEes 
BNE AQt?! 
LOS SRTCH1 
RIS 

•• ROUTINE DISPLAYS VOLTAGE 
•• RANGE t/- 5000 Mil 
VOLTMT JSR CLFOIS 

KEYFN 0 

VlPl 

ilL TOUT 

JSR RELESE 
JSR RWSLCT 
£lEO ilL TOUT 
JSR NCODE 
AI~ OA to;:o F 
OECA 
STU 
lOAA 
JSR 
JSR 
8NE 
LDAA 
BPL 
LDAA 
LDAS 
ANOB 
AOOA 
Sf AA 
STAB 
eSR 
eRA 
PTS 

PIAA5 
PIABt) 
RELESE 
KEYQ 
KEYFND 
CPU 85 
VLPl 
PIABS 
PI AA 5 
{ 0 0 
{(I :::80 
'( 

'(+1 

f'111 01 S 
VlFl 

88 
If. READ CH 5 
'4> SELECT CH 1 
If. STORE DATIl. CH 5 

JI. 

If. LOOP 
fiE STORE STA CK POIN TER 

ON SELECTED CHANNEL IN MILLIVOLTS ~¥ 

WAIT FO~ RELEASE OF KEY 
(~CNKEY AFTER ~ELESE) 

Frs IF pr~ IS FOUNn 

• SELECT CHANN~L 
CLEAR S.~PLE PULSE 9Y READING FIAB5 

WAIT FOR RELEASE OF KEY 
LeeK FOP ANY P~ESSfO KEY 
IF FOUND OECODE KEY 
~WAIT FOR SAMP~E PLLSE 

MS 8 BITS 
LS '+ 13!TS 

MASK CH ACRS 
REMCVE OfFSET (I~VE~T SIGN BITI 

CC~VERT TO MILLIVOLTS THEN DISPLAY 

• CON~RTS Y TO MILLIVOLTS THEN DISPLAYS RESULT ON LCD 
MIIDIS lOX £O:::4C55 

Sf)( XX 
JSR MULT 16 
LOX [u 

JSR SHIFTl 
STX BN IN 
LOX ( '( 
Sf)( B C COU T 
JSR Be (C02 
JSR l.COOIS 
Ins 

.JiI. SCANS PFEIIlOUSlY ACQUN.ED 
HAXSGN JSR CL f<DIS 
MAXLP JSR SCNKfY 

eEQ MXOUT 
JSF! NCODf 
ANDA [O::OF 
SUA CHCNT 
eSR FNDHAX 
eSR MVDIS 
BRA MAXLP 

MXOUT JSR Cl FDIS 

I$> Sf TUP HJli Y (19541) 
If. Fa fi MV RESUl T 

• TIMES 2. 

COt-VERT TO SCD 
OISP LAY 

DATA FOR aeSOlUTE ~AX VALUE ON SHECTED 

SCAN KEY PAD FOR PI' ESSEn KE '( 
TEST FOf( PTN KE:V 
"-
li/> DETERMINE CHaNNEL NOe 
S HR!: eM NO. 

FIN 0 MAXIMUM VALUE 
CCf'.VERT TO MIll,., I VOL TS AND DISPLAY 

LCOP FOR NEXT KEY 

CI"AN :rp 



89 
~TS 

•• SCANS ONE CHANNELS DATI FOR ABSOLUTE MAX VALUE - CALLED BY MAXSGN 
FNOMAX eLR Y 

eLR '1'+1 
CLR SF:TCH3 
lDAA PT scye 
Sf AI ctHI t-.c 
lOX (OA TA-4 
LOAB CHCNT 

CHNLP eSR INX4 

CLEAR SIGtJ FLA(; 2 
• 
• SET COUNTER FOR NO OF DATA peINTS 
BACK SET POINTER TO DATA 
READ CHANNEL NO .. 

DE CB 'i> SET POINTER TO FIRST DATA VALUE OF SELECTEe eH 

NXTV 
CHNLP 
SRTCH2 
fJi ,X 
OO,X 
PLUS 
SRTCH2 

CLEAR SIGN FLAG 1 
~ LeAD IN SEL~CTEC OATA VALUE 
>I- MS 8YTE 

SET SIGN fLAG 

ENE 
CLR 
LOA8 
LOAA 
S?L 
INC 
COMA >I- NEGATE VALUE 

" ARE I=OS1 TI liE 
so THAT ALL IIALUES USED 

COMB 
PLUS ST All. U SA VE ACC A 

Y+1 
y 

• COMPAFE SELECTED VALUE WITH LIST 

CMPB 
sseA 
LOAA 
BCS 
STU 
STAB 
LOAA 
STU 

U 
LESS 
Y 

• STORED lARGEST VALUE, STORE LA~GEST VALUE 

LESS 

FDOUT 

BSR 
DEC 
eNE 
LDU 
eEa 
COM 
COM 
IHS 

Y+1 
SRTCH2 
SRTCH3 
INX24 
eN TI t-c 
NXTV 
SRTCH3 
FDCUT 
Y 
Y+1 

• SAVE SIGN FLAG OF lA~GESr VALUE 

• SET FOINTER TJ NEXT DATA VALUE 
OfC NO@ o.'A POINTS COUNTER 
Lecp BACK FOR ~EXT COMPARISON 

• RESTOFf SIGN TO LARGEST VALUE 

INX4 INX 
IN )( 
!NX 
INX 
RT S 

INC~EMEtT~ !~CfX REG FOUR TIMES 

• INCREMENT INDEX REGISTER 24 TIMES • 
INX24 LOAS (24 
INXLP INX 

OECB 
eNE IN )LP 
RTS 

2"- BYTES COWN 

•• DU~PS 6 CHA~NELS OF DATA TO CHAPT PAPER •• 
H ilAl;JES ARE SENT TO THE OAC IH A RATE OF 30 VALUES PE~ SECOH Jf.Jf. 

•• DATA RATE IS SET 8~ VA~IA6LE SRTCH1 AND ~OUT!NE OElAY4 •• 
CHARTO lOX [0 01A • 4122 DECIMAL 

STX SRTCHl • FOR DELAY D~ 33.000 MACHINE CYCLES 
JSR ZEPOL START WlfH lERO VOLT LEVEL 
eSR SNOAt-;A 
IHS 



90 

~~ DISPLAYS 6 CH DATA ON ~COFE 

•• NO. FOR POSITIONING TRIGGER 
WHILE SCANNI~G KEY PAD FOR RT~ AND •• 
PULSE IN ONE OF E CH POSITIONS 

OSCDIS lOX (0:;:0000 
SIX SRTCH1 
JSR RElESE 

FNDKEY JSR RWSLCT 
BE Q OSCOUT 
JSR NCCOE 
ANDA (J:;:(lF 
S1 AA SR TCI15 
JSR HlESE 

OSCl.P 8SR SNOAf\;A 
JSR KE'iQ 
8NE FN DKEY 
BRA OSCLP 

OSCOUT Ins 

• SET DELAY FOR ROUTINE OELAY4 
WAIT FOR KELEASE OF KEY 

( SC~KEY AFTER FElESE ) 
RTS IF ~Ef~RN KEY FOUND 

STCRf POSITION OF SCOPE TRIGGER PtLSE 

SE~D 6 CH OF DATA TO OAC 
29 • LOOK FOR ANY PRESSED KEY 
4 IF KEY FOUND JUMp OUT OF lOOF 'NO DEcorE 
4-

•• SENDS 6 CHANNELS OF STQ~ED DATA TO 8 BIT OIG!TAL TO ANALOG CCNVEPTEP •• 
•• OAYA RATE IS OET~R~INE[ 3V ROUTINE DELAY~ .~D SRTCH1. • • 
•• SRTCH5 OETEPMINES FOSITICN OF SCOPE TRIGGER PULSE •• 
•• WITH SRTCH1-0 64 POINTS TAKES 3.5 Mll~ISECONDS. CRT REFRES~ PATE •• 
•• WIt ... BE ABOuT 42 TIMES PER SECOND AT l'1Hl CPU CLOCK H 

SNDANA 

NXTCH 

NOTRIG 

t\iX rOAT 

SK!PDY 

LOAA 
ST AA 
lOX 
Sf)( 

elR 
BSR 
INC 
LOAA 
eMPA 
eEQ 
C11PA. 
8NE 
J5R 
LOX 
STX 
ASLA 
ASlA 
ADDA 
ST AA 
LOU 
ADCA 
ST AA 
lOAA 
STU 
LOX 
LOAA 
AOOA 
ST AA 
LOX 
SEQ 
eSR 
LOAA 
AODA 
STAA 
LOAA 
AnrA 

[3 0 
CPIAA3 
(0 FF/v 
PIAA3 
CHeN T 
ZE~OL 

CHCNT 
CHeNT 
( 7 
SNRTS 
SRTCH5 
NOTRIG 
TRIGGR 
[OATA-4 
DATPT 

OA TPHl 
OATPHl 
DA TP T 
( 0 C 
DA TP T 
PTSCYC 
CNTII'<C 
OA TP T 
!HJ ,x 
( 0;80 
PI AA3 
SRTCH1 
SKI?DY 
DElAY4 
Oil. 11' Hi 
(24 
DATPHl 
Oil, TP T 
ron 

2 ". 
5 • ACCESS DATA DIRECTION REG@ 
3 • CHAt,GE TO :lUTPUS 
6 ~ MAKE CA2 A~ OUTPUT (lOW) 
o 

(, 

.3 

~IN C~ 148 CYCLES 

2 SET ~EXT CHANNEL TO 9£ OUTPUT 
It IF CHetH EQ 7 RTS 
J • CHANNEL POSITION FOR SCOPE TFIGGER 

27· SEND PULSE TO T SCOPE 
4 • ADO 4 TIMES CHANNEL NO. (CHeNT) TO 
5 • OATA-4 TO SET PCSITIO~ OF NEXT CH 
2 • TO BE SENf TO OAC 
2 ~ 

3 ". 

4 • 
.3 "" 

2 • 
4- • 
3 4 

4. SET NO. OF ?CINTS PER ChANNEL 

4 • 5 • LOAD nATA VALU~ INTO Ace A 
2 • CONVERT 25 COMP ~IJ.LUE TO OFFSET BINARY 
5 • SEND VALUE TO 8IG!TAl TO ANALeG CONVE~rE~ 
5 .. 

It • 

3· 
2. SELECT NEXT DATA VALUE ON THI~ CHANNEL 
4. (OATPT ~ DATPT+24 ) 
3· 
'1"" 



STAll. DA TP T ".. 91 
DEC CtHlt--C 

6 • OEC POINTS PEP CHANNEL COUNTER 
SNE NXTDAT 

It • IF NOT ZER:J TAKE NEXT DinA FeINT 
SRA NXfCH It START ON NEXT CHANNELS DATA 

SNRfS lOU ( 0 0 2'" ACCESS [AfA DIRECTION PEG@ 
Sf AA CPlAA3 5· 
LOX (O;OOF4 3'" HAKE LI~ES INFUTS AG/.\IN FOR KEY PAO L'SE 
STX PIAA3 6 41 KEEP CAl lOW 
IHS 5 

'f.. DELli. Y FORMUL A IS 30H~RTCH1)·8 :: NO@ :)F CYCLES. .'lI 

'f.'f. VII.LIO FOR SI\ T CH 1 ::: o (j DO THROUGH fFFE " 
'lI'lI 

DEL AY4 LOX SR TCIi! 5 
INX It nIx MAKES SRfCH1=O SHORTEST OEUlY FOSSlelE 

DYLP DEX '+ 
SNE O'fLP 4 
Ins 5 

If>. ZERJ VOLTS LINE" USED AS C..,ANNEL SOACEP. MIN OF 148 CYCLES H 

ZEROL LOU (IJ F 2 "" 
STU PIAA3 :3 • SE T OAC TO ZERO VOLTS 
LOlA [4 2 

ZERLP eSR OELAY4 (MIN OF 25 CYCLES) 
DECA 2 
BNE ZERLP 4 
IHS 5 

H SCOPE TRIGGEP. PULSE 7 CPU rACHINE (YCLES WiDE ... 
TRIGGR LOAS {O C 2 

STAS CPlAA3 5 MA KE LINE CA2 H!GH 
LOA8 (n " 2 
STAS CPUA3 l) MA KE LINE CA2 LOW 
RTS 

•• MASTER ROUTINE FOR CONVERTING REAL AND IM.G!~ARY PARTS FRO~ •• 
•• TRANSFO~M TO POLAR COO~OINATES •• 
•• AMP AND PHASE ARE OBTAINED USING CORDIC RDTArIO~S •• 
POLAR LOX (SfARTC 'lI 

STX REAL • DEfINE START OF ~EAL LOCATIONS 
lOX (STARTS • 
STX IMAG 'lI OEFINE START OF IMAGINARY LOCATIONS 
ClR CHt-iO elE A R C"'AN~EL 'i0" 

PlARLP INC CHI'<O 
BSR SErROT CALCULATE '~P AND PHASE FOR CHANNEL CHND 
LOX IM AG 
JSR INX4 SET POINTER TO NEXT IMAG VALUE 
STX IMAG 
lOX REAL 
JSR IN)4 SET POINTEF TO NEXT REAL VALUE 
STX Fi'E AL 
LOAA NCHP~ ~ 

CHPA CHNO • IF CHNO Eau NC® OF CHANNELS USEr, RT~ 
SNE PLARLP If> 

JSR SEEP SCUND 8EEPE~ 
Ins 

n NEGA TE VALUE ( AN ApPRClXIMA TION) n 



NEGATE. COM 00,)( 
COM 01, X 
COM 02,X 
COM 0:3 ,X 
RTS 

~~ LOADS VALUE POINTED 
~. TO RIGHT~ THE NO OF 
lSWOFK LDAA OO,X 

ST AA U 
LOAA 01~X 
STU U+l 
lOU 02,X 
SUA U+2 

MSHIFT LDA8 ROTAce 
SFlOOP l SR U 

F(OR U + 1 
f«OR U +2 
CECS 
eNE SF lOOP 
RTS 

TO B~ INDEX INTO Ue rHE~ S~IFTS U 
SHIFTS CONTROLS THE ROTATION STEP 

5 
~ MACHINE CVC~ES 
I) 

4 
5 
It 
3 LOAD NO SHIFTS COUNTER 
6 
6 
6 
2 
4 

9L 

ROHer flITS 
S1 ZE 

~. fDUTINE SETRaf - MO~ES VECTOR TO FIPsr QUADRANT, USES CORDIe POTATIONS ~ 
.~ TO ~OTATE THAT VECTOR TO 0 DEGREES, CALCULAT~S NO OF DEGREES ROTATEr • 
~~ CORRECTS FO~ ACTUAL QUADRANT, CORRECTS FO~ P~ASE SHIFT DO Te DATA ~ • 
•• SAH~lING TIME SKEW, FINAL P~ASE O~ CHANN~LS 2 TO 6 IS RELATIvE TO C~ 1 •• 
•• FHASE, FINAL PHASE ON eH 1 IS ACTUAL PHASE. CALCULATES AMPLITUDES I~ •• 
•• hILL IVC,LTS PEf{, PCOT HZ $ •• 

SETROT lOX [0 FFF • 
STX SRTCH1 ~ SET NO OF ~OTATIONS COUNTER TO -1 

n MOV:: VE CTOi' TO 1 ST QUA rRAt-;T H 

•• MIXED IN WITH QUAD MOVE IS A TEST TO SEE IF 80TH PEAL AND I~AG PARTS •• 
•• ARE ZERC (CNLY HS 16 8IT~ ARE LOOKED AT) IF TRUE ROTATION C~T SET 0 •• 
TQU AD CLRB 

PIMAG 

tJ OT ZRO 

PREAl 

lOX 
TS T 
BPL 
8SR 
ADD8 
CLRA 
lOX 
eNE 
INCA 

IHAG 
OOwl( 
PIMAG 
NEGATE 
C02 

OO~)( 

NO TlfHJ 

lOX REAL 
TS TOO ~)( 
8PL PREAL 

NEGATE IMAGINA~Y PA~T 

00 10 ~ NE(" I'1AG PAU 
CLEAR ZERO FLA:; 
LOAD 2 MSB TO I~DX, IF 
NCT ZEFO 
IMAG PART IS Z~RO~ SET 

BSR NEGATE NEGATE FEAL PA~T 
INca IHHl1 :;:: Nt: REAL PAKT 

ZERO SET HAG 

FLAG 

STAB QUAD OLAD IS CODE FJR QUAD~ANT OF VECTCF 
lOX 00,)( LeAD 2 MS8 OF ~EAl ~AlUE 

8NE ROTATE NOT ZE;C CONTINUE 
CECA OEC ZERO fLAG 
ENE ROTATE IF ZEPO MEANS BOT~ VALUES WERE ZEFC 
SIX SRTC141 ZEPC IS It-. INDEX SO IT IS USED Te SET 
BRA CORECT BeTH WERE D so SKIP ROTATION RClTI~E 

'(. QUAD:;; DOw 019 10~ 11 [QU QUADRA~JT 1, 2t It, 3. .. 

ROT CNT 

.3f. NEXT SECTION FOTATES VEC10R UN FII<ST QUAD,;) CLOCKWISE UNTIL IMAG H 

.~ BECOMES NEGATIVEe NO. OF ROTATION SlEiJS IS IN SRTCHl H 

FOTATE lOX SRTCH1 It ~ 

INX • ~ 
STX SRTCHl 5 ~ I~C ROTAT!ON COUNTER 



tWINe 

n NEXT 
CORECr 

iI'iI' NEXT 
COROUT 
PClOOP 

lOX 
eSR 
lOX 
LOU 
AOOA 
STAll 
lOU 
ADCA 
SUA 
LOAA 
ADeA 
STAA 
ecc 
INC 
8SR 
lOX 
lOAA 
SUBA 
STU 
LDlIA 
sac A 
STAA 
LDU 
seCA 
STU 
lOU 
seCA 
STU 
eec 

Sf CTION 
LOX 
STX 
lOX 
STX 
JSR 
LoAB 
ADDS 
LOX 
JSR 
lOllS 
SEQ 
JSR 
CMP8 
SEQ 
lOU 
AOOA 
STAll 
lOU 
ADGA 
STU 
lOAA 
ADCA 
STU 
CMPB 
eEa 
JSR 

SECTION 
LDA8 
DECS 
SEQ 
lOX 
eSR 

IMAG 
LSWORK 
REAL 
03,X 
U+2 
03,)( 
02<jX 
U+l 
02,X 
01,X 
U 
01 .. X 
NOINe 
iHhX 
LSWOFiK 
IMAG 
lJ;3 ,x 
U+2 
03,)( 
02,X 
U+l 
02,)( 
ij 1 ,x 
U 
(l1 ,x 
OlhX 
( I) 0 
OO,X 
ROTATE 

CORRE CTS 
SR rCH! 
xx 
( 17905 
Y 
MULT 16 
RO TA CC 
IIJ3 
{U 
SHRLP 
QUAD 
COROIJT 
NEGATE 
tOl 
COROUT 
to;:40 
U+3 
U+3 
(0 1 
U+2 
U+2 
(0:;18 
U+l 
U+1 
(01 
COROUT 
NEGA IE 

CORRECTS 
CHNO 

NOPSHF 
[ PHS1 
SU8FU3 

93 

LOAD U AND SHIFT RIGHT 
4 
5 NEXT 11 LINES DO COS. CDS + SI~'2 EX? ~ 
3 
6 
5 
3 
& 
S 
;3 

6 
4 
7 

4 
5 NEXT 11 LIMES DC SIN-SIN - COS/2 EXP N 
3 
6 
5 
3 
6 
5 
3 
6 
5 
2 
6 
4 IF SIN IS STILL 00S0 LOOP BACK 

ROT.TIeN ANGLE TO ORIGINAL QUADRANT •• 
• SCALE UP ROTaTIoN STEP 

• SET NOm OF SHIFTS TD OBTAIN INGLE IN TEN 
• THOUSANDTHS OF DEGREES 

• SHIFT RIGHT NOMINAL SHIFT IS 5 
LeAD QUADRANT CODE 
QUAO~ 1 ~O C'RREGTION 

NHA TE ANGLE 
QUADPANT 4 

• ADD 18000000 OEGQEES 
iI' 

", 

iI' 1800000 DEC. 187740 HEX 
• 
iI' 

• 
", .. 

QUADRANT 2 

NEGA TE ANGLE 
FC~ DATA SA~PllNG TIME SKEW ~ .. 

LOAD CHANNEL N:>e 

C~ANNEL 1w NO ~HASE CORRECTION NEEDED 
iI' SUBTRACT ~HASE SHIFT FROM CHANNEL PHASE .. 
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•• NEXT SECTION REFERENCE~ ALL PHASES TO CH 1 P~ASE •• 
NOPSHF LOAS CHNO • 

OEca • 
eEQ SKREF • CHECK C~ANNEL NO IF CH 1, SKIP 

REFCH LOX (STARTS • SUBTRACf CH 1 PHASE FROM OTHER 
8SR SUBFU3 • CHANNEL PHASES 

SKREF LOX IMAG • LOAD U INTO BINARY 
BSR STRU3 • IMAGI~I~Y LOCATION 

•• NEXT SECTION CONVE~TS AMFllrUDE FCUN[ BY ROTaTION TO MILIVClTS •• 
•• IT IS EQUIVALENT TO HULl YING AMPLITUDE 9Y 1.19265869 
CNVTMV LOX REAL • LOAD AMPLITUDE INTO MULT POSITION 

lOX OO~X • 
STX XX ~ 

LOX (O:;4C54 19540 CO~STANT ~DS ERROR OF 4 ~F~ 
srx y 
JSR MULT 16 HUl T IPl Y 
lOAS [06 
JSR SI; f'L F • CORRECT ~ULTIPLY 9Y SHIFTING 
lOX REAL 
8SR STRU3 ~ STORE NEW AMPLITUDE 
RTS 

~~ E 3 LS SYTES OF ~ IN 3 MS BYTES CF INDEXED LOCATION •• 
STRU3 LOAA U+l 

STU OO,X 
LOU U+2 
ST AA 01 ,x 
lDAA U+3 
STU 02,X 
IHS 

JW. .. SU 8 r RAe T 3 M S BY rES 
SUBFU3 LOU U+3 

SU8A £ 2 ,x 
STU U+3 
lOU U+2 
saCA (J1 ~x 
ST All. U+2 
lOlA UH 
sec A OlhX 
Sf AA U+l 
FiTS 

CF INDEXED LOCATION FROM 3 LS BYTES OF l •• 

•• ROUTINE MAKES CO~PUTER JUMP TO NEXT 4K M~MORY SECTION, IE 8ECINtO;lDDO •• 
•• IT IS CALLED BY PRES~ING <RtN8> T~E~ <0>, IT MAY BE USED TC JUMP TO AN •• 
... AUXIlLA~Y SET OF CONTROL OR TEST PROGRAMS •• 
RUNB JSR SCNKEV 

RBOUT 

JSR NeODE 
TSTA 
8i~ E 
JMP 
!:1TS 

STOP 
END 

RBOUT 
8 E (;1 N + 0:; 100 C 
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1 2 :3 If 5 6 7 P, 

EMRECOO 

$ 0.6..3; 44 PAGES; 2,643 PRINT LINES; PR!NTER 12, EQ 
B ILL e 0 A R 0 WRITEUPS SUBSET BKYNEWS WAS lAST CHANGEr SEP 26 

HANDBOOK SUBSET CHANGES WAS LAST CHANGEC SEPT 13 

OCT 1 lBL NEWSLET1E~ 
THE COMPUTER CENTEFiS MONTHLY NEWSLETTEJ;! (NOT BKYNEWS) IS FREE, 
TO GET ON THE MAILING LIST, CALL X5529@ 

L.IBRARY SUESET DATE 
SEPT 30 THE MSS ~RI W aE SHUT OFF FOREVER OC1@ 1, 1918 

SEPT 29 PSS HARDWARE FAILURE 
THE FOLLOwING 

LIBRARY 
HIGHRNPF 

FSS SUESETS WERE DEST~OVEO DUE TO HARDWARE FAILU~E 

SU eSET 
FCOEFF, STFCf 

SEPT 28 ACCOUNTI~G CHARGES TO CHANGE 
THE CHANGES IN ACCOUNTING (HARCES DETaILED IN IKYNEWS WILL GC INTO EFFECT 
OCTOBER 1, 1978. 

SEP 21 UNUSED TAPES O~ T~E ~OVE 
TAPES NOT ACCESSED FOR OvER 14 MONTHS WILL MOVE INT~ INACTIVE STOFAGf 
OCT. 10$ SEND A SIGNED TL1ST lNDICAT!~G T~OSE TAoES THAT YOU ~ANT 
INACTIVE TO TAPE LIBPA~IAN. CTHERWISf. THEY WILL SF FORCE-MCVED AND 
WILL DEcrEMENT YCUfi GfOUP TAPE ALLOCA'IO~ ~Y A LIKE NUM3EP. 

SEPT 14 NEW WRITEUP 
ANNOUNCING THE BIRTH OF A NEW 
USE OF THE COMMERCIAL NETWORK 

TO GE T A COpy " @ • 

LIBCOPY,WRITEUP OUTPUT,NE 
OISPOSE,ourpUT~PRtPA~1F@ 

AVAllAelE (WITH APOLOGIES) 
WRITEUP CALLED NETWORK WH!C~ CESCR!eES THE 

TYMNET ~NO THE ARPANET AT eKY@ 

(IF PRINTED AT SKY' 

SEPT 11 INlE~ VE TIMEOUT TO BE REDUCED TO 10 MINUTES 
ON SE?T 13, THE INTERACTIVE. Tli"EOUT e:: REDUCED FROM 30 Mlt<.LTES TC 
10 MINUTES. THE REASON FOR THIS CHANGE IS TO Try AND REDUCE CLeGGED 
LOGON QUEUES ON THE e AND C MACHINES. WE HOPE THIS CHANGE wILL IMOPCVf 
SERVICE. ONCE AGAIN hE ASK voeR COOFERATION. FLEASE RELEASE RE~OURCES WHEN yrU 
ARE ~lT ACTIVELY INTERACTING WITH THE COMPUTEP. 

TO CALL A CONSULTANT 415$843-10C~ OI~ECT DIAL 
451-5981 FTS ONLY 
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APPENDIX B 

BOARD LAYOUTS FOR MICROCOMPUTER SIGNAL PROCESSOR 
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GRASS VALLEY FIELD TEST 



Figure I. 

Figure 2, 

Figure 3. 

Figure 4. 

Figure 5. 

Figure 6. 

Figure 7. 

Figure 8. 

Figure 9. 

Figure 10. 

Fi gure 11. 

Figure 12, 

Figure 13. 
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Figure 15. 

Figure 16. 
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This section describes a field test of the EM-60, the data analysis 

and interpretation procedures, and a comparison between the survey results 

and the results obtained using other electrical techniques. The Leach Hot 

Springs area in Grass Valley, Pershing County, Nevada, was chosen for the 

first field site at which the entire system would be tested following local 

testing in Berkeley. The site, approximately 22 miles south of Winnemucca, 

1 ies within the regionally high heat flow area of northern Nevada (Figure 1) 

and has been surveyed in detail by means of various geophysical techniques 

(Beyer et aI, 1976), including a low power prototype of the EM-60 (Jain, 1978). 

Su Plan 

The initial field test was conducted along establ ished geophysical 

1 ine E-E ' (Figure 2) at stations previously occupied by Jain (1978). For 

direct comparisons of raw data and results with those of Jain, we followed 

his field procedures. The EM transmitter was placed at 3 West and the 

receiver was moved between sites 4 \.Jest, 5 West and I West. The unit 

separation between stations is 1 km. 

Despite the dust and high temperatures during the work in July 1978, 

the survey proceeded quickly. The survey area is nearly flat (elevations 

of all stations are within 3m of each other) and the access is good. The 

principal instrumental problem encountered was the overheating of the 

electronics box for the Develco magnetometer caused by the high ambient 

temperature. This was easily solved by keeping it in an ice-filled tray. 

Instrumentation and Procedures 

The transmitter loop consisted of a 4-turn, SOm radius horizontal 

loop of #6 AWG copper welding cable. Current was suppl led in a square 

wave of positive and negative polarity at any desired period between 

10- 3 - 103 sec by a 60 kW generator (see Section lion the transmitter). 

Peak-to-peak current carried by the coil ranged from ~126 amp at 0.1 Hz 

to ~lS amp at 103 Hz. 
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The receiver system, described in detail in Section II, utilized a 

3-axis Josephson-effect superconducting magnetometer as a sensor. A 

Develco model 8230 with sensitivity 10-5yl Hz was used, Each signal 

from the sensor was band-passed by means of a four-pole Butterworth filter 

and ampl ified. The pass band for a particular transmitter period is chosen 

according to the following considerations: 

(1) The low-frequency cut-off is set just below the fundamental 
frequency to remove the geomagnetic and sferic noise. 
Natural geomagnetic noise is particularly bad at 20-30 
sec period. 

(2) The high frequency cut-off provides anti-alias control and it 
should be set below the Nyquist frequency. However, as it is 
desirable to reduce high-frequency natural noise, we set the 
high-cut frequency just above the highest odd harmonic ~<le 

wished to extract from the signal. Although the system is 
designed for periods up to 1000 seconds, we learned that it 
is extremely difficult to obtain reliable results at periods 
50 seconds and larger. This I imitation is primarily due to 
I ightning and sferic noise swamping the signal during the 
long times needed to average periods longer than 50 seconds. 
In Nevada it was almost impossible to find a 50 second or 
longer period without a lightning strike that would either 
throw the SQUID detectors out of lock or generate signals 
that exceeded the receiver's dynamic range. A further funda
mental problem is that the natural noise spectrum rises roughly 
as llf below 0.1 Hz and so the averaging time to achieve a 
desired signal-to-noise ratio rapidly becomes impractical as 
the frequency decreases. 

Experimentation was conducted to determine the number of harmonics 

that could be obtained accurately from a given period. Field tests show 

that the seventh harmonic can be obtained with no substantial errors for 

frequencies below 100 Hz. This allows us to obtain an entire decade of 

frequency measurements from a single transmitter period. However, above 

100 Hz only, the fundamental frequency is transformed because the sampl ing 

rate is reduced to only four points-per-cycle. This does not significantly 

slow down the rate of data acquisition. For further details of the receiver 

capabilities see Section! I on the digital signal averager. 
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After digitization each signal is averaged for the desired number 

of cycles, then Fourier transformed to yield spectral information on 

the odd harmonics of the signal. These values are printed on a thermal 

printer in one of two forms; either real and complex parts, or amp! itude 

and phase. 

The analog signals from all channels were also monitored continuously 

by means of two Gould paper-chart recorders. This enables the operator 

to interrupt and recommence the signal averaging, should interference 

from 1 ightning or large spheric fluctuations degrade the data. A block 

schematic of the data acquisition system is shown in Section I I. 

Method of Inte retation 

The interpretation of the electromagnetic sounding data (amp1 itude 

and phase) has been carried out using a direct one-dimensional (layered 

earth) inversion method. An initial estimate of the model parameters is 

made, and the inversion algorithm modifies these parameters until a best

fit, in the weighted-least-squares sense, is found between the observed 

data and the model predicted data. The appl ication of direct inversion 

methods in electrical exploration has been described by Wu (19681. Parker 

( 1 9 70). G 1 en n (I 97 3), I n ma net a 1, (I 9 7 3) . 

The inverse problem can be stated mathematically as 

n 

¢ :: L 
i=1 

where 

N is the number of observed data 

is the weighting factor for the ith data value w. 
I 

y. 
I 

is the it~ observed data (i.e. ampl itude or phase) 
o 

b is an initial estimate of the M model parameters (e.g., 
resistivity and layer thickness) 

(1) 

x. is the known dependent variables (e.g., frequency and geometry) 
I 
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f is the non-l inear function which relates the parameter bO
, 

xi' to the observed quantities phase and amplitude. 

Simply stated, the inverse problem is to find a set of model parameters, 

b. which minimize ¢. The values of b. which minimize (1) are given by the 
J J 

solution to the set of equations: 

d¢ ::::: 0 
~ j I,M (2) 

J 

Writing (1) in this form, we obtain 

n df. n df. 
2 2 

L 
I 

L ! w. f. 
~ w. y. ~ ! I I I 

j=l,M (3) 

i=1 J i=1 J 

where 

f. f(~, x.) . 
I I 

In general, the function f(~, ~) is a non-1 inear function of b
j

; 

thus making solution of (3) in closed form impossible. In practice 

¢ is minimized by an interative technique. 

Inversion Al rithm 

The iterative weighted-least-squares algorithm used to interpret 

the EM-60 data follows a modified Marquardt approach. The model function 

f(bo,x) in equation (1) is expanded as a Taylor series about the current 
'V 

estimate, b, and only the first order terms are retained. This yields a 
'V 

1 inear estimate of the parameter changes, t, needed to reach the minimum 
'V 

of ¢. The classic least squares statement of the problem would be 

(4) 
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where 

[A] [p] T [Q] [p] 

and 

[p] T [Q] [y-f] . 

3f. 
P is the (NxM) matrix with elements I 3lJ: 

J 
b""b current 

The least squares estimate of t is given by 

and Q is the weight matrix. 

This 1 inear estimate of the changes needed in the parameter vector can 

become unstable when ([A]T[A]) is nearly singular because the inverse blows 

up. (Instabil ity means elements of t become so large they lie far outside 

a 1 inear region about the present b and thus are invalid estimates.) To 

prevent this, a constant named a Ridge Regression estimate is added to 
T the diagonal terms of ([A] [A]). The so-called Ridge Regression estimate 

of tis: 

g (6) 
rv 

The benefit of (6) is that the inversion of ([A]T[A] + [1]1<) is stable. 

The value of K is varied throughout the inversion, At first the smallest 

value of I< is found for which the estimate :tRR yields a new model with a 

better fit to the data. As the interative process nears a minimum, the 

value of I< is decreased so as to approach the classic least squares inverse. 

The weighting matrix Q is a diagonal matrix with the diagonal terms 

equal to the inverse of the data variance. In this way, the residual for 

each data point is compared with its expected error. 
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Q o 

where 

o is a scalar factor called the problem standard deviation. 

Statistical Evaluation of a 

A set of model parameters, ~, which minimize (1) is considered a 

good approximation with respect to the data if 

where (X~)l-a is the chi-square value at the (I-a) confidence level with 

F = N-M degrees of freedom. The experimental value of the chi-square is 

given by 

where 

/I 

112 
o 

T 
[y-f] [Q]J=l[y-f] ¢MI N 

N-M 

o is an estimate of the true problem standard deviation. Because data 

errors are expressed as percent of the actual data and used as the weights 

in Q, 0 is assumed to be 1 (Jain, 1978). 
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The uncertainty in the estimated model parameters is given as 

(Bevington, 1969) 

2 ab. 
J 

where the parameter covariance matrix, cov (p), is written as 

cov(p) 

Equation (8) gives the parameter variance for a 1 inear solution only. 

In the case of a non-linear problem, as this one, (8) can be used as 

an approximation in conjunction with the parameter correlations. The 

parameter correlations are a measure of the linear dependence between 

parameters, and are given by 

CORR(b .. ) 
IJ 

cov (p) .. 
. I J 

cov ( p) ., cov ( p) .. 
I I J J 

(8) 

If the value of CORR(b .. ) is near unity, then the parameters b. and b. 
I J I J 

are strongly correlated and nearly 1 inearly dependent. In such a case 

the individual parameters are not well determined; rather, their ratio 

(if correlation coefficient is +1) or product (if correlation coefficient 

is -I) can be determined from the data. 

If the correlations are small, then the standard deviations, given 

by the square roots of the diagonals of (8) , are a good measure of the 

uncerta i nty of each parameter. If, however, two parameters are high I y 

correlated, CaRR b .. '" ±1, then the standard deviat ions wi II be larger 
IJ 

than the actual uncertainties. Figure 3 illustrates this fact with a 

general ized sl ice of solution space. The two coordinate axes correspond 

to two parameters of the estimated layered earth model. The ell ipse 

indicates a confidence region within which the residual sum of squares, 

¢, is expected to I ie for a certain percent of the repeated experiments. 

This region also defines the values of the parameter P2 (resistivity) and 

t z (thickness) which will give a residual sum of squares within the 

contour. The origin is defined by the parameter value at the final 
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solution. The tilt of the axis of the ellipse is a measure of the degree 

of correlation between the two parameters. If the standard deviations 

from (8) are taken to be the true deviation estimates, then the ell ipse 

is enclosed by a large box whose sides are defined by the standard 

deviation. The box, which ignores parameters correlation, represents 

a much larger confidence region than the ell ipse. By using the standard 

deviation imp! ied by the box, one obtains a very conservative estimate of 

the parameter confidence interval for correlated parameters. Therefore, 

by considering the standard deviations in conjunction with parameter 

correlations, a more real istic parameter standard deviation can be 

arrived at, which is always less or equal to the standard deviation 

computed from (8). 

For a further description of the inversion method and procedure, 

see Jain (1978). 

Combined Data Inte retation 

During the EM sounding survey carried out in Nevada, three orthogonal 

components of magnetic field were measured for each transmitter-receiver 

location. This provided four sounding curves: the amp! itude and phase at 

selected frequencies for both the vertical and radial components, IHrl, 

IHzl, Hr phase and Hz phase. The tangential magnetic field would be zero 

over a horizontal uniform medium. The amp! itude of this component can 

thus be used as a qual itative measure of the inhomogeneity of the ground. 

If each sounding curve were inverted separately, four different earth 

models would result. These would then have to be averaged in some way 

to obtain a single model. A more objective approach is to find a single 

model which best fits all the data simultaneously. In this approach 

each data point is first weighted by its standard error (defined as the 

standard deviation divided by the square root of the number of samples) 

to set its relative importance and accuracy. All data sets are then 

inverted simultaneously. 
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Survey Results 

The survey line E-E ' crosses Grass Valley from southeast to northwest, 

passing approximately 1 km northeast of Leach Hot Springs (Figure L) 0 

The orientation of the 1 ine is approximately 45° to the strike of the 

local geologic structure. Sounding data were taken with the trans-

mitter as station 3 West and receiver locations at 1, 2, 4, and 5 Westo 

The observed field data and their standard errors for the four 

soundings are tabulated in Appendix A, and are illustrated in Figures 

(4) through (15) 0 The transmitter-receiver locations are indicated on 

each figure (eog. T3-R4 stands for transmitter at 3 West and receiver 

at 4 West). The standard errors 1 isted in Appendix A of this section, 

are not plotted on Figures (4) through (15) since they would not show 

up on the scales used. 

As previously discussed, the four sets of sounding data (amplitude 

and phase of Hand H ) were simultaneously inverted to obtain an overall z r 
best-fit model. The standard errors listed in Appendix A were derived 

from the diagonal weighting matrix [Q]o 

Ordinarily, considerable effort might be needed to originate a set 

of initial model parameters to begin the data inversionso All existing 

geological and geophysical data must be considered in making a first 

guesso However, since this had already been done by Jain (1978), the 

final models obtained from his work were used as starting models in 

the interpretation of our datao Previous data clearly indicated a basic 

three-layer structure with a fairly thick and conductive middle layer 

overlying and underlying more resistive layerso In cases where a three

layer model resulted in poor parameter resolution, a two-layer model was 

used to more accurately define the depth to and resistivity of the 

conductive layero As previously noted by Jain (1978) for the three-layer 

case, the resistivity of the bottom layer is very poorly resolvedo 

Whether P3 = 1 or 100 Qm makes 1 ittle difference on the other parameters, 

and so we use the higher value as a constanto 
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Figures 4 and S present the data for sounding T3-Rl. Here the 

three-layer model fits the data fairly we! 1 and the model parameters are 

well resolved. Figures 6 and 7 present the data for sounding T3-R2 with 

another three-layer model fit to the data. Figures 8 and 9 represent 

a two-layer fit to the same data. Note that the common parameters 

between the two models have virtually the same values. However, the 

resolution of the two-layer model parameters is much better, lending 

increased confidence in the depth to and resistivity of the conductive 

target. 

Figures 10 through 13 presenting data for T3-R4 show the same situa

tion as found for T3-R2. Figures 14 and 15 are for T3-R5 and yield a 

three-layer model with good parameter resolution. 

In general, all the models are consistent with the seeming exception 

of the models for T3-R2. However, P2 and h2 for T3-R2 are highly correla

ted, correlation coefficient = 0.99. This means that the ratio h2/P 2 is 

all that can be determined from the inversion. Therefore a thicker, 

more resistive middle layer (which would keep the ratio h2/P 2 constant) 

would also fit the data. Thus, a general model of 8-10 ~m, SOOm thick 

top layer above a 100 ~m basement is consistent with all the data obtained. 

The models interpreted from data previously taken by Jain (1978) are 

shown in Figure 16 for comparison. 
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Appendix A 

T3-Rl 

Norma 1 i zed Fie 1 dl'~ Phase in Degreesl'~i~ 

Freq, H H <P <P z r z r 
0, 1 1,105±O,4 0, 220± 7,4 183,83±O,18 275,53±3,OO 
0,3 j,255±0,52 0,548±3,4 185,91±O,29 245,82±2.60 
0,5 1,386±Q.54 0,733±3.6 182,26±O,27 235,O2±1,98 
0,7 1 ,450±0, 71 O,904±2.8 176,70±O,26 224.78±4,60 
1.0 1.418±O,21 0.930±0,66 170,34±0,04 209.96±0,23 
3,0 1 . 138±0 , 12 1,Q95±Q,30 148,50±Q,19 185,71±0.12 
5,0 0.942±0.32 1,092±0.17 136. 17±0. 17 174.00±0.65 

10, Q 0,648±Q,15 O.989±0.08 117.80±0,54 161,77±0.05 
30,0 0, 377± 1.5 O.740±0,48 95, 30± 1. 40 145. 16±0. 18 

T3-R2 

O. 1 1. 085±0, 07 0, 044± 1. 0 181.95±0,03 286,60±1.27 
0.2 1,114±0.07 0,074±1.56 183,67±0,02 271. 70±1 ,26 
0,3 1,152±0,12 0,114±O.78 184.82±0,09 262,17±Q,56 
0,6 1,232±0,07 0, 197±1, 1 185.25±0.O5 251.90±Q,62 
1.0 1.281±0,Ql Q,287±Q,3D 184,31±Q,Ql 243,12±D,14 
2,0 1.350±0,02 0,442±0,28 180.92±0,01 233,71±0,15 
3,0 1,380±0,02 0,559±0.12 176.88±0,02 228.75±0,10 
6.0 1.401±0,27 0.811±1.1 169,83±0.18 219,26±0,58 

10,0 1 , 354±0 , 16 1,016±0,14 16D.44±0,02 207.44±0,01 
30,0 0,996±0,26 1,250±0,54 130,17±0,20 182,27±0.06 

100,0 0,469±0.33 1,16 ±0.21 94.74±0,39 159,00±0.11 
200.0 0.248±2.2 1,0 19± 1,30 73.60±2.10 151 .4 2± 1 .0 

T3-R4 

0, 1 1,098±0.O8 0.047±4,4 182.16±0.08 254,25±2.2 
0.3 1,123±0.16 0.117±L37 184.66±0,03 251.Z5±0.75 
1.0 L271±0.02 0.302±O.08 183.52±0,01 233.95±0,38 
3,0 1.341±0.03 0.546±0.06 177. 27±O, 0 1 177,.Z7±0.03 

10.0 1.317±0.OO7 0,991±O.03 160.42±0.01 160.42±O.01 
30.0 O,966±0,55 1 , 179±0 . 12 131.55±O.16 153.98'().O4 

100.0 0.507±0.31 0.632±O.54 107.89±O.28 59,48±O.17 

T3-R5 

0, 1 1.101±0.31 0.203±3,0 182 , 6 2± 0 . 1 5 258.47±3.9 
0.3 1.186±o,42 0,534±3.0 183.01±0.29 243,70±2,0 
1.0 1.257±0.09 0,923±0.49 171.24±0.05 206.69±O.24 
3.0 1.105±0.23 1.052±0.61 lS4,62±0.14 18S,13±0,19 

10.0 0.596±0.38 1,007±0,27 120,18±0.18 158.57±0.15 
30,0 0,131±14,4 0, 708± 1, 36 90.o4±2Q,81 137,35±O,64 

'k ';'::1:: 
Errors in percentages Errors in degrees 
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