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INTRODUCTION

Electrical and electromagnetic (EM) techniques have been shown to be
useful for delineating either the gross geological structure or the reser-
voir region of some convective geothermal systems. This application 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 permeability. |t
has been noted in the literature that liquid-dominated geothermal systems
exhibit a lower resistivity than surrounding rocks for several possible
reasons: (a) increased ion mobility; (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).

0f 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; Harthill, 1976; Jackson and Keller, 1972; Ghosh and Hallof,
1973; and Keller, 1970).

In the LBL/U.C. Berkeley evaluation of geophysical technigues 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 Energy's 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.



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.

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.

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

Vertical resistivity soundings are made by varying frequency,
not transmitter-receiver separation as in dc resistivity,
thus avoiding interpretational difficulties introduced by
Tateral inhomogeneities.

By generating an EM field over a broad freguency range
(103 Hz to as low as 1073 Hz), the sounding curves provide
both good resolution of the near-surface as well as depth
penetration to basement.

The system would not depend on natural field activity,
and would therefore provide reliable data in bands where
the absence of natural signal often leads to incomplete
MT 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,



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.



THE EM=60 TRANSMITTER



Figure 1.

Figure 2.

Figure 3.

Figure &4,

Figure 5,

Figure 6,

LI1ST OF FIGURES

The EM-60 in operation in Grass Valley, Nevada.
(XBL 789-12515)

A general block diagram of the EM-60 transmitter
section, (XBL 788-2663)

The crate with its cover removed, showing the
modular arrays of transistor switches and the
full-wave rectifier at left. (CBB 788-8381)

Rear of transmitter truck showing the electronics
box (top) and crate (bottom) swung out for
operations. A L/0 cable is being attached for

tests. (CBB 781-953)

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

(BB 781-957)

Thegretica] and observed dipole moments over the
10772 to 10”2 Hz frequency range for a circular
loop of #6 cable. (XBL 788-2664A)
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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 replicated at a
reasonable cost.

Except for the last point, for which we have no basis for Jjudgment
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 gasoline engine linked 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 & 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 full-

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 delivered 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 cooling 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 103
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 lights for the transmitter. The remote box may be taken
100-150 feet from the transmitter truck where the motor-generator noise

level is lower. 1t 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
amplified 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 controiler
links 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-60 transmitter section.
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(CBB 788-8381)

Figure 3. The crate with its cover removed, showing the modular
arrays of transistor switches and the full-wave recti-
fler at left,



(CBB 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.



(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 (M

where

=
it

number of turns,

it

current in amperes, and

A = coil area in metersz
The current, |, defined by Ohm's Law is:
| = — & (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 Tgnored and the moment can be given as

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

Coil resistance is given as:
R = pf (L)

where p is the resistance per unit length of wire, and £ 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

2
NS (5)

QRNZ




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,

Ve (6)

M =
LN

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 safely be carried

through the wire. Higher currents than those recommended can 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-60, we list in Table 1 the minimum wire length considered
safe. For these lengths heating is only slightly detectable by hand.
Table 1 also shows the corresponding weights for the minimum lengths.
Initially, we contemplated using a 4/0 welding cable to realize 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
#6 cables. Therefore, the EM-60 has been operated well below its full

capability, delivering 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 established geophysical 1lines had
provided us with a subsurface electrical model against which the EM-60

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

WIRE SIZE

PARAMETER 10 6 2 L/o
Wire resistance/km ( /km) 3.28 1.30 .513 .160
Weight (kg/km) Ly 118 299 955
Minimum coil length to
prevent excessive
heating (km) 1.8 2.3 3.3 L.2
Minimum coil weight' )
to prevent excessive
heating (kg) 86 273 972 L4000
Current carrying capacity
of minimum length cable
(amps) 25 50 90

225

(1) Weight does not include weight of insulation.




handiing 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 pigtails 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
declines 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 0.01Q, 0.1 percent
shunt resistor. This shunt also provided the reference voltage carried
to channel 1 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 Il of this report.

Except for refueling 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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Figure 6. Theoretical and observed dipole moments over the fO=3
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A Receiver for an EM Prospecting System

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 amplifier-filters, and processed by the microcomputer~controlied
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 1 to 2 km were used with transmitter moments of about

2 x 106 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 varies approximately as 1/f. Although the receiver
is designed for frequencies to 1033 Hz (1000 second period), obtaining
useful information below 10_] 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 geomagnhetic noise.
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A low frequency electromagnetic prospecting system
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Figure 1. A low frequency electromagnetic prospecting system.



23

% -, ﬁ
g \Magne’romew‘er sensor
Gommon pot EX pot
\Y
|
Magnetometer electronics AMP. AMP.
l l
E’%ﬁ{gﬁ“" (ITHACO 4211)] |(ITHACO 4210)| |(ITHACO 421D| [(ITHAGO 4211)| |(ITHACO 4211)
I % J_“‘] ]
A 5 M
Chart recorder | HZ HY HX EY EX
(optional) M6800
, Microcomputer
Oscilloscope signal processor
(optional) Current ref.

+ Ch.l
\i
Thermal printer Telemetry
(optional) interface

FEM Receiver station

Fi

gure 2,

XBL 786-2576

EM receiver station.




24

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

controlling 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).

Amplitude 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 1 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,
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TABLE 1

THERMAL PRINTER OUTPUT FORMAT

. STATION NO.
B C} ; “In RUN NO.
A NO. OF CYCLES AVERAGED (EXPONENT OF 2)
LI
A , PERIOD IN MILLISECONDS
[ ! '
0o _ HARMONIC NO.
T oo 3 AMPL ITUDE IN MILLIVOLTS OR REAL'
1 o/ By B B :
Tanor PHASE IN DEGREES OR IMAGINARY
[ B O
a0 0N AMP or REAL
B B R W e
2 ) AAon _ PHASE or  IMAG
AU oo
20 00N ___AMP or REAL
AU ] Tt
; . R __ PHASE or IMAG
Q0 0N AMP or REAL
U I [ )
4 - 00373 __ PHASE or  IMAG
384 4.9 _ AMP  or  REAL
> - oo _ PHASE or  IMAG
484 9.5 _ AMP  or  REAL
6 -- 005, PHASE or  IMAG

* When the rectangular mode is used, the in-phase or real part
replaces amplitude 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 sampling skew. See Table 10 key no. 1.
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TABLE 2

CHART RECORDER AND OSCILLOSCOPE DiSPLAY

]
.
T
]
|
j

i ‘l s |
T
pl e

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
cycle. Paper moved to left.

CHART AND SCOPE DISPLAY
Output voltage range +/- 5 volts

Digital to analog conversion resolution 8 bits (39.6mvolts/bit)

CHART RECORDER DISPLAY

Points per cycle Time required for dump
64 Th secords
16 4.2 seconds
L 1.8 seconds

OSCILLOSCOPE DISPLAY

Points per cycle Refresh rate Display time window
oh L5 HZ 22 m sec
16 150 HZ 6.7 m sec

i 350 HZ 2.9 m sec
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TABLE 3

M6800 MICROCOMPUTER SIGNAL PROCESSOR

PROGRAMMED AS A

SIX CHANNEL WAVEFORM STACKING, HARMONIC ANALYZER

FREQUENCY RANGE

PHASE ACCURACY

NUMBER OF CYCLES AVERAGED

NUMBER OF POINTS SAMPLED
PER CYCLE PER CHANNEL

NUMBER OF HARMONICS

ANALOG 1NPUTS
CONFIGURATION

1.01 x 10 Mz to 1.0 Kiz
(990 sec to 1.0 msec)

Better than 0.05 degrees

Up to 2]5 cycles

1.0 KHz to 101 Hz: L pts/cycle

100 Hz to 13 Hz: 16 pts/cycle

12.5 Hz to 0.00101 Hz: 64 pts/cycle

Up to 32, 8, or 2 harmonics for 64, 16, or

L4 pts cycle,respectively

Six single-ended or differential channels

INPUT VOLTAGE + 5V signal voltage

ANALOG TO DIGITAL
COMYERSION RESOLUTION

12 bits binary

7.68 MHz, TTL internal or external,
switch selectable

SYNCHRONIZATION SIGNAL

Phases of harmonics in the channel 1
waveform serve as phase references for
channels 2 to 6

PHASE REFERENCE

16 and 4 pts/cycle (8 bit data resolution)
i. acquire 8 cycles of data
ii. stack data, repeat i
iii. sine and cosine transform stacked data

DETECTION ALGORITHM

16 and 64 pts/cycle (12 bit data resolution)
i. acquire and stack data continuously
ii. sine and cosine and transform stacked data
QUANTITIES QUTPUT Amplitudes, phases, number of cycles averaged,
harmonic number, period of fundamental,
station no., and run no.

DATA OUTPUT FORM 5 digit LCD and 6 column thermal printer

POWER CONSUMPT{ON 10-15 watts

INTERNAL BATTERY LIFE 8-10 hours continuocus

SIZE AND WEIGHT 9 x 16 x 16 inches, 35 1bs.
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An Adaptable Receiver Design

Although the instrument was designed as a specialized 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 programmability. 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 flexibitity. 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-1ike
operation and portability, 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 initializes 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 detial in following sections.
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TIMIN
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FRONT
PANEL

Y

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

M6800 SIGNAL PROCESSOR BACKPLANE

PIN NOJ NAME
1 -15Y

2 -15"

3 +15"

h +15"

5 o’

6 0’

7 +5"

8 +5"

g Ag (LSB)
10 Al

1 A2

12 A3

13 Al

1 A5

15 A6

16 A7

17 A8

18 A9

19 A10

20 All

21 A2

22 Al3

23 ATk

o4 Al5

25 D@ (LSB)
26 Bl

27 D2

28 b3

PiN NO NAME
29 DA
30 D5
31 D6
32 b7
33
3k
35
36
37
38
39 NMT
50 TRG
i1 82
42 VMA
43 R/W
b g1
45 RST
L6 HALT
47
L8 300 BAUD (x16)
49 PAGE #0
50 PAGE FF
51 +5"
52 +5"
53 0¥
54 0"
55 -9¥
56 -9¥
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TABLE 5

M6800 MICROCOMPUTER SIGNAL PROCESSOR
SPECIAL FEATURES

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

CHART RECORDER DUMP OF STORED SIGNALS.

OSCILLOSCOPE DISPLAY OF STORED SIGNALS,

VOLT METER FUNCTION - DISPLAYS VOLTAGE ON SELECTED CHANNEL IN
MILLIVOLTS. THIS ROUTINE 1S USED TO SET GAIN LEVELS. THE
SYSTEM SUPPLY VOLTAGE MAY BE CHECKED BY EXAMINING THE VOLTAGE

ON CHANNEL 7.

MAXIMUM VALUE FUNCTION - FINDS MAXIMUM VALUE ON EACH OF THE

STORED WAVEFORMS AND DISPLAYS VALUE IN MILLIVOLTS.

AUB IO TRANSDUCER ALERTS OPERATOR TO COMPLETION OF LONG SIGNAL

AVERAGING OPERATIONS.

AUTOMATIC SYSTEM TEST ROUTINES:

A)

B)

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

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

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

WRITES TEST SQUARE WAVE [NTO MEMORY FOR CHECK OUT
OF TRANSFORM ROUTINES.

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 PERIOD RANGE
64 990 sec THROUGH 80 msec
(0.00101 HZ) (12.5 HZ)
16 79 msec THROUGH 10 msec
(12.658 HZ) (100 HZ)
L 9.0 msec THROUGH 1.0 msec
(111.11 HZ) (1.0 KHZ)

ANALOG TO DIGITAL

CONVERSION WORD S1ZE PERIOD RANGE

12 BIT WORDS 990 sec THROUGH 20 sec
(0.00101 HZ) (50 HZ)
8 BIT WORDS 19 msec THROUGH 1.0 msec

(52.63 HZ) (1.0 KHZ)




Part 1

Part 2

Part 3

Part 4

34

TABLE 7

RECEIVER OPERATION PROCEDURE

Set Control Switches and Connect Cables

Select internal or external 12 volt power source.

Turn recelver 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.

System Test
Press reset - system test.
Look for error codes and examine checksums.

(see section on system test)

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)

Call System Programs

Call volt meter routine for each channel and set gains.
Press (RUN), (vLT), (NO.).

€all one of the acquisition routines e. g. (RUN), (A1)
Call scope display routine {RUN), (0SC), (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 amplitude
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 reliably.

The phase accuracy obtained from a given sinusoidal waveform,
excluding aliasing, 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

1
@ =75 o 3
a given phase accuracy. One may assume N ° 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 bhelow 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 eliminates 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 onlty 100 ppm.
Phase measurements relative to the transmitter current are made by pro-
cessing the transmitter current waveform (on channel 1) along with the
magnetic field signals (on the other channels). The receiver then computes
phase relative to the transmitter current by subtracting the calculated
phase of the transmitter current from that of the other channels' phases.
Any signal can be put on channel 1 to 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 controlling the signal-sampling circuitry. The sharpness or
selectivity of the filter increases with the number of cycles averaged.
if the receiver and transmitter clocks are not locked together, the trans-
mitter and receiver will be operating at slightly different frequencies.
This difference in frequencies puts a restriction on how sharp the receiver's
digital filter may be made before the transmitted signal begins to be
filtered out. Using clocks of 10 ppm accuracy, several thousand cycles
of transmitter signal may be averaged with no detrimental effects due

to filter selectivity.

It is also possible to lock the transmitter and receiver clocks
together through the external 7.68 MHz clock input on the receiver.
This requires telemetering the transmitter clock signal to the receiver

but allows unrestricted stacking of the waveforms.
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Frequency domain EM soundings can be made with the receiver in two
ways. One approach involves the normalization of the phase and
amplitude 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 channel 1 of the
receiver vfa a twisted pair of wires. These wires are the only
physical connection between the transmitter and receiver, and provide
an absolute phase and amplitude reference for the system. The second
approach eliminates the need for a current reference from the trans-
mitter by analyzing phase and amplitude relations between the vertical
and horizontal magnetic fields, which define a polarization ellipse.
The essential information on earth conductivity structures is contained
in EM soundings produced by either the transmitter current reference

or polarization ellipse approaches.
SIGNAL PROCESSING

Table 3 lists the principal features of the receiver, which is built
around the M6800 microprocessor (Figure 6). The simplified program struc-
ture is shown in Figure 7, and the hardware structure is shown in Figure L
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 normalized 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 CORDIC rota-
tion method. Next, the phase-shift errors introduced by the sequential
sampling 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 channel 1. The binary results of the processing are

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

Figure 6. M6800 microcomputer signal processor.
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Figure 7. Simplified program structure for
M6800 microcomputer signal
processor.
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an example of the output format from the thermal printer. In this
case, a common signal was entered onto all six channels. Amplitudes
agree to within 20.3 millivolts, and the maximum phase error, on

channel 6, is 0.0056 degrees (.0977 milliradians).
OPERATIONS

Table 5 lists special features of the receiver. 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 hardware. The system test routine is automatically called when
the receiver is powered up and each time the reset switch is pressed. The

automatic test programs are listed in Table 5, Sections VII 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 Parameters

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 cycles; (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

MAX

RTN

L2

TABLE 8

SYSTEM PROGRAMS

The RUN key followed by the program key number given on left
calls? 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 first 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 harmonic.

Dumps & 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 (1 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 45Hz).

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

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

No program is called. Returns control to operating system.



L3

TABLE 9
NUMERICAL CONTROL PARAMETERS
AND
STORED TRANSFORM RESULTS.
Key
Symbol
HRM Harmonic Number
Range 01 through (PTS/CYCLE)/2. RTN closes location.
NO. Number of Cycles Averaged
Cye
Raises 2 to power entered,
Range: 2O 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
. - LCK
1.0 0). Period set by following entry of 3 digits by peg  RIN
results in no change in period and closes location.
NO. Number of Channels
CHL
Range: 1 through 6
Limits number of channels put through polar conversion and
printing. RTN closes location.
AMP Amplitude and Phase or {(real and imaginary)
REL
when this key is followed by a number 1 through 6 (Channel No.)
and
display shows value for that channel,
PHS

IMG
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TABLE 10

OTHER STORED PARAMETERS

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

key no.

0

1

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

Phase correction. Phase shift due to sampling 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.

Station number. Operator set. A two digitvaluewith range of

00 through 99.

Run number. Operator set and program incremented each time

a new set of data is acquired. A two digitvalue with range of
00 through 99.

Phase accuracy control for rectangular to polar conversion.

Range 03 to 06. Parameter is initialized to Ok.

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.
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TABLE 11

CONTROL KEYS

Key
Symbol
RXN Key calls one of ten programs defined by number keys.
(See Table V for the list of system programs.
RTN Closes open parameter locations; and for system programs
0SC, 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. @ 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 specialization of this system,

e.g., an IP program computing percent fregquency effest,
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TABLE 12

MODE SWITCHES

1 RECT or POLAR
Selects mode in which transformed values will be presented.
(Note: Rectangular mode values are not phase corrected for
sampling skew and are not scaled by the constant (1.192659)
to obtain values in millivolts per root HZ. Polar values
have all corrections applied.) This switch is read by

program at the end of the SIN-CO0S transform routine.

2 WAIT FOR CYCLE PULSE
Causes acquisition routines to wait for the beginning of
next cycle before starting data acquistion. [t 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 causes the system test routine to be repeatedly called.

L 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 lists 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 initiali-
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 initialized 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 17.

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: (1) 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 initializingall 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 set 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.
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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, disabling 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.

Memory Test and Memory Error Codes

As part of the system test routine, the data and proaram 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 1K PROM chips. Comparison of the displayed checksums with the
correct values given in Table 15 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 g Wt convention

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

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.



H1
H2
H3
H6
H7
HE

HH

50

TABLE 14

WARNING CODES

{11egal number of cycles averaged

{Tlegal harmonic number

Itlegal period

Waiting for cycle pulse

Waiting for sample pulse group

incorrect ratio of sample to cycle pulses

Incorrect use of AMP or PHS keys



TABLE 15

MEMORY ERROR CODES

RAM ERROR COBES

FORMAT : AQ105,

L‘ﬁlumwanm%K no. of MEM (1 to 8)

—Bad bit no. 1 to 8)

K no. 1 to & for 1st K

K no. 5 to 8 for 2nd K

PROM CHECK SUMS
Each checksum is displayed for 1 sec.
1PP 6
2PP=P
3PP5L

WPPIP,

- Check sum symbols

[
T\ K no. of 1K PROM chips



Phase Relative to Channel 1

The computed phase on channels 2 through 6 are relative to channel
1 phase; that is, channel 1 phase is subtracted from the phases on the

other channels.

The phase on channel 1 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.



APPENDIX A

A SYSTEM PROGRAM FOR A 6-CHANNEL EM RECEIVER



IDENT CAR,BEGIN 5l
SST
M6 80D

RREFBRBEBER LY RECEIVER@&%%@%%%&%

#% PURPOSE = COMPLETVE SYSTEM PRCGRAM FOF A4 6 CHANNEL EM RECEIVER

R STACKS 6 CHANNELS CF SIGMNALSy SINE AND COSINE TRAMSFORMS
e ANY HAFMCNIC IN SIGMALS, OGUTPUTS AMPLITUDES IN MILLIVOLTYS
% AND PHASES RELATIVE 7O CHANNEL ONE IN DEGREES

#%  AUTHOR = GARY L OPPLIGER , ENGINEERING GEOSCIENCE GROUP

e UNIV, CF CAL BERKELEVY.

#%  YERSION = 2.0 JULY 420 1978
FELLPRPRSADEFINITIONS# v 2880 808
BEGIN EQU 0=8660 g

#% PIA ADRS DEFINITIOMS =#

pPraat EQU §zFFEG ® LCD AND FRINTER PIAS
CPIAAL EQu G=FFES &

piABt EQU B=FFES #

CPIABL EQU J=FFET ®

PIaheg EQU §=FFESB #

CRTAAZ EQU §=FFEQ ®

pIAB2 EQU G=ZFFEA ®

CPIABZ EQu 0=FFEB *

PIALS EQuU G=FFEC ¥ KEYPAD AMD MODE
CPIARS £au G=FFED #

FIABS QU BzFFEE ¥ SHITCH PIA
CPIAB3 EQU GzFFEF ®

PIAAL EQU 0=FFa8 ¥ TIMER PIA

CPIAAG EQuU 0=FF09 ®

PIABL EQU GzFFOA #

CPIABL EQu gsFros #

PIAAS EQU §zFFOC ® ADC PIA

CPIAMS ! ge=rFean ¥

PIage ; g ! #

CrPings £y g: @

222 PROGEAM STACK LOCATICN®®ws¥rae
STACKP EQU 0zi6F BOTTOM OF PROGPAM STACK (400 THROUGH 414F)

srexefY ARTABLE CEFINITI(NS#U®SES

FLAGLZ2 EQU 8249 i BYTE EQ 1 IF 12 BIT ADC WORDS ARE USET
DATAB EQU gz th 2

PSHBOY £Qu gz4C 2

BDYPICH gQu Cz4E 1 THIS VALUE H4USY LEAC PTCYCH

PTCYCH EQY gz 4fF i

VAR EQU 350 SETS LOCATION OF BLOCK OF VARIASLET IN FAM
CYCAVG EQU VAR i BYTE

NCYCLE EQU VAR 2 BYTVES

PYSCYC gqu VAR 3 i

HEMNIC EQU YARe & 1

CHTINC EQU VakeS i

CHNLPPY £0U VARG i

NCHPR EQU VAR+7 1

NOSHKF Fau Vbke8 i

B &
23
B35
B
2%
&%
L



JATPY
STORAR
TABLEP
BCODOUT
BNIN
TARLER
STRPT
CHONT

Y
XX
U
FF

SRTCH1
SRTCHZ
SRTCH3
EXPA
COEB
HARMLO

vy

C3

ce

1

D3

be

D1
oUTL
ouT3
ouve
ouT1
SUBTY
PHS1
PHS2
PH51D
PTCYL0
NTACG
HSAVE
NEUN
NSTN
SRTCHG
SRTCHS
SRTCHSE
ROTACC
REAL
IMag
DIVIEN
CHNO
QUAD

EQU
EQU
EQU
EQU
EQU
EQU
EQuU
£QU

gEQu
EQU
EQU
EQuU

EQU
EQU
EQuU
EQu
£QU
EQU

EQu

EQU
EQU
EQU
EQU
EQU
EQU
EQu
EQu
EQU
EQu
EQU
EQuU
EQU
EQU
EQU
EQuU
EQU
EQuU
EQuU
EQU
EQU
EQU
EQU
EQU
EQU
EQuU
EQu
EQU

YyAkeQ
VAR+14
VAR®1 3
STORAR
TABLEP
YAE+1%
VAR&17
VAR®19

VAK+20
VAR®22
VARE2¢4
VAR+28

VAR+29
VAR® 34
VAR®32
SRTCHZ
SRTCH3
VAR®33

VAK® 34

AY
Yvel
yy+2
Yy+3
AR LS
yyes
Yy +6
Yy ¢7
Yy &8
Yy +9
yy+ig
Yyeli
yy+i2
1zEL
0zE5
DZES
§=£8
0ZE9
gzEA
BzEB8
g=zgcC
GZED
O=EF
8=F0
g=F2
0=Fb
§zFs
g4:=F6

gY

[l ~S AN IO

N e )

Ms ®
%

LS *

MS

LS
MS #

55
TES

SCRATCH AREA
FOF BINBCD

® UNSIGNED BINARY INPUT
® MAXe, OF 23 RITS

3

DECIMAL OUTPRUT

¥ FOFEMAT- 08 76 54 32

%

LS *#
SCRA

BY
BY

8Y

CH
Qu

T R L Y Moy U S

TCH

MS BYFE PHASE COR IN BINARY
2 LS BYVES

TES

TE FYS/CYC INM BCO

BYTES NO. OF TIMES ACQUSL IS CALLED

HARMCNIC N3, STORAGE LOCATION
TE

VARIABLE FOR CONTROLLING ACCURBCY OF ARCTAN
HOLDS AQRS OF REAL VALUE
HOLDS ADRS OF IMAG VALUE
DIVIDE 8Y TEN FLAG { MOVE DECIMAL PDINY LEFT

BNNEL NO.
ADRANYT NO.

#es  DIFINITIONS OF RAWM STORAGE AREAS e

#%  UNUSED RAM AREA (150 THROUGE 1FF) @»%

RAMSTR
RAMEND

AHPSTR
PHSSTR
STARTC
STARYS

EQU
EQU

EQU
EQu
EQU
EQuU

0=0000
G=07FF

& W e
BE0 6RO A B

[ s e -]
[0 W W - R w

STAR
ENT

24
24
24
24

T OF RAM
OF RAH 2K REQUIRED

BYTES
BYTES
BYTES
BYTES

FHe

¥
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DATA EQU 6=0200 1536 BYTES EMDS &V 07FF

#% DATA IS QEGIMING OF DATA STACKING AREA. DONLY YHE FIRSY 96 BYVES ARE #%
#% USED WHEN & PTS/CYC ARE STACKED THE REMAINDER IS USED &S 8 DATA #®
*% COLLECTION AREA. DPSHT AND DFSHB DEFINE COLLECYION AREA w5
DPSHT EQU DATA+384 TOP OF DATA STACK USED WITH 4,18 PYS/CYC
¥% PERIOD TO FYSCYC AND ALC WORC SIZE MAp #¢

2% FOR MIN 9306 KMZ CPU CLOCK 28

£d EQU §z648 # 6 LONG PERIOD LIMIT

93] EQU 0=z10 2 1.0 (EHe. 1.0E6 MILLISEC )

El EQU 0z10 ' &4 PTS/CYC

CC1 EQu gza0 ® Bo.0 12.5HZ OR BOMS

£2 EQU =148 ® 1 i6 PTS/0VC

cece EQU 8z10 # 1.0 100HZ

£3 EQU 0=z48 & 0 L PYS/CYC

CLC3 EQU Gz10 ® 1.0 SHORT PERIOOD LIMIY

Bt EQU =149 = 1 12 7D 8 BIT ADC CUTOFF

CCe EGQU gz20 ¥ 268 S0HZ DR 20M%5

ORG BEGIM

JHP MASTER INTP #
JMP MASTER SWI % PESET AND INTERRUPY VECTCERS
JHP MASTER N#I &
JHP RESETS RESEY *#
#% YABLE USED 8Y ROUTINE RUb EACH ROUTINE CORPESPONDS TO A KEY NO. #%
FUNTAB JHP 05CDIS RUNT  DISPLAY DATA ON SCOPE
JHMP ATPONE RUNL ACQUIREsTRANS,PRINT ONE BARFMCNIC
JMP SINCOS RUNZ SIN AND COS TRANSFORM ROUTINE
JHP CHARTD RUNZ  DUMP DATA ON CHART PAPER
JMP ATPEVO RUN&  ACQUIRE ;TRANS,PRINT EVERY CTHER HARMCNIC
JHP PRTEVD RUNS PRINT EVERY NDTHER HARMONIC
JMP MAXSGN RUNG FINT MAXIMUM SIGNAL
JHP ATPALL PUN7  BCQUIRE (TRANS,PRINT ALL HARMCWIC
Jup PRTALL FUNB  PRIMWT ALL HAEMONICS
JMP VOLTHT FUNG  MAKES DEVICE A YOLY HMETEP
RESETS L0s [STACKP RESEY STACK POINTER T0 PROGRAM STRCK LOCATION
LOX [Q=FFFL # SET TIME® PIB
S5TX PIAAL
STX PIABL
CLRB B FLAG SETLRESULTS IN BRANCH TO SYSTSY
BR A InZsy
INZSYS LOAE tes B FLAG SET,PREVENTYS RRANCH TO SYSTST

CLR CPIAAL
CLR CPIAGL
CLR CPIALZ
CLR chIape
CLR CPIAL3
CLR CPIABS
CLR CPIAAS
LR CPIAgs

INZSL LDX [8=C0F 4 # SET KEYPAD PIA PAB=-PA7 ARE OUTFLTS
STX PILAAS ® PAG-PAS ARE INPUTS FOR COLUMNS
LOX [0z0FF& * PBO-PB3 ARE JUTPUTS FOR KOWS
STX PIaBs ® PRS=-PE7 ARE INPUTS FOR MODE SWIVCHES
57X PIAAS # SET ADC PLA
LOX (8z88F 4 ¥ PAO-PA& ARE QUTPUTS

STX PIaBS % PRO=-PB? ARE INFUTS



57

LoX {DzFFFo ® SET LOC FIAS
STX PIAAL # B2 IS SET HIGH
5TX PIAB] #
STX PIaaz ®
LDX fO=F7FC ® MAKE PB3 AN INPUT FOFR PRINTER
STX PIaBz # ALL OTHERS ARE QUTPUTS
CLR pPIagz # ASSURES PRINTER POWER IS OFF,
1578 # CHECK B FLAG
ENE INZS2 # IF EQU BPRANCH 1O SYSTENM TEST
BR A SYSTSY SYSTEM TEST
INZS2 JSR CLRDIS CLEAR DISPLAY
kTS

#% SYSTEM TESY CHECKS 2K RAM AND 4K FOM, WRITES SQUAREWAVE INTO MEM ##

SYSTSY BRA RAMCK BRANCH TO RAM CHECK
RAMRTHN JIR TIMERT DC TEST OF SAMPLE a4ND CYCLE PULSES
JSR TESTB3 ® READ SWIICH 3

ENE SYSTSY
LDAA gg=ce
STAA PIAB1

IF SET REPEAT RAM AND PULSE TESTS
SET UP LCD A4S XPPXX TO INDICATE PROM
PLACE PP IN DIGIYS 3 AND &

¥ & &

CLRB
LDX {BEGIN BEGINNING CF ROM
STX DATPY SAVE
PROMLP JSR PRCOMCK CREATE CHECK SUM ON 4K OF PROM
INCE INC 1K CHIF COJNTER
STAA PIAAYL PLACE CHECK SUM IN LOWEST 2 CIGITS ON LCD
STAB PIaaz PLACE CHIP NO. IN STH 0IGIT PCSITICH ON LCD
LDX {@=FFQe2
JSR DELAYS DELAY OF 900000 MACHINE CYCLES FER CALL
CHPa {os IF CHIP NU. EQU & QUIT PROM CHECK
BNE PROMLP
JSR LDMEM LCAD MEMORY WITH SQUAREWAVE FOR TEESTS
LOAA {0=z58 ¥ LOAD =.8.8,8:8+8 INTO LCO
STAA PIAdL * TO YEST ALl LCD SEGMENTS
STAA PIABYL ¥
LDAA {g=Fa #
STAA PIARZ #
LDAA (603 ®
STAA PIABZ #
JSR PHRON PRINTER PCOWER ON
JSR PENT # PRINT =48,80808.8
JSR PRNT # THICE
JSR PHROFF PRINTER POWER 3FF
JSR INZYAR INITIALIZE VYARTIAEBLES
JMP CKLOCP TESTS COMPLETE GO 70 MAIN PROCGRAM

#% ROTAYING BIY RA&M TESY ROUTINE DOES NOY USE FAM STORAGE #¥
#% IF A BAD LOCATION IS FOUND PRKOGRAM HALTS AND LCD DISPLAYS ##
#8 5 IM STH DIGIT TC INDICATE RAM, BIT NO.{L = 8) IN 3RD DIG ®%

#% AND QUARTER K NO. IN 4ST 0IG (1 - 8} . FORMAT AQS502 A
FAMCK LOX (RAMSTR L.CCATION OF STARY OF CHECK
LOAA {8=0D ® DISPLAY (AAAAA)Y ON LCD

STAA PIAAL
STAR PIAB1
LDAA £o=00
STAA PIAAZ

SHF 15T CLR 00X
LDAA 8eX
BNE 8AIBIY # IF NOT 7ERD BAD BITY
INCA SEYT ACCA 70 ¢

WRITE 2ER0S INTC MEM

o o o oN K



RAMLP

BADBIY
TSTLPY

FaMSLE

STAA
CHPA
BNE
ASLA
ASL
CMPA
BNE
ISTA
BPL
INX
cPX
BNE
JMp
CLRB
INCB
LSRA
ENE
STX
LOAA
STAA
INC
5748
BRA

#% PROM CHECK

PROMCK

PREMLP

®® TIMER SAMPLE AND CYCLE PULSE TESY

2% FOR 64y
#% PULSE,

TIMERT

#% STORES
STREER

CLR
CLR
CLRA
LOX
800DA
INY
STX
LDX
INX
STX
cPX
BNE
RTS

00X

084X
BapRIv

G8oX
RS ¢
BADBIY

RamLP

TRAMENTSY
SHFYTSTY
RAMRTYN

TSTLPY
PIAAL
{0=F4
CPIAAL
PIAAL
PIasy
FAMSLF

CALCULATES A
SRTCHL
SRYCHL+1

DRATRPY
006X

DATPY
SRYCHL

SRTCHL
{8z0%00
PRMLE

58
CCMPARE ACC A WITH MEMORY LOCATION
IF NOT EQU BRANCH 70 BAD BIV
S
* SHIFY BITS
CCYPARE ACC A WITH MEMORY LOCATICH
IF NOY EQU BRANCH 70 BAD BIY
# TESY FOR BIT IN 8 POSITION
* IF FOUND INC INDEX,VEST MEXT BYTVE

ADRS OF LA&ST BYTE 70 BE TESTED ¢1i
IF NOT LASYT BYVE, TESY NEXT BYTVE
BFANCH SERVES FN SIMILAR 710 RTS

&

# DETERMIMNE BIT PCSITION OF BAL BIT

&
%

SYCRE INDEX IN LCDy MS BYYE GOES IMN DIG 1,2
B LS BYTE WENT IMTO CONTROL PREG
% RESTORE CONTROL EREG
INC [IG 1 VO CREATE 174 K NO.
® WRITE BIT NDo TN DIGITS 3 AND 4.
HALY THE CCMPUTER

CHECKSUM FOR 141X OF ROM *&

# CHECK FOF 1000TH TIME THROUGHE LCCP
&

169 AND & FTS PER CYCLE DISPLAYS HE WHEN WAITING FCR CYCLE
DISPLAYS H7 WHEN PAITING FOR SEY JF SAMPLE PULSES. LCISPLAYS k8
22 AND HALTS PRCGRAM IF RATIO OF SAMPLE TO CYCLE PULSES IS IN EFROR

LDAA
CLRB
BSR
DX
BSR
LDAA
LDAB
BSR
LDX
BSR
LOAA
TAB
BSR
LDX
BSR
RTS

PERIGD
STAA

{gz=es

STREPER
£2s
FATIOY
[g=kg
{0z140
STRPER
{97
RATIOY
tg=2¢

STPPER
{385
RATIOY

AND SET PRE
PTAAL

PERIOD COEF. 255

PEFIOD EXPONEMNT EC MSEC
STORE PERIOD SET COUNTERS
SET RATIO SAMP/CYC ¢1 FOP THIS PERIOCD
DC RATIO ¥ESY

PEFICD COEFs Lol

PEFICD EXP. 1

STORE PERICD SET COUNTERS
SEY RATIO AS BABOVE

0€C RATIO VEST

PERICD CCOEF. 268

PERIOD EXP 4 5HZ
STCRE PEFICD

SET RATIO

DO RATIO YESY

ANT POST CCUNTIRS ##
SET PFEICT COFF.

TESTS FATIO CF SAMPLE/(YCLE FULSES

2%

L
L)



STAB  PIABG SET PERIOD EXP, 59
JSR PROSET SET PRE ANC POST COUNTERS AND PTS/CYC
RTS

®% TEST OF RATIO OF SAWPLE 70 CYCLE PULSES =%

RATIOY STX SRTCHG STCRE IDEAL RATIO NO.
JSR CLRBDIS CLEAR LCD DISPLAY
LDX £og6o SET RATIO COUNYER 70O ZERO
Loag PIABL CLEAR CYCLE PULSE 3Y READING PIA
LDAB PIABS CLEAR SAMPLE PULSE
LOAB {6z=Be * WAITING FOR CYCLE PULSE
STAB PLAAL ¥ PUT HE ON LCD
TTLP1 LDAA CPIABL ® WAIT FOR CYCLE PULSE
&P, TTLPYL ®
LDOAB PIABL CLEAR CYCLE PULSE
INC PIaaL PUT H7? ON LCD. WAZITING FOR SET OF SAMPLE PULSES
TiLP2 LDAA CPIABS WATY FOR SAMPLE PULSE
BPL TTLP2
LDAB PIABS CLEAR SaKFPLE PULSE
INX INC RATIO COUNTE®R
LDAA CPIABL * LOOP BACK UNVTIL CYCLE PULSE IS FCUND
BPL TTLP2 ®
cex SR 1CHSE CCMPARE RATIO COUMY WIVH IDEAL VALLUE
geq 770K If EQUAL RETURY
INC PIAAY PUT HB ON LCD 7O INDICATE RATIO ERROR
TTHALTY BRA TTHALY
TTOK JSR CLEDIS CLEAF LD
RYS
#% LOAD MEMORY WITH ¢5¢-5 VOLT SQUAREWAVE FOR TESTY &%
#% SINGLE CHNL PATTERN IS 2 MIGH.8 LOWsB He8 LeETC FAR 64 PTS #e
LODMENM LOX {1536 NC. BYTES 70 BE CLEARED
STX SRTCHL
LOX {DATA STARY OF SECTION TO BE CLEARED
JSE CLEMZ CLEAR MEMURY
LDX {DATA DEFINE STARTING ADRS
LDAB {12 FCE FIRSY PARTIAL CYCLE
BRA LoM2 START PARVTIAL CVYCLE
LDM1 LDAB (&8 6CH¥B8PTS=48 SET COUNTER FOR 8 ¢5V PCINTS
LDMZ LDAA {o=7F +5 YOL TS
STAA 085X LCAD VALUE IN MEMDRY
CcPX {DATA+1532 COFPARE WITH LAST LOCATION
BEQ LOMOUY IF EQU RTS
JSR IN XL SELECT NEXT LOCATION (INX & TIMES)
DeEce BEL COUNTER
BNE LDM2 IF NOY 0 STORE ONE MORE +5Y VALUE
LDAS {8:=8¢ =5y
LOAB (&8 SET COUNTER FOR 8 =5Y POINTS
LDOM3 STAA 00+ STCRE =5V VALUE
JSR INXG SELECY MEXT VALUE
DECB DEC COUNTER
ENE LDM3 IF NOY 0 SYJORE ON MORE =5Y VALUE
BRA LOML DO NEXT 5 CYCLE
LOMOUT RYS
#% INITIALIZE VARIAELES #%
INZVAR LDAA {8:z9¢C NO. OF BYTES 73 BE CLEARED

LOX £0=00%0 START OF SECTION 7O BE CLEARED



JSR
INC
ING
INT
LDAA
STAA
JSR
LDAA
STAA
RTS

60

CLEMEM CLEAR MEMORY

HARMLO

HRMNIC

NCYCLE+1

{4

ROTACC SET ARCTAN FN ACCURACQY

FRDSETY SET FTS/CYC AND PRE AND POST COUNTEFS
[gz06 ®

NCHPE ¥ SET NCe. CF CHANMELS CPERATED ON

#% | 00K FOR ANY PRESSED KEY IF FOUND ACC A IS A NONZERG VALUE *#

KeEYQd

CLRA
STAA
LDAA
COMA
ANDA
RYS

#% DELAY ROUTINE

% DELAY EQ =

DELAYL
DELAY3
DELAYZ

DLyLet

#% CHECKS
FELESE

KELLPL

#% SOUNDS
BEEF

L0X
STX
DEC
BHE
EYS
DEC
BEQ
BRA
RTS

2 (MACHIMNE CYCLES)

PIAB3 5
PIAAZ &
e
{0=3F 2
5

MOo CYCo=62+(SETCHI=11%44+{SATCH2=-2)%3580 w2

{0=1a62 * PRESEY DELAY 87278 CYCLES
SRTCHZ
SRTCHZ
DLYLPL

SRICH3
DELAYZ2
OLYLPY

FOR PELEASE OF [IRESSEC KEY #%

CLRA
STAA
LDAA
COMA
ANDA
BNE
BSR
kTS

BEEPCF
LDAA
STA4
LOX
BsSR
LDAA
STAA
RTS

PIAB3 ROW

PLAAY COL UMM

{0=3F

RELLPL

DELAVYL ABOUT 90 MILLISEC DELAY FOR KEY DEBOUNCE

FOR 8518 CYCLES ##

[ozFcC 4 BRING LINE CB2 HWIGH FOR BEEPER
CPIABS @

{8z0462 ®

DELAY3 ® DELAY

[o=Fg #

CPIABRS * BRING (B2 LOW FOR BEEPER OFF



#% ACTIVATE ONE ROW ON KEYPAD,

LOTST

STAA
LDAA
INCB
COMA
ANDA
RTS

PIAB3 ACTIVATE ROW
PIAAZ READ COLUMN
{0=3F

#% INVERPRET PRESSED KgY *#%

INTP

LO0OPY

ERR

END

#% MASTER
SCHNKEY
RHSLCT

ASL 8
ASLB
ASLB
BSR
DECB
LOX
STX
INC
EEQ
INCB
CMPA
BEQ
ASL
BrA
NOP
BRA
asRr
1578
RTS

DELAY1

[0=rFgg1
SRTCH?Z
SRTCH2
ERR

SRTCH3
END
SRTCH3
LOCP1

RWSLCT
BEEP

EOUTINE FOR SCANNINE KEYPAD ®*€

BSR
LOAB
LOAR
BSR
BGY
LDAA
BSR
BGT
LDAA
BSR
BGY
LOAA
8SK
BGY
BRA
RT3

RELESE
{O=zFF
[zt
LDTSY
INTP
{0=a0
LDTSY
INTP
(=98
LDYSY
INTP
{azu7
LDTSY
INTP
RHSLCY

#% CLEAR LIQUID CRYSTAL DISFLAY #=#

CLRDIS

LOAA
STAA
STAA
LDAA

[G=FF
PIAAL
PIaBi
fo=z0F

TEST COLUMNS FOP RESPONSE

g8

61



62
STAd pIaag

LDAA plaBe # SAVYE PRINTER CONTROLS MAY 14 78
ANDA {gsFcC ®

STAR pPIAB2

RTS

#& DISPLAYS & NO, ON LSD OF LCC WITHOUT AFFICTING OVHER VALUES *%
LCD1 LDAB PIAAL

ANDE fozFe

ANDA {0=0F

ABA

STAA PIaAl

ANDA {0=0F

RYS
*% CONVERY KEY CODE NGO. TC DECIPAL VALUE (-9 e
TSTCD CHPE8 004X CCMPARE KEYCODE WITH TABLE CODE
ENE SCLP ® IF YHEY ARE EQUAL LOAN CCUNTER
LDAA SR TCH3 # INTO ACC A AS BCU VALUE
SCLP INX PCINT INDEX TO MEXT CODE
BEC = SRTCH3 # DEC COUNTER
RYS
#% KEYPAD CODE CONVERSION TABLE e
CONV1 CON B=0A 9
CON 0269 8
CON g=z08 7
CON g=z1z2 &
CON gzi1 5
CON gz1i0 t
CON gz14 3
CON 6z19 2
CON 0z18 i
CON 6zt1 g

#% MASTER FOUTINE FCR KEY CCDE 10 OECIMAL CONVERSION ®8
MCODE LDAA 19:=09

STAA SRTCH3

LDRA fo=88

LOX [CONYYL KEYPAD CCDE CONVERSION TABLE
NCLP JSR TSTCD :

BMI ENDL

BRA NCLP
ENDL BTS

#% SELICTS 1 OF 10 SUBRCUTINES THAY MAY BE CALLFD #%
FUN BSR CLEDIS

BSR SUNKEY ® LOCK FOR NDO. ENTERED ON KEYPAD
BSR NCGDE ®

CMPA [0=98 IF A NUMBER IS NOT FOUND FETURHN
BEQ RNQUTY

BSR LCDL DISPLAY OM LCD

inx TRIUNTAR=3 BUN TARLF =3

%



FNLP INX ST T 63

INX
INX
BECA ACC A IS COUNTER SELECTOR
BPL RNLP
JSR 000X CALL SELECTED RUN ROUTINE
RNOUT LDAB [GzF4 * TURN OFF DPEN REGISTER INDICATCR
STAB cpiaaz #
RYS

®% CONTROL KEY JUMP TABLE *##

CKTAB JMe RUNB § EQUIVALERT KEY NO,
JMP HRMSLY i
JMP MEM 2
JMP RUN 3
JMP NCHNLS f
JMP PER 5
JME cyc &
JMP CDOUM 7
JMP AMP 8
JMP PHS 9

CDUN RYTS

#% THIS IS THE MASTER CONTRCL LCOP FOR THE PROGRAM #%
MASTEKR LDS [STACKF SET STACK POINTER TO PROGRAM STACK LOCATION
CONKEY JSR INZSYS
CKLOOP JSR SCRNKEY

JSR NCODE

CMPA {g=88

BNE CKLOOP

suge [g=03

JSE NCCODE

CMFA {ozge

BEQ CKLOCP

LDAB {0=FC # TURN ON CPEN REGISTER INDICATOR
STAB cpIaaz ®

LDX [CKTAE-3 COMTROL KEY JUYP TA3LE =3

BSR RjLP

BR A& CKLOOP

#% DISPLAYS PERIOD FORMAT = (B B 1.2 9 3) 3 = SLANK #%
DISPER LOAA PIAAG
STAA PIABY
LDAA PIABL
ANDA fg=71
LSR4
LSRA
LSRA
LSRa
AGDA (o=F0
STAA PIAAdL
LDAA [0zhF
STAA pIbAZ
TS



ok

#8 SUBROUTINES STDIGL ARD STDIGZ = STORE DIGITS 1 AND 2 ##

STDIGL

STolGe

SAME

LDAB
ANDB
8SR
BR A
LDAB
ANDB
A3A
STAA
JSR
RYS

#% LOAD PERICD

LOPER

LDP1

#% ALLOMS
PER

TOCK

PRDSEY

LOAA
STAA
LDAB
ANDB
LDAA
ANDA
JSR
ABA
STAA
BSR
RTS

{o=0F
§oX
SHFL %
SAME
[e=F{
DeX

LoX
SCHNKEY

DISPLAYED ON LCD TO TIMER =¢

PIABY
PIAAL
PIABY
(0z=8F
PIAAYL
£0z07
SHFL G

PIABYL
DISPER

ENTEFING AND EXAMINATION OF PERICD #*

JSR
BSR
JSR
BEQ
JSR
LOX
JSR
BEQ
JSR
LoX
JSR
BEQ
JSK
LDX
JSR
BEQ
cMPB
ENE
BSR
BSR
JSR
RYS

JSR
JSR
LO&A

CLEDIS CLEAER LCD
DISPER
SCHKEY
TOCK
NTCDE
[PIAgy
STLIGY
TOCK
NCGODE
{pIagd
sToiGe
TOCK
NCCDE
(PIAAL
STILIGZ
T0CK
{8=05
TOCK
LDPER
PRDSEY SET PYS/CYC AND PRE AND POST COUNTERS
DISPER

PTSSEY SELECT NO. PTS/CYC
PTYSCON SET PYS/CYC CONTROL BITS ON TIMER BOARD
PYscyc * CONVERY 70 8CD



SHFLG

#2 DISPLAY ON LCD NQ.

DISCYC

2% MANAGES DISPLAY ANC ENTRY CF NOo

cyYce

STROV

JSR
STAA
RYS

ASLA
ASLA
ASLA
ASLA
RYS

LDAB
JSR
RTS

SR
JSR
BEQ
JSR
LDX
LOAB
ST48
JSR
BEQ
JSR
LDX
JSR
EEQ

- BRA

LASTDL

#% SET NG
SETCNT

SKIP

ERRORL

LOAA
STAA
BSR
BSR
RTS

BNBCCZ
PTCY10

CYCAVG
DIsnGz

DISCYC
SCNKEY
LASTDY
NMCCDE
[PIAB1
[G=FF
GsX
STCIGL
LASTDL
NCCDE
{PIaps
STLIGe
LASTDY
STROV1
PIAB1L
CYCAVG
DIsScYC
SETCHY

GF CYCLES TO

CLRB
LDAA
CMPA
BHI
CMPA
BLE
LDAR
ANDA
AB4
858k
JSR
RYS
LDASB
STAB
RYS

CYCAVG
{pg=ic
ERFORY
[6=0f
SKIP
{0=04
£0=0F

SETCNZ
CYCDEC

{0=81
PIABY

65

OF CYCLES TO BE BVERAGED ##

OF CYCLES TD BE AVERAGED *%

BE AVERAGED IN BINARY *#

CCCNVERT NG,

OF CYCLES V0 BCD ARD CISPLAY



SETCNZ2

SLOoP

LOX
STX
DECA
BMI
ASL
ROL
BR A
RTS

{8=0001
NCYCLE

BTN
NCYCLE ¢4
NCYCLE
SLCOP

% DISPLAY AMPL ITUDE AMI FHASE #%

AMP

PHS

AP1

AP3Z

APOUY

#% LOAD LCC WITH

L.CDDIS

LoX
STX
BRA
LOX
5TX
JSR
JSR
JSR
CMPA
ENE
STAA
BRA
DECA
BMI
CHPA
BGY
ASL A
ASLA
ADDA
STAA
BCC
INC
LOX
BSR
RTS

LDAA
STAA
LDAA
STAB
LOAA
STAA
LOAA
ANDA
LDAB
ANDB
A3 A

STAA
RTS

{AMPSTER
SRTCH1
AP1
[PHSSTR
SRTCKL
CLEDIS
SCNKEY
NCCDE
1g=88
apz
PIAAL
APGUTY

APCUT
{0=85
APQUT

SRTCHL+1
SRYCH1 1
AP 3
SRTCH1
SRTCHL
LCCDIsS

* ADDED APRIL 22,78
%

t BYTES POINTED AT BY IMDEX #*%

34X
PIAAY
§24X%
PIAB1L
01X
piaaz
00X
1003
PIABZ
(0=zFC

pIage

SAVE FRINTER CONTROLS

2% MANAGES PARAMETERS ACCESSED THROUGH MEM KEY *#

HMEM

JSR
JER
JSR
AN DA

CHPA
AN

CLRDIS
SUNKEY
MCODE
{0=0F
15:=089
M1

2
# DECOCDE XEY

66

MAY 14 78



JMP DIsSPIC DISPLAY PTS/CYC 67
MJ1 CMPA tg=01

BNE MJ2

Jip CISPHE CISPLAY PHASE CORFECTION
MJ2 CHMPA {g=0¢

BNE MJ3

JMP STATAQ
MJ3 CMPA [gz02

BNE MJ&

JMP RUNNC
Mdb CMPA {g=0¢

BNE MJ5

JMP CROTAC FOQUTINE 70 SET ROTATION ACCURACY
M35 RYS

#% DISP LAY POINTS PER CVCLE #%

DISPTC JSR CLFDBIS
LDAA PTCY 0
STAA PIAAYL DISPLAY PQINTS / CYCLE
kTS

]

®% DISPLAY STATION NO. AND RUN NO. FORMAT = ( XX XX) #*
DSTHRN JSR CLRDIS

LDAB NS TN LCAD STATICN WNDo.

CLRA

JSR RORBA CIRCULATE ACT 8 INTO ACC A RIGHT POTATION
0RAA {0=06F BLANK DIGIT NO 3

STAA PIaBe LOAD DIGITS 3 AND & INTO LCOD

STAaB PIAAZ LCAD CIGIT 5 AND DECIMAL PTS IMYC LCD
LDAR NRUN # DISPLAY RUN NO. ON DIGITS 1§ ART 2

ST&A PIAAL ®

RTS

“® DISPLAYS NO. OF CYCLES TO BE AVERAGED IN BCD FORM %%

CYCODEC LOX NCYCLE ¥ CONVERY KCYCLE 70 % DIGIY BCD VALLE
STX n2 DL IS LS BYVE
CLR D3 CLEAR MS BYTE
JSR BINBCD CORVERY TO BCD
JSR CLRDBIS CLEAR DISPLAY
LDAA ouTL LS 2 DIGIYS
STAA PIaai Y0 LCD 2 LS DIGIVS
LDAA ourve NEXT 2 DIGITS
STAA PIABY YO LCD
LDAA GuT3 MS DIGIT
STAA PIAAZ ¢ LCD
BTS

eRmER COSINE AND SINE CONSTANT TABLE ®esex
% TABLZ STRUCTURE = 8C 2 BYTE CCNSTANTS, WITH OVERLAPPING SETS CF 64 CCS ¥
® OAND 66 SIN 2 3YTE CONSTANTS,

cOsTCP CON GS7F o BTFF o027F o 0264,0=7D08289,027A,027C
CON 027650561502 70,0ZE250=€0,0260,026250=F1
CON 0550 ,03582,0254,0533,0=47,824C,023C.0256
CON §230,0=FBs0225,0=28,0=218,02F9,06z0C,0=8C

SINTOP CON 0200+0280,0=F3,05740ZE7402€7,02DALB=DE
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CON D5CFo0206,0303,030A,0288,03E4,024E,02C0D
CuUN GEA5.0S7E 0290 050F0295,0293,038F 034K
CON 0589,028F ¢ (285,0284,0282,0277,0280,039F
CON 0580:001,0280,059F,0382,0577,0285,0:284
CON (2B9 0=BF ¢ 058F 02160295, 0293,0390,0206F
CON UZAB g 027EUZAE,DZCD0=R8,85E4,02C3,0204
CON 02CF 0505, 020A,0=2D8,02E7,0207,03F3,0278
CON §200,0200,0830C,0528C,0318,82F9,0225,0:z28
CON 0230:05FB,0=3C,0256,0247,0824C50254,0=233
CON §25A0282,0262,03F1,0Z¢A,0=60,0270,0282
CON 02765034105 74,037C,0270,0589

£O0sS80Y CON 0z7F 0261
CON DST7F ¢ 0=FF g 057Fo0361,0570,0289,0274,027C
CON BS76 081 ,0=70,02E2,05€CA,0260,17262,02F1
CON (258 :038290251,0533,0247,021C,023C,02586
CON 8230,0=FB,0225,0:528,0Z18,82F9

SINBOY CON 020C,0=8C

#% MASTER ROUTINE FOR DOING SINE AND COSINE TRANSFORMS  ##

SINCOS LOX [DATA START OF STORAGE AFPEA FOR STACKEL SIGNALS
STX DATRT PCINTEP TO SIGHALS
LOX {STARTC STARYT OF MEM SECTION TO 8E CLEARED
LDAA £0=3¢ MG, OF BYTES T3 BF CLEARED IS 48
JSR CLRMEM CLEAR STORAGE AREA FOR TRANS RESULTS
LDX [STARTC # DEF. STORAGE AREA FOR
STX STCRAR # COS TRANS RESULTS
LOX {COSTOP ¥
STX TAELEP ® DEFINE TOP AND BOTTOM
LOX feosaoy * QF TRANS CON TABLE
STX TAELEB # FOR COS TRAMS
BSR TRASEM DG COS TRANS
LOX {DATA
STX DATPT
LDX ESTARTS # [DEF, STORAGE AREA FOR
STX STORAR # SIN TRPANS RESULTS
LDX ISINTOP #
STX TAELEP ® SAMVE
LDX {SINBOT ¥ FDR SIN TRANS
STX TABLEB #
BSR TRASFM DC SIN TRANS
JSR PHSCCR CALCULATE PBHASE CORRECTICN
CLR DIVTEN SEY DIVIDE 3Y 10 FLAG 70 ZERG
JSR TESTB1 TEST SWITCH 1
BNE RECT IF ON SKIP RECT TO POLAR CONVERSICH
JSR POLAKR CONVERT TO POLAR COORDINATES
INC DIVTEN SEYT DIVIDE BY TEN FLAG VO 1

FECY LDX [PHSSTR ®
STX BoLouY *
LDX [STARTS ¥
STX BNIN ®
JSR CHMVRY # BINARY 70 BCD FUR SINE
CLR DIVYEN CLEAR DIVICE BY 10 FLAG
LOX [AMPSTE #  IDENTIFY DUTPUTS AND INPUYS
STH BCLOOUT =
LDX {STARTC ®
STX BNIN #
JSR CNVRY * BIMARY TC BCD FOR COSINE

5

JSR MPRINY
NOPR RYS
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#% PERFORMS SINE OR CCSINE TRANSFORM =%

TENSFHM JSR CCNTRL SET COUNTER INCREMENT {(CNTINCY? ANL SET CWLPPY
ASR LBA&D TAELEP TO ACC ®  BACK SEYV
SUBB CNTINC ¥  TABLE
SBCA {g=z80 # POINTER
8SR STCRE ACC TO TABLEP ¥

TRNLF B3R LOAD TAELEP TC ACC *® ADVANCE
ADDB CHTINC & TABLE
ANCA (6=8¢ ® POINTER
BSR STORE ACC TO TABLEP ¥
LDAA TABLEB *  RESEY
LOAB TABLEB+L ®* CONSTANT
suge TRAELEP®1 ®* POINTER
SBCA TAELEP & IF
BCS TRNL % GREATER
BRA TRNZ ® THAN

TRNI BSR LOAD # RESEY ¥ END OF
SUBE {n=80 L2g * TABLE # TABLE
S8CA {0z0¢ # POINTER N
8SR STORE # &

TRNZ JSR SETMLY SET UP AND MULTIPLY
DeEC CNLPET
BNE TRMP
JSR NORM HCKEMALIZE TRANS RESULTS FDR 6Ly18.4 PYS/CYC
RTS

#% SETS SIZE FOR COUNTER INCREMENT FOR USE IN SELECTING CONSTANTS #%

#% FROM SINE AND COSINE TABLE. e
CCNTRL LDAA PTSCYC

STAA CNLPPT

JSR HRMCK

LDAA PYSCYC
LDAB {0=560

LP1 LSRA
LSRB
CMFA {o=02
BNE LPi
LDAA HEMNIC
LP2 CMPB {601
BEQ ourT
ASL A
LSRB
BRA LpPz
ouUY STAA CNTINC
RTS

#% LOAD POINTER INTO a4CC A4 AND B A
LOAD LOAA TABLEP

LDAB TABLEP¢L

RTS
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#% STORES ACC A AND B INTGC POINTER *%

STORE STAR TABLEP
STAB TAELEP#L
RYS

#% BEVS UP ANL MULTIPLIES DATA FOR © CHANNELS *##

SETMLY LOX STORAR RESET POGIMTER YO TRANSFORM STACK TC
STX STRPTY PCINY AT CF £ SIN OR COSe
LOX TABLEP # LOAD AQRS OF CONSTANY
LDX 00X # LOAD CONSTANT INTO MULTIPLICAND FCSITION
STX 9 # (NCT DESTROYED AFTER MULTIPLY)
LDAA {0=0e ® SEY CHANNEL COUNMTER
STAA CHONT ®
CHANLP BSR DATSET

JSR MULY 16
BSR EXPSHF

BSR ADTFSK

DEC CHONT #

EME CHANLP * DEC CHANNEL COUNTER
RYS

#*% SUZRCQUTINE ADD TC TRANIFORY STACK ##%

ADTFSK LDX STFPT LCAD STUORAGE AREA POINTER
LDAaa Ue3
ADDA 39 X
STAA Je X
LDAA Ue2
ADCA 2o X
STAA 29X
LDaa Ued
A0CA LeX
STAA 44X
LDAA U
40CA DeX
STAR BoX
JSR INXL SET ADRS OF STIRAGE AREA POINTER 7O NEXT CH
STX STRPY
kTS

#% SET UP DATA VALUE FOF FULTIPLY ##

DATSEY LDX DATPT LCAD ADRS OF STACKED DATA
LOX 80X # PUY DATA FROY CH N (MS 16 BITS) INTO
STH y # MULTIPLIER POSITION FOR SUB MULTLE
LOX DATPY HELOAD ADRS DF STACKED DATA
JSR INXG POINT INDEX AY DATA FOR NEXT CH (ki)
STX DatTev STORE ADRS OF NEXYT DATA VALUE

RYS
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#% EXPAND PRODUCYT OF MULTIPLY BY SHIFTING TD RIGHY =%

#%  THIS MAKES ROOM FCR STACKING 64 VALUES #e
EXPSHF LDAB (605
SHFLP ASR U

ROR Usi

ROR ye2

ROR Ues

DECB

ENE SHFLE

RYS

#% ROUTINE CLEARS UNLIMITEQ SECTIONS OF MEM @#=®
2% INDEX MUSY CONTAIN STARTING ADRS .
#% SRTCH1I MUST BE NOC., OF BYTES TO BE CLEARED.

CLRMZ STX DATPY
CLRMLP LDX DATPTY
CLR LERIPY
INX
STX DATPY
LDX SRYCHL
DEX

STX SRTCHL
BNE CLEMLP
RTS

#% INDEX MUST CONTAIN STARTING ADRS / ACT A MUST CONTAIN NGe CF BYVES TC ®
#% BE CLEARED.
CLEMEN CLR 00X

INX

DECA DEC COUMNTER
BME CLFEMEM LOGF

RTS

#% SELICYS MAXIMUM FOINTS PER CYCLE FOSSIBLE ##

PTSSETY LDAA PIAAL *

CMPA [o=04 ®

BCS PTSERR # LEADING ZERQ FOUND ERROR

L0AR {EQ ®

LoaB {cco #

BSR COMPAR ®

BMI PTS6L ®

BRA PTSERR % PERICD 700 LARGE
PTS6L LDAA {6t

STAA FTYSCYC ®

LDAA {EL #

L.0AB {ccy #

BSR COMPAR #

gMI PTSi6 &

BRA SETFL ® 6k FPYS/CYC
PI516 LDAA tin ®

STAA PISCYC #

LDAA (E2 #

LDAB {cee ¥

BSR COMPAR #

BMI PTS4 ®

BRA STFL2 # 16 PYS/CYC
PTSG LDAA [y ®

STAA Piscyc ®

LDAA {E3 ®

%

LDAB {ces
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BSE COMPAR #

BMI PTSERR # PERIOD Y00 SMALL
#¢ NEXT 6 LINES SET UP FOR 16 PTS/CYCe THESE VALUES WILL BE USED IF ®%
#% FLAGL? IS CLEAREC IE 8 BIT ADC WORD SIZE IS USED A
STFi2 LOX {0=8060 128 96 0OEC 0 8D, 60 HEX

STX DTFTCH DTPTCH, PTCYCH

LOX [DPSHT+768 *

STX PSHBCY * DEFINE BOTYQOY OF DATA COLLECTION AREA

LDX {DATA+380 ®

STX DATAB ® BOTTOM OF STACKING ARER

LDAA {16

CMPA pTSCYC

BEQ SETFL IF PISCYC = 16 SKIP NEXY SECTVICH
# NEXT SIX LINES FOF & PTS/CYC WITH 8 BIT ADC WORDS *#

LDX fg=2¢1¢8 32, 2% DEC OR 20, 18 HEX

STX DYFTCH CTPICH, PTCYCH

LOX [DFSHT#+192 *#

STX PSHBOY # DEFINE BCTTOM OF DATA COLLECTION AREA

LOX {DATA+92 *

STX DATAB ® BOTTOM CF STACKING AREA
SETFL CLR FLAG1Z CLEAR FLAG FOR 8 B8TY ADC WORDS

LDAA f[ES SOHZ CHANEGE OVER POINT

LDAB {CCs

BSR COMPAK

BMI ADCS

INC FLAGLZ SET FLAGL12 FOR 12 BIT ADC WORD SIZE
ADCS RYS
PTSERR LDAB fo=812 DISFLAYS +3

JSR ERKOR

#% COMPARE PERIGDS ¥*%

COMPAR STAAR EXPA
STAB coEes
LDAA PIABe READ EXP
ENDA to=z7¢0
CMBA EXPA
BHI GTHAN ACC » M
BCS LTHAN ACC < M
LOAA PIAAL READ CQEF
CHPA coes
BHI GTHARM ACL » M
BCS LYHAN ACC < ¥
CLRA ® EQUAL
RTS '

LTHAN LDAA [6:=8% ® LESS THAR
RTS

GTHAN LDAA [0=01 * GREATER THAM
RYS

#2 NORMALIZE TRANSFORM RESULTS FOFR 6he 169 3P & POINTS/CVYCLE =%
NORM CLRE

LDaA PTSCYC #

CMPA IS TR=L1] #

BEQ NREND # EL PYS/CYC USED NORMALIZATICN ®CT NEETED
NOKME ASLA ¥ DETERMINE NO. OF SHIFVS

BMI NORML % NEEDED 7O NCRMALIZE



INCB
ERA
NORML STAB
LDX
LDAA
NLOOP1 LDAB
KNLOUP2 ESR
DECB
BNE
JSR
QECA
BNE
NFREND FTS

SHIFTL AsSL
ROL
ROL
ROL
RTS

#% CONVERY BIMARY RESULTS T

CNVYRT LDAA
STAA

CNVLP BSR
5T
BEQ
JSR

SKIPMY JSR
STX
LOX
JSR
STX
DEC
EMNE
RTS

NORMO
NOSHF
STCORAR
tg=0e6
NOSHF
SHIFTL

NLCOPZ
INXG

NLCOPY

Jo X
2g X
L1oX
GeX

{0=08
CHCNT
BCLCON
DIVYEN
SKIPMY
MVECEC
INXL
BCLOUTY
BNIN
INXG
BNIN
CHCNT
CNWLE
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¥ TRANSFCRMED VALUES,

#  STORE NOe IN NOSHF,
&

LCAD ADRS GF STCORAGE AREA FOR TRAWSFORMEC VALUES
SET CH COUNTER

LCGAD NO. ©F SHIFT COUNTER
& BYTE TIVES 2 MULT.
DEC NGs OF SHI®TS COUNTER

SET INDEX 7O NEXT VALUE IN DATA CEN
DEC CHANNEL COUNTER

DISPFLAVAELE FORM %+

TEST DIVIOD 8Y TEN FLAG

MOVE DECIMABL PV,
PCINT 7O WNEXT SET OF DECIMAL OUTFUY LOCATIONS
Y

¥ POINY TC NEXT SET OF BINARY

# INPUT LCCATIONS
3

LOOP & TIMES

#% MAIN ROUTINE PREFARES BINARY DATA FOR DISPLAY AS BCD VALUES **

BCDCON BSR
BSR
RTS

BCLPTY
BCLPT2

DO PAET 1
0C PARY 2

% PREPARES AINARY VALUE FOF DISPLAY AS SIGNED & DIGIT BCD VALUE ¥*®

BCocog BSR
LDASB
BSR
LDAA
STAA
LDAA
STAA
LDAA
BITA
ENE
ORAA
STAA

BCOUT TS

BCCPTY
£1zg
SHRLF
{0=0F
81%
SRTCHZ
08X
G2sX
[0=F0
BCOUY
[0=Fg
82X

DC PARTY 4
¥ SHIFT & BYTES 42 BITS RIGHT
%
% BLANK LEADING ZEROQ
& AND ALL DECIMALS
»
* LOAD SIGK

# BLANK SECOND ZEFQ IF PRESENTY
5

2
&
2

FCRMATY (= XXXX)
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#% CONVERTS BINARY DATA TO BCD FOF DISPLAY (PARY 1) ®#

BCOPTL

POSIT

CLRA
LOX

LDAA
STAA
LNDAA
STAA
LDAA
STaA
BeL

COM

comM

COM

LDAB
STAB
JSR

LDX

LDAA
STAA
LOAA
STAA
LDAA
STAA
LOAA
LDAB
ANDS
STAB
RYS

BNIN
02X
BEN

0i¢X

D3
tozge
SRTCH2
BINBLC
BCoouy
QuUT:
036X
guT2
§2eX
ouT3
04.%
{0243
QuUTL
{0=0F
88X

NC MINUS SIGN
%
®  LOAD BINARY DATA, &4TH BYTE NCOT USED

#LS BYTE
»

&
2

&MS BYTE
TESY FOR NEG BIMARY VALUE
® NEGATE HEG BINARY VALUE

%
&

SET NEGAIIVE SIGN
SAVE FOR LAVER
BINARY 7O BCD ROUTINE

* LSD

® STORE DICIMAL RESULTS
&

%

3

%

SET 3FD DECIMAL (X XeX X X

%

2

® MSD

% CONVERTS BINARY DATA T0O BCD FOR DISPLAY (PART 2) #%

8COPT2

NOZERD
BLARG

BMED

BSML

SHR&L
SHRLP

BNE
LDAB
AMDB
BNE
LDAB
ANDE
BNE
CRAB
5748
BRA
ERIN
LSRA
BSR
LSRA
ORAA
STAA
LoAA
STAA
RTS

LDAB
LSR
ROR
ROR
ROR
DECB
BNE
RYS

BLARG
014X
1g=F0
EMED
DieX
{p=g¥F
NOZERQ
{0=0F
819X
BSHML
SHEGY

SHR4 Y

§1sX
04X
SRTYCHZ
BaHX

{0=04
004X
014X
024X
034X

SHELFP

# NO LEADING ZERD
%

%
# NEXT DIGIT IS NOT 4 ZERC = BRANCH
#
#
¥ TEST FOR LEADING ZERO
*  BLANK LEADING ZERO
#
SHALLEST NODo
SHIFT RIGHY
SHIFT DECIMAL

SHIFT DECIMAL
2

* ADD DECIWAL POINT
¥

# LOAD SIGN

SHIFY & BYYES & PLACES RIGHTY

¥% CALCULATYES PHASE CORRECTION IN TENTHOUSANDTHS OF DEGREES ##
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#% DUE TO TIME SAMPLING SKEW B

PHSCOR LDAB {0z40
LDAA PYSCYLC

PHLF LSRB
LSRA
CHMEA (=01
BNE PHLP
LDAA HRMNIC &
STAA Y1 # ,
CLR Y # LOAD MARMONTIC NO., INTO MULTIPLY POSITION
5TAB XX el
CLR XX
JSR MULTL6
LDX Use
STH® Y
LDX [05Z269F & LOAD COMSTANT FOP MULTIPLY (0.9375 DEGREES)
STX XX #
JSR MULT L6
LDX Ue2
STX PRS2
LDAA el
STAA PHSL
LOX {PHS1 ® CONVEFY BINARY PHASE 7O BCD
STH BNIN #
LDX [PHSLO #
STX BCLouY %
JSR BCUCECHN &
JSR MVDEC MOVE DEGIMAL (41/710) RESULTS ARE IN DEGREES
RTS
MYDES LDAA $1eX ROUTINE MOVWES DECIMAL PT YO LEFY
ANDA [o=fg
ASLA MGVE DEC #T7 LEFY
LDAB 014X #
ANDRB {gz=0F # RECOMBINE
4B A %
STAA 01X FELOAD DECIMAL PY
RTS
DISPHC L0OX i{PHS1D DISPLAY PRASE CORPECTION
JSR LConis
RTS

#% HARMONIC SIZE CHECK #*

HRMCK LDAB HRINIC
LDAA pyscyc
LSRA
CBA
8ce HRMOKI

LDAB {0zB2
JSR ERROR
HEMOKL RTS
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#% DISPLAYS ERROR SYMBOL ([ACCB) AND MALTS PROGRANM ##

ERRUR JSR CLRDIS
STAB PIABY

ESELF BRA ESELF
RYS

®% ENTER HARMONIC NQO. ##

HRMSLT LDAB HARM L0
JSE pDIsnee
JSR ENTOSZ2
STA4 HakrM10

TAB
JSR DI D62
JSR BCLBNZ

STAB HRMNIC

JSKE HRMCK

JSR PHSCCR CALCULATE PHASE CORRECTION
RYS

#% DISPLAYS TWO DIGIVS IN ACC E ON LCD FORMAT (E B8 0 2.8 B) E=EBLANK =%
DIsSDG2 JSR CLEDIS

STAg PIAB1

LDAA {0=2F

STAA PIAAZ

kTS

& COMVERTS 2 DIGIT BCD VALUE IN ACCE TC 8 3I7 BINARY VALUE IN B #%
BCDBNZ T84

ANDB {0=z0F

LSRA

LSRA

LSRA

LSRA

BEQ BCIRTS
BCOLP ABDB [g=0A

DECA

BNE BCLLF
BCORTS RTS

®% ENVIRS AND DISPLAYS THO [IlGIis ##

EMTDS2 JSR SCNKEY
BEQ LASTODG

STROVE JSR NCCDE
LOX {pIage
LDAB [O=FF
STAB Je X
JSR STD0IGL

BEQ LASTCG
JSR NCCDE
LOX ipIbel

JSR SYLIG2
REQ LASTPG
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* ROUTINE
PYSCON

PCSETY

#% DISPLAYS AND ALLOWS ENTERING OF ROYACC
#% CONTROLS ARCYAN ACCURACY

#% ROTACC
#% ROTACC
CROTAC

CROTL

TROTZ

B7A
LOAA
RTS

SETS
LDAB
Loaa
CMPA
BCS

LoAB
CMPA
EEQ

LDAB
LDAA
ANDA
ABA

STAA
ETS

STROVR
PIABL
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THE PRE AND FOST COUNTERS ON TIMING BOARD *
64 PTS CONTROL BITS

£0=040
{o=z10
PTSCYC
FCSET
10204
PYSCYE
PCSET
£0=08
PIaBG
(a=F3

PIABL

2 16 PYS/TYC

(6L}

18 PTS CCNTREOL 8ITS

{169

L PTS CONTROL BIVS
SAVE DYHER BITS

CONTPOL BITVS

&
# AND ADD PTS/CYC
%
#

{CONTROL BIYS ARE B2,83 )

Ly

TABLE FOLLOWS #=#

= 3 RESULTYS IN .0:8 DEG ACCURACY, TIME 4 SEC CHAN, #%
00175 DEG ACCURACY, TIME 16 SEC/CHAN ¥#

= 7 RESULTS IN

LOX
BSR
LoAB
CMP8
BHI
LDASB
ctMPB
BL. S
LDAB
5TA8
JSR
RTS

* DISPLAYS AND

MCHNLS

NCHLDG

LDX
BSR
LDAB
DECB
CMPB
BRI
RTS
LDASB
STAB
RTS

[RCTACC
nisz
ROTACC
{o=8¢
CROT1
{003
{8=47
CROT2
tozo7v
ROTACC
rIsoGe2

BLLOWS ENTERING CF CHANMEL NO. #
¥ LOAD ADRS OF NDs OF CH OQPERATED TN AND PPRPINTED

[HCHER
pDise
NCHPR

[
NCHL D6

{oe
NCHPE

® TESY FOR CH ¥0. CUYSIDE FANGE CF 3 70 6

3
2

OK WITHIN RANGE

OUTSIDE FANGE

LOAD IN &

# DISPLAYS AND ALLOWS ENTERING CF STATION N3, »
# LOAD ADRS OF STATION NO.
DISPLAY ANC ENTER VALUES

STATNO

LOX
BSR
RTS

INSTN
nIse

® DISPLAY AND ALLOWS ENTEFING OF RUN NOe.

RUNND

LDX

{ NRUN



BSR
RTS

#% GENIRAL ROUTINE FOR DISPLAVYING AND ENTERING 2 DIGIT NO.

bIse STX
LDAB
JSR
JSR
LOX
STAA
748
JSR
RTS

Dise

TAEBLEB
A 4
DISDG2
ENTDSZ
TRELEB
00.%

0 sSbG2

®® OTURN PRINTER POHWER ON

PHRON LOAA
ORAA
STAR
LOX
JSR
FYS

#% CONTROLS PARAMETER

MPRINT BSR
BSR
BSR
LDAB
JSR
BSR
JSR
BSR
JSR
BSR
JSR
BSR
BSR
BSR
RTS

®% TURN PRINYER POWER OFF

PHROFF LDAA
ANDA
STAA
RTS

PIABZ
£0=50
pIAB?2
[6=3402
DELAYZ

PWREON
BL ANK
DFTDIS
HARM1E
DIsSDE2
PRNT
DISPER
PRNT
DISCYC
PRNT
DSTNRN
PRNT
BL ANK
PHKOFF

piage
[ 0z8F
piaBe

LCAD VALUE T0 BE DISPLAYED

pIsPLAaY 2 DIGITS
ENTER 2 DIGITS

2

e

24

»% PRINTS VALUE DISPLAYED ON

PRNT LDAA
ORASR
STAL
LOAA
ANDA
STAA

BUSY LDAA
ANDA
BHE
RTS

22 ANVANDES PAPFR ON PRIANTFE WTITHOUT PRINTTNG

PIiage
{0=20
PIABZ
pIAB2
{0=DF
pIAB2
pPIAB?
fgzoe
BUSY

* STORE NEW VRLUE

# TURN PRINTER POWER ON

2

%  DELAY 2086 ¥S

# { AV 1008KHZI CLOCK )

PPINT SEQUENCE #%

TURN PRINTER POWER

PRINT COS AND SIN

%

* PRINT HARMONIC MDs

%

# PRINT PERIOD

2

PRINT NO, CYCLES

%
2
% PRINT STATION AND RUN NO
&

TURN PRINYER POWEP

%

¥ TURN POWER OFF
@

LeD ##
%

# PRINT LINE HIGH

2
%
# PRINY LINE LOW
&

&

® TESY BUSY LINE

%

®e

ON

OFF

PRINT

28

78



BLANK JSRk

cLPpIs R 79
BSR  PRNT * PRINT A BLANK
RTS

#% ROUTIMNE PRINTS VALUES POINTEL AT BY INDEK REG, %%

TPRINT JSR LCCDIS
JSR PRNT
RYS

#% ROUTINE PRINTS COS AND SIN TRANSFORM RESJLTS =%

DFYDIS LOAA NCHPE #
CMPA fo1 *® SELECY NG OF CHe TD B8E PRINTED
BEQ CHANYL #
CMPA f02 ®
BEQ CHANZ ®
THPA {03 #
BEQ CHANS #
CMPA {o4 #
BEQ CHANL #
CMPA {05 ¥
EEQ CHANG ®

CHANG LOX {PHSSTR220
BSR TPRINT
LDOX [AMPSTR®2G
BSR TPRINY

CHANS LDX [PHSSTR+16
BSR TPRINT
LDX {AMPSTHESLG
BSR TPRINTY

CHANG LOX {PHSSTReL?2
BSR TPEINT
LDX {AMPSTR#12
BSR TRRINT

CHANS LOX {PHSSTR48
BSR TPRINT
LDX {AMPSTR®8
BSR TPRINT

CHANZ LDX {PHSSTR L
BSK TPEINT
LDX {AMPSTR®S
BSR TPRINY

CHAN1 LoX EPHSSTR
BSR TPRINT
LOX TAMPSTR
8SP TPEINTY
RTS

#% ROUTINE TRANSFORMS AND PRINYS ALL HARMONICS =#

#% BEGINNING AT RARMINIC NC. HRMNIC e
PRTALL BSR TRSET

BEQ POUTH IF ZERO RETURN

BSR HMSET

BRA PRYALL

#% LQUTINE TRAMSFORMS AND PRINTS EVERY CTHER HARMONIC #+*

#% BEGINNING AT HARMONIC NO. HRMNIC M
PRTEVD BSR TRSEY

DECA

BLE POUTYL IF =1 QR {8 RITURN

BSR HMSET
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BrA PRTEVO

TFSET JSR HERMCK
J3R SINCOS
LDAA HRMNIC
DECA
RTS

HMSET STAA HR¥NIC
JSR BNBCEZ
STAA HARMLO
POUTL RTS

#% CONVERTS 4 BYTE BINARY TO 2 DECIMAL (MAX VALUE IS 99)
8NBCD2 CLREB
ADD1B ARDB fo=z=1g0
: SUBA foz0A
BCC ApDLO
suge (0=10
ADDA {6=0A
ABA
RTS

#% 25 COMP 16 TIMES 416 BIT WULTIPLY WIYH 32 BIT PRODUCY WITH 2 SIGN EITS #*

By KK XX &1 is MULTIPLICANE NOT DESTROYED
% YeV4e1 Is MULTIPLIEF
B4 % UeltioUe2,Ue3 is PECOUCT
MULT16 L0oX tp=g008 , .

CLRA
HMLPY STaa KA e+4 X

DEX

BNE MLPYL

LDX {6=00410
MLPe LDAA Y41

T BNDA {91

748

ECRA Ff

BEQ SHIFT

1S78

BEQ ADD

LDAS Usl

Loas U

SUBA b &3

S8C8 %X

STAA Us1

STAB U

BRA SHIFT
A0D LDAaA Uet

LDAR U

ADDA XX+

ADCH %X

STAA Ueri

STAB U
SHIFT CLR FE

ROR ¥

ROR Yed

ROL FF

ASR U

ROR Ued

ROR Ue2



#% 3 BYTE
¥ OUTPUT
BINBCD

BIN1

BINZ

BIN3

BING

BINS

BING

01

ROR Ued

DEX

BNE MLP2

RTS

BINARY 7O 7 DIGIT BCD CONVERSION INPUT D3,02.01 %
OUT&L,0UT3,0UT2,(UTL  UNSIGNED VALJES ONLY ¥
LOX ftige 1000000
BSR BINCON LCAD CONSTANY INTO C3
ASR BINSUB SUETRACY
BLC BINL

BSR BINACD ADL

STAA guUTH

LDX {cigs ig60040
BSR BINCCN LCAD COMSTANY INTO C3
gse BINSUB

BCC BINZ

BSR BINSETY

STAA guT3

LDX {Ci06

BSR BINCON

8SR BINSUB

BCC BINZ

B3R BINALD

ADDA ouUT3

STAA CuTs

L0X £c103 1000

BSR BINCCHN

BSR BINSUB

BCC BING

BSR BINSET

STA4 ouT2

LOX icioz 108

8SR BINCCN

BSR BINSUB

BCC BING

BSR BINADD

ADDA gurTe

STAA ouT?

CLR SUBY

LDAA {0z04

STAA i

BSR BINSUB

BCC BING

BSR BINSET

ABDA D1

STARA ouUTi

RTS

% COMPONERT OF BCD CONVERSION ROUTINE =*®

BINCON

CLR

LDAA
STAA
LDAA
STAA
LOAA
STAA

suerT
R
C3
04sX
c2
824X
ci

MS BYTE

LS BYYE



82
RYS

%% COMPONENT DF BCD CONVERSION FOUTINE #¢
BINSUB INC SUBT

BSR SuB3

RYS

#% COMPONENT OF BCD CONVERSION ROUTINE #*

BINADD B5R ADD3
LOAA SUBTY
DECA
RTS

#% COMPONENT OF BCD CCNVERSICN ROUTINE *®##
BINSET B5R ADD3

LOAA SUBT

DECA

ASLA

ASL A

ASLA

ASLA

RTS

#® CONSTANT TASBLE FOR BINARY TQ 8CD CONYERSION ##®

Ci0s CON 0ZCFy0zk2,T208 100068080
cL0s5 CON 0=01,0=86,0=A0 100000
Cig4 CON 0z£0+0227,0=47 1380¢
CiG3 CON 0=00,0=03,0zE8 1600
gia2 CON 0200,0200,8264 109

®% 3 BYYE ADD FOF BCD CONVVERSICN ROUTINE #*#

ADD3 LDAA D1
ADDA Ci
STAA D1
LOAB ue
ADCA ce
STAA D2
LOAA D3
ADCA C3
STAA 03
RTS

#% 3 BYTE SUBTRACT FOR BCD CONVERSICON RQUTINE *#

SUB3 LOAA 01
SUBA €1
STAA b1
LDAA D2
SBCA g2
STAA ne
LDAA b3
SBCA C3
STAA D3
RYS

F ACQUIRES. TRANSFORMS AND PRINTS ONF HARMONTN &



® CALLED BY KEYS HRUN 1

ATPONE BSR
ENE
BSR
JSR
ENY
ENE

KYQUTL RYS

® ACQUIERES,
ATPEYO BSR
BNE
ESR
JSR
BSR
BNE

KYBUTE RYS

# ACQUIRE,
ATPALL B8R
ENE
BSR
JSR
Bsr
BNE

KYOUT? RT3

ACQX LDAA
STAA
BSR
RYS
HRSETY LDAA
JSR
BSR
RYS

# TEST SWITCH 1

TESTBY LDAA
ANDA

RTS

% TEST SWITCH &

TESTBG LDAA
ANDA

RTS

®  TEST SHWITCH 3

YESTBS LDAA
ANDA

RTS

#® CIRCULATE ACC

RORBA RORSB
RORA
RORB

#ORA

TESTB%
KYOUTd
ACQDAY
SINCGS
TESTBS
ATPONE

RUN
TESTBL
KYOUTL
ACQX
PRTEVO
HRSET
RTPEVO

FUN
TESTB4
KYouTt?y
ACOX
PRTALL
HRSET
ATFALL

HRENIC
HSAVE
ACGDAT

HSAVE
HMSET
TESTB3

PIAB3
{0=1¢

PIAB3
(0=z80

PIAB3
1040

&

# IF SWITCH & SET DO NOT ACQUIRE DATA

2

L

ACQUIRE & DATA SET

TRANSFORM AND PRINT ONE HARMONIC

® READ SHITCH 3
# IF SET REPEAY SEQUENCE

TRANSFORMS AND PFINTS EVERY OTHER HARMONIC #*
& CALLED BY KEYS

2

# IF DATA PROTECT IS ON RTAN

%

ACQUIRE & DATA SEY
TRANSFORM AND PRINY RESULTS
* RESET HARMONIC WO,
% REPEAT SHITCH

TRANSFOKRM ANL PRINT ALL HARMCNICS
* CALLED BY KEVS

39

%
37

AND TEST

® IF DATA PROTECY IS ON RTN

%

ACQUIRES A& DATA SETY
TEANSFORM AND PRINT RESULYS
% RESEY HARMONIC NO,
* REPEAT SWITCH

{393

® SAVE HARMONIC NO.

%

ACQUIPE &4 DAYA SEY

# RESET HARMONWIC MO,

%

TEST REPEAY SHITCH

READ MODE SWITCH
MASK OUT BALL BJYT SUITCH HOe1

READ MODE
MASK OUTY

READ MODE
MASK OUT

8 & BITS INYC ACC A

SWITCH

AND TESY

ALL BUT SWITCH NG,

SHITCH

ALL BUTY SWITCH NO.

88

&

3

83



RORB
RORA
RORB
RORA
RTS

#% MASTER ACQUISITICN ROUTINE FCR 64 16 & PYS/CYC #%

ACQDAT JSR
LDAA
STAA
LOAA
ANDA
LDAB
BSR
OFAB
STAB
STAA
LDAs
BEQ
JSR
BRA
BRACL JSR
BRACZ LDAB
ADLPYL J5R
peECs
BNE
JSR
LDAA
ADDA
DAA
STAA
NOACq RYS

CLFDIS
CYCAVG
pPIang
FPIABL
tasz7e
PIAAY
ROKBA
{g0=4¢
PIAAZ
PIABYL
FLAG1?2
BRACL
DYaQes
BRACZ
DATAQH
2o
BEEP
ADLPL
CLEDIS

NRUN
fa1

NRUN

2
2

DISPLAY NOo OF CYCLES AVERAGEC
* READ PERIOD EXP
&
# READ PERIOD COEFFCIENT
CIRCULATE E & BIT INTO A
# SET 2ND AND GTH DECIMAL PT

EQ 1 FOR 12 B8IT ADC WORDS
# SELECT ACQUSIT., ROUTINE AS FN OF ADC WORD SIZF
ROUTINE FCR 6% OR 46 PTS PER (CYCLE

FOUTINE #CR & PYS/CYC

%

CALL BEEP 208 TIMES

&

CLEAR DISPLAY

THIS ADD SETYS HALF CARRY FLAG

& @ R K

INMCREMEMT RUN NUMBER

#% MASTER ROUTINE FOR 6% QR 16 FTS /7 CVYCLE *%
e WITH 12 217 ADC WORDS

D7AQ6L LDX
STH
LoX
JSK
LODX
STX
BSR
LDOX
D764 STX
LOX
STX
JSR
RYS

{15346
SETCHL
fOATA
CLRMZ
NCYCLE
SETCHL
AQ1664
{03824
SRTCHL
LDATA
DATRY
ADJUST

2%

# NO., BYTES 70 BE CLEARED
B

® LOCATION OF DATA TO BE CLEARECD
CLEAR MEMORY SECTION
* SET NOo. CF CYCLES 70O BE AVERAGEC
%

ACQUIRE DATA
® =z64%6 {64 PTS/CYC)
®hCe OF & BYTE WOFRDS YO BE NORBALIZED
*DEFINE LOCATION OF DAYA
%

NORMALIZE

#%% ACQUISITION ROUTINE FGR 16 AND 64 POINTS PER CYCLE  #%%®
#% WITH 12 817 ADC DATA VELUES. M

AQ166% CLR PIAAS
LDAR PIABS
LDAB PIABL
LDAB PIABS
ANDA [6=z20
EEQ AQGZ

SELECT CH D

READ MODE SWITCH

CLEAR CYCLE PULSE BY READING PIA

CLEAR SAMPLE PULSE

MASK ALL BUY MODE 2 BIT

If MODE 2 NOT SET LOOK FOR CYCLE FULSE



AQQ1

AQQz
AQQ3

CYLOOP

CHLOOP

AQFIN

LOAA
BPL
BR A
LDAA
BPL
LDAA
INc
LOX
BEQ
DEX
STX
LOX
LDAB
BSR
INC
BSR
INC
BSR
INC
BSR
INC
BSR
CLR
BSR
INC
DECB
BeEQ
BRA
RYS

CPIABS
AQa1
AQQ3
CPIABY
AGQz2
PIABS
PIaas
SRTCHL
AQFIN

SRTCHL
{DATA
PYSCYC
ACASTK
PIAAS
ACQSTK
PIALS
ACASTK
PIAAS
ACGSTK
PIARS
ACGSTK
plass
ACQSTK
PIAALS

CYLOOP
CHLOOP

* W
%

SKi
® W
® |

CLE

L
fy
f
5
3
3
101
&

101
6

101
b
1¢1
6
101
6
104

F ol AV I e

ALIT FOR SAMPLE PULSE FOR CH 0§ (COWN GOING)

P WAIY FOR CYCLE PULSE
AIT FOR CYCLE PULSE
OCCURS SAKE TIME AS SAMPLE PULSE CH 0 )
AR SAMPLE PJLSE
SELECT CH ¢
{MACHINE CYCLES)Y TESY CYCLE COUNTER
IF ZERQ RTS
# DEC AND STORE CYCLE COUNTER
s
ADRS OF 4SY VALUE IN DATVA STACKING AFEA
SET LGCP COUNTER B TO NO. PTS/ZCYC 1€ OR €4
WAIT FOR SAMPLE PULSE CH 1,REAC CH ¢
SELECT CH 2
WAIT FCR SAMPLE PULSE CH 2, READ CH 1
SELECY CH X
WAIT FOR SAMPLE PULSE CH 3, FEAD CH 2
SELECT CH &
WATIY FCR SAMPLE PULSE CH 4o RKEAD CH 3
SELECY CH 5
WAIT FOR SAMPLE PULSE CH S, READ CH &
SELECY CH §
WAIY FCOR SAMPLE PULSE CH 0y READ CH 5
SELECT CH &
DEC PYS/CYC COUNTER {16 OR &4}
IF ZERGC STARY NEW CYCLE
IF RCT 0 GO THEQUGHY CH SEQUENCE ONCE MORE

2% ROUTINE ACQUISITION AND STACK = STACKS ONE 12 8IT WORD FRCM ADC IRTC ==
#® OFOUR 8 BIT BYTES. REQUIRES 181 MACHIRE CYCLES 70 CALL AMND RETURN,

ACASTK

ACSK1

& MASTER
DATAGS:

DATLP

LDAA
BRL
LOAA
ANDA
AODA
STAA
LDAA
ADCA
STAA
LDAA
ADCA
ST4aA
BCC
INC
INX
INX
INX
INX
RYS

CPIARS
ACQSTK
PIAAS
{0=Fg
036X
03X
B8IARS
JesX
02X
01X
{0g
31X
ACSK1
G805 X

A ENEONNDOE O e e

WAIT FOGR SAMPLE PULSE FOR CH 1 (DCWM GCING)

READ LS BYYE FROM ADC

MASK QUY CH ADRS

® STACK IN MEM

Yy

READ MS B8YTE FROM ADC
STACK IN MEM

ADD CARRY T3 3RD BYTE
BRANCH IF CAPRY CLEAR
OTHERWISE INC MS BYTE
#

# POINY INDEX 70O NEXT STACKING LOCATIOM
#

%

ROUTINE FOR & PCIRTS PER CYCLE #%

JSR
LOX
STX
LDX
JSR
JSR

NOCALL
{385
SRTCHL
{DATA
CLEMZ
ACOUSY

SET
® K
»
ST
CLE

NO., OF CALLS YO ACQUSH
0 OF BYTES 7O BE CLEARED

ARTING ADRS
AR STACKING AREA

ACQUIRIES 8 CYCLES OF DATA



®% ROUTINE
STACK

STKLPY

STKLPZ

STKB

BSR
LOX
CEX
STX
BHE
LOX
STX
LDX
STX
JSR
RYS

STACK
NT8CQ

NT £CU
DATLP
fgosge
SRTCHL
{DATA
DATPY
ADJUSY

FOR STACKING

LDAB
SYaB
STS
LDS
LOX
LDAB
PULA
ADDA
STAA
LDAA
AnCA
STAA
BECC
INC
CEX
DEX
DEX
DEX
DECB
BNE
DEC
BNE
LOS
RTS

g8
SRICHZ
STORAR
{DPSHTY
DATAR
PTCYCH

B2eX
324X
014X
{60
014X
STK8
8 +X%

STKLFZ2
SRTCHZ
STKLP1
STCRAR

86
NCW STACK DATA
* CEC COUNTER

%
2

2

® NQO. OF & BYY:Z WGPOS TO BE NORPALTZED
8
® DEFINE LOCATION OF DATA
ATJUSY DATA FOR KD, OF B7S STACKEC

8 CYCLES OF DAYTA AT 46 OR % PTS/CVYC ##%

® SET LCOPL COUNTER (B CYCLES OF CATA)
&
SAVE STACK POINTER
SET STACK POINTEF TO TOP OF NONSTACKED DATA
RESET POIMTER TO DATA STACKING AREA
RESET LCOP2 COJNTER (6 CH AT & OR 16 PTS/CYC)
PULL DATA FROY STECK
* ADD 8 BIT BYTE TO FOUR BYTE WORC

* LS BYTE (03,X) IS NOT USED

)

* & o &

* SET 7O NEXYT DATA STACKING WCRE
2
5
e
&

# Looe2
&

# LOOPY
RESTORE STACK POINTER

#% ROUTINE NORMALIZES DATA WITH NO, OF CYCLES STACKED **%

ADJUST

ADJLPY

ADJLPZ

LOAB
JSR
LDAA
SBA
STAA
LDaB
LOX
JSH
DECH
BNE
LDAA
ADDA
STAA
JSR
ST
LDX
DEX
STX
BNE
RTS

CYCAYG
BCLBN2
[ie

NOSHF
NO SHF
DATPY
SHIFTL

ADJLP2
04X
£0=80
DRI ¢
INXL
DATPY
SRTCH1

SR TCHL
ADJLPYL

EXP OF 2 8CD
CONVERT ¥C SIMARY
3

# SEY NG, CF SHIFT NEED TO NORMALTIZE
%

RESEY NO. CF SHIFT COUNTEPR

LCAD POINTER T3 DATA

SHIFT & BYTES 1 BIT LEFT

DEC NOSHF COUNTER

# REMOVE IC OFFSFT 7O CREATE

¥ 28 COMPLIMENY NUMBERS
%

SELECT NEXY VALUE 7O 8€ SHIFTED
S

# DEC WORLC COUNTER
2

L



#a% ROUTINE SETS MO, CF CALLS TC ACQUSYL BASED ON CVYCAVG =##% 87

BEE THE MININUM NGO, OF CYCLES AVERAGED I5 8 e
NOCTALL LDAB CYCAVG CYCAVG IS EXP OF 2 1IN BCD
JSR gCrBNg CONVERT 70 BINARY
suge £03 SUE OUYT 3 FOR ¥IN NO. OF CYCLES
B8PL NOCAYL IF RESULT IS POSITIVE CHANGE NOTHIRG
LDAB {o3 * OTHERWISE RESEY 70 3
STAB CYCAVG ®
T84
JSR SETCHhZ RESEY CVYCLE COUNTER YO 2 EXP 3
CLRB ¥ FOF N=3
NOCAL LOX {0001 ®
STX NTACQ # SETS COUNTER FOR NO. OF TIMES
NOL OGP DECB # ACQUSL IS CALLED
EMI RE TRA ®
ASL NTACQ#1 #
ROL NTACQ ®
BrRA NoLooP #

PETRN RTS

#2% ROJTINE FOR ACQUISING 8 BIT ADC DATA VALUES AT 16 OR & PCINTS PEP CYCLE #%%

#2% PUYSHES DATA BYTES IN TO DATA STORAGE AFREAR Bre
ACQUSY LOAB DTFTCH SET LOGP COUNTER
STS SRTCHL STYCRE STACK POINTER
LDS PSHBOT SET STACK BOINMTER TO START OF NDATA STORAGE AREA
CLR PIAAE SELECT CHAMNEL O
LOAAR PIagk CLEAR CYCLE PULSE BY READING PTA
NOP A FUNCTIONAL NOP
AQLPG LDAA CPIABL WAIT FOR CYCLE PULSE. SAME AS SHPL PULSE CH 0
BPL AQLPO NCTE TEST, SET PIA ACCORDINGLY
LDAA PIABS CLEAR SAMPLE PULSE
INC PIAAS SELECT CH 1
AQLel LOAR CPIABS * WAIT FOM SAMPLE 2ULSE (DCWN GCING)
Bey AQLPY * FOR CF 14
LDAA PIABS * READ DAYTA FOR CH 8
INC PILAAS # SELECY CTH 2
ESHA # STORE DATA FOR CH G

AQLFZ LDAaA CPIABS * WAIY FOF SAMPLE PULSE
BPL AQLPZ ¥ FOR CH 2
LOAA PIABS ® PEAD DATA F3OR CH 1
INC Piaas # SELECY (H 3
PSHA # STORE QATA FOP CH 1
AQLP3 LDAA CPIABS * WAIT FOR SAMPLE PULSE CH 3
BPL AQLP3 ®
LDAS PIABS # RPEAD CH 2
INC PIaAAS ® SELECT CH &
FSHA # STORE Cava CH 2
AGL P4 LDAA CPIABS * WAILT FOR SAMPLE PULSE CH &
gpPL AQLPG ®
LDAA PIaBs # READ CH 3
INC PIAAS * SELECY (H 5
PSHA # STORE DATA CH 3
AQLPS LDAA CPIARS # WAIY FOR SAMPLLE PULSE CH 5
BrL AQLPS e
LDAA PIABS # READ CH &
CLR PIAAS # SELECTY CH O
PSHA # STORE DATA C4 &
AQLPE LOAA CPIABS * WAIT FOR SAMPLE PULSE CH 8

BPL AQLPG ®



LoaA PIABS

INC PIAAS

PSHA

DECs8

BNE AQLPL

LDsS SRYCH1
RTS

38
® READ CH 5
# SELECT CH 1
® STORE DATA CH 5
%
# LGOP
RESTORE SYACK POINTER

#% ROUTINE DISPLAYS VOLTAGE ON SELECTED CHANNEL IN MILLIVOLTS ®%

#% RANGE ¢/- 5000 My

YOLTHMT JSKR CLFDIS
JSR RELESE
KEYFMD JSF RWSLCT
BEQ VLTOUTY
JSR NCODE
ANDA {0=0F
DECA
STAA PIAAS
LDAA PIABS
JSR RELESE
ViP1 JSR KEYQ
BHE KEYFND
LDAA CPIABS
BPL VLP1
LDAA £IABS
LOAB PIAAS
ANDB {0=FD
ADDA {8:=890
STAA ¥
STAB ¥+l
BSR MVDIS
BRA VLFY
YLTOUTY RYS

WALT FOR RELEASE OF KEY
{SCNKEY AFTER RELESE?D

kTS IF FYN IS FOUND
%

&
&
* SELECT CHANNEZL

CLEAR SAPPLE PULSE 8Y READING FIAES
WALIT FOR RELEASE OF KEY
LECK FOP aNY PRESSED KEY
IF FOUND DECDDE KEY
*WAIT FOR SAMPLE PLLSE
#
MS 8 BITS
LS & BITS

MASK CH ADRS

REMCYE OFFSET (INVERT SIGN BITH
%

%
CONVERT 7O MILLIVOLYS THEN DISPLAY

® CONVERTS Y TO MILLIYOLYS THEN DISPLAYS RESULY ON LCD *#

MYDIS LDX [8=z4C55
STX KX
JSR MULT 18
Lox (y
JSR SHIFTL
STX BNIN
LOX ty
STX BCCOUY
JSR BCLCOZ
JSR LCODIS
RYS

#% SCANS PREVIOUSLY ACQUIRED

MAXSGN JSR CLEDIS

MAXLP JSR SUNKEY
BEQ MAOUT
JS® NCODE
ANDA [0=0F
STAA CHCNY
BSR FNOMAX
BSH MVYDIS
BRA MAXLP

MXOUT JSR CLKDIS

# SETUP RULTIPLY {195&1)

® FOR MV RESULY
# TIMES 2.

(USES Ye¥4lo XK XN&1)

CORVERT TO BCOD
DISPLAY

DATA FOR ABSDLUTE MAX VALUE ON SELECTED

SCAN KEY PAD FDR PRESSED KEY
TEST FOR RTN KEY
2

# DETERMINE CHAMNEL NO.

STCRE CH N0
FIND MAXIMUM VALUE

COMVERT TO MILLIVOLTS AND DISPLAY
LEOP FOR NEXT KEY

CHAN *



89

RTS
#% SCANS ONE CHANNELS DATA FOR ABSOLUTE MAX VALUE = CALLED BY MAXSGN ##
FNDMAX CLR Y
CLR Y41
CLR SRTCH3 CLEAR SIGH FLAG 2
LDAA PYSCYC *
STAA CNTIAC # SET COUNTER FOR NO OF DATA PCIMTS
LDX {DATA=L BALK SET POINTEZR 70 DATA
LDAB CHCNT READ CHANNEL NO.
CHNLP BSE IN X #
CECSB * SET POINTER 70 FIRST DATA VALUE COF SELECYECD CH
ENE CHNLF *®
MNXTVY CLE SRTCHZ CLEAR SIGHN FLAG 1
LDAB 844X % LCAD IN SELECTEC DATA VALUE
LDAA 00X # MS BYTE
BpL PLUS
INC SRYCHZ SET SIGN FLAG
coMa ¥ NEGATE VALUE SO THAT ALL VALUES USED
COMEB # ARE FOSITIVE
PLUS STAaa ] SAVE ACC 4
CMEB Yé&q *
SBCA ¥ %
L0aa U % COMPAFRE SELECTED VALUE WITH LASY
BCS LESS # STUORED LARGEST VALUE, STORE LARCEST VALUE
STAA Y ® :
STAB Yei #
LDAA SRTCHZ # SAVE SIGN FLAG OF LARGESY VALUE
STAA SRYCH3 e
LESS BSR INX2H % SET POINTER T3 MEXY DATA VALUE 26 BYTES COWN
DEC CNTIRNC NEC NO., DATA POINTS COUNTER
BNE NXTVY LCCP BACK FOR NEXT COMPARISON
LDAA SRTCH3 *
BEQ FDCUY # RESTOFE SIGN 7O LARGESY VALUE
coM ¥y 2
C3H Yéi ®
FDOUT RYS
IMXe IN¥ INCREME 4TS INDEX REG FOUR TIMES
INX
WX
Ny
RTS
2 INCREMENT INDEX REGISTER 2k TIMES #
INX26 Lnag {24
INXLP INX
DECH
ENE TP
RTS
2% DUMPS 6 CHARNELS OF DATA YO CHAFT PAPER ks
#% YALUES ARE SENT 10 THE DAC AT A RATE OF 30 VALUES PEF SECORL *%
#% DATA RATE IS SET BY VARIABLE SRTCHL AND RDUTINE DELAYL #a
CHARTD LDX [0=4014 ® 122 DECIMAL
STX SRTCHL # FOR DELAY OF 33,000 MACHIMNE CYCLES
JSR ZERDL STARY WITH ZERO VOLT LEVEL
BSR SHOANA

RTS



90

#% DISPLAYS & CH DATA ON SCOPE WHILE SCANNING KEY PAD FOR RTN AND ®%

#* NO. FOR POSITIONING TRIGGER PULSE IN ONE OF € CH POSITIONS %
a5C0Is L0X {0=0000

STX SRTCHL * SET DELAY FOR ROUTINE DELAVEL

JSR RELESE WAIYT FOR RELEASE OF KEY
FNOKEY JSR RHSLCT { SCRKEY AFTER FELESE )

BEQ 0sSCouY RIS IF REYURN KEY FOUND

JSR NCCDE
ANDA [G=0F

STAl SRTCHS STCREF POSITVION OF SCOPE TRIGGER PULSE
JSR RELESE
OSCLP BSR SNDAKA SEMD & CH OF DATA YO DAC
JSR KEYQ 29 % LOOK FOR ANY PRESSED KEY
BNE FNDKEY & IF KEY FOUND JUMP QUT OF LCOF BAND DECODE
BRA OSCLP &
§s5CoUT RTS

#% SENDS & CHANNELS OF STORED DATA 7O 8 BIV DICITAL YO ANALCG CONVERTER #%

#% DATA RATE IS DETERPINEL 3Y ROUTINE DELAYE AND SRTCHIL. =
#% SRTCHS DETEFMINES FOSITICN OF SCOPE TRIGGER PULSE ke
#% WITH SRTCH1=0 o6& POINTS TAKES 3.5 MILLISECONDS, CRT REFRESK RAVE A
#% WIL. BE ABOUY &2 TIMES PER SECOND AT 1MHZ CPU CLOCK A
SNDANA LDAA f8zFg F

STAA CPIAAS § % ACCESS DATA DIRECTVION REG.

LDX TOSFFFL 3 ® CHAKGE TO JUTPLYS

ST PIALAZ 6 # MAKE CA2 AN QUTPUT (LOW)

CLR CHCNT 6
NXTCH BSR ZERQL PIN OF 1648 CVCLES

INC CHONT

LOAA CHCNT

CMPA £z SET NEXT CHANMEL 1O SE OQLTPUT

IF CHCMY EQ 7 RTS
* CHANNEL POSITION FOR SCOPE TRIGCER
s

BEQ SHRTS
CHPA . SRTCHS
BNE NOTRIG

[P AN I @

o

&

JSR TRIGGR 27% SEND PULSE TO TRIGGER SCOPE
NOTRIG LDX [DATA=L & % ADD & TIMES CHANNEL NOC, (CHCNT) TO
STX DATPTY 5 % DATA=-4 YO SET POSITVION OF NEXT OH
ASLA 2 % TO BE SENY TC DAC
ASLA 2 ®
ADDA DATPY#L 3 %
STAA DATRPT#L L #
LDAA DATRY 3 =
ADCA gae 2 ®
STAA DATPT L ®
LDAA PIsSCYLC 3%
STAA CNTINC 5% SET NO. OF POINTS PER CHANNEL
NXTDAY Lox DATRPY L #
LOAA 00 4% 5 * LOAD DATA vALUE INYO ACC A
ADDA {0=80 2 % CONVERT 25 COMP VALUE TO OFFSET BINARY
STAA PIAAZ 5 # SEND VALUE YO DIGITAL 7O ANALCC CONVERTER
LDX SRTCHL 5 #
BEQ SKIPDY L ®
BSR DELAYGL 2
SKIPDY LDAA DAYPY+L 3%
AGDA {2t 2% SELECT WKEXY DATA VALUE ON THIS CHANNEL
STAA DATPT21 4% 0 DATRY = DATRPT#24 )
LDAA DATPY 3%

ANCA ftnn 78



STAA  DATPT s 91

DEC ~ DCNTIMNC 6 * DEC POINTS PER CHANNEL COUNTER
ENE NXTDAY L ®* IF NOY ZERD TAKE MEXY DATA PBCINY
BRA NXTCH & START ON NEXT CHANNELS DAYA
SHNRTS LDAA [osFO 2% ACCESS CATA DIRECTIOMN REG.
STAA CRIAAZ 5%
LOX {0=00F ¢4 3% MAKE LEINES INPUTS AGAIN FOR KEY PAD USE
STX PIAAZ 6% KEEP CaZ2 LOH
RYS 5

#% DELAY FORMULA IS 30¢(SRVCHiI®8 = N0 OF CYCLES. e

#% YALID FOR SRYCHL = 0000 THROUGH FFFE » #e
DELAYS LDX SRYCHL 5

INX L INX MAKES SRYCHi=0 SHORTEST DELAY POSSIFPLE
DYLP DEX &

BNE pyLe &

RYS 5

2% ZERJ VOLYS LINE. USED AS CHANNEL SPACEP, MIN OF 148 CVYCLES #%

ZEROL LDAA {o=7Ff 2 ®
STAA PIAA3 3 ® SET DAC 70 ZERD VvOLTS
LDAaA ) 2
ZERLP BSR DELAYL (MIN OF 26 CYCLES)
DECA 2
BNE ZERLP L
RYS 5

#% SCOPE TRIGGER PULSE 7 CPU PACHINE (YCLES HWIDE =%

TRIGGR LDAB {g=FC 2
STAR CPIARS 5 MAKE LINE CAZ HIGH
LDAB (g=Fy 2
STAB CPIaA3 5 MAKE LINE CAZ LOW
RTS

#% MASTER KROUTINE ¥OR CONVERTING REAL AND IMAGINARY PARYTS FROM *%

#% VTRANSFORM TO POLAR COORDINATYES #e
#% AMP AND PHASE ARE OBTAINED USING CORLIC ROTVATIONS A
POL AR LDX {STARTC ®
STH REAL * DEFINE START OF REAL LOCATIONS
LoXx ESTARTS &
STX IMAG ® DEFINE START OF IMAGTNARY LOCATIONS
CLR CHNO CLEAR CHANKEL NO.
PLARLP INC THND
BSR SETROY CALCULATE AMP AND PHASE FOR CHANNEL CHNO
LOX IMAG
JSR INXE SET POINTER TO NEXY IMAG VALUE
STX IMAG
Lox REAL
JSR IN¥. SET POINTEF TO NEXT REAL VALUE
STX REAL
LOAA NCHPE ®
CMPA CHNO * IF CHND EQU MCe. OF CHANNELS USEDs RTS
BNE PLARLP #
JSR BEEP SCUND BEEPER
RYS

#% NEGATE VALUE { AR APPROXIMATION) ##



NEGATE

#%* LOADS VALUE POINTED TO BY INDEX INTO U.
#% 1O RIGHT, THE ND OF SHIFTS CONTROLS THE ROTATION STEP SIZE

LSWORK

MSHIFY
SFLOOP

&
P&
25
B
w
2%

SETEOTY

B2 MOV
¥ MIXED IN WITH QUAD MCvE
®e ARE ZERC (ONLY MS 16 BIVTE ARE LOOKED AT)
TQUAD

PIMAG

HOT 2RO

PEE AL

&

coM
COH
CoM
COM
RYS

LDAA
STAA
LDAA
STAA
LDAA
STAA
LDAE
LSR
ROE
ROR
CECB
BNE
RS

FOUYINE SETRQT =
TG ROTAYE THAT VECTOR TO 0 DEGREES,
CORRECTS FOR ACTUAL QUADRANT,
SAMPLING TIME SKEH,
FINAL

LOX
STX

CLRB
LOX
IsY
BPL
BSR
ADDB
CLRA
LDX
BNE
INCA
LOX
157
BPL
BSR
INCB
STAB
LoX
BNE
CECA
BNE
STH
BRA
00

L0X
INX
STX

BGeX
01+%
02X
B3aX

004X

U

016X
Uel
12X
U2
ROTACC
U

Usi
U+z

SFLOCP

SRTCHL

IMAG
684X
PIMAG
NEGATE
1g2

00+%
NOTZRO

FE AL
fl.X
PREAL
NEGA TE

QuaoD
00+X
ROTATE

ROTATE
SRTCHL
CORECT

10, 11
®® OMNEXT SECTION FOTATES VECTOR
#% BECOMES NEGATIVE . NO.
FOTATE

SRYCH1

SRTCHL

THEN SHIFYS U ROTACC BITS

MACHINE CYCLES

LOAD NO SHIFTS COUNTER

EOB AVIR G AR AR s AR PN I SRV L L I Sl S

FINAL PHASE ON

® SET NG OF ROTATIGNS COUNTER 1O
VECTOR TO 157 QUATRANTY
IS & TEST TO SEE IF BOTH PEAL AND IVAG PARTS =%

ROTATION CMT SET 0

NEGATE IMAGINARY PARY
IMAG PART
ZERG FLAS
LOAD 2 MSB 70 INDX,
NCT ZERD

IMAG PARY IS ZERO,

ZERO SET FLAG

NEGATE FEAL PARY
G001 = NEG,
QUAD IS CODBE FOR QUADRANT OF VECTUH
LCAD 2 MSB OF REAL VALUE
NOT ZERQ CONTINUE
DEC ZERO FLAG
IF ZEFO MEANS BOTH VALUES WERE ZEFC
ZERC IS IN INDEX SO IT IS USED VC SEY ROY CONT
BCTH WERE 0 SO SKIP ROTATVION RBCUTIMNE
QUADRANT
(IN FIRST QUAD.)
STESS IS IN SRTCHY

REAL PART

2¢ Lo 36
CLOCKWISE UNTIL IMAG
CF ROTATION

5 # INC ROTATION

MOVES VECTOR 7O FIFST QUADRANT, USES CORCIC ROTATIONS *
CALCULATES NO OF DEGREES ROTATED
CORRECTYS FOR PHASE SHIFT DO TC DAYA
CHANNELS 2 TO & IS RELATIVE 70 C+ 1
PHASE ON CH 4 IS ACTUAL PHASE, CALCULATES AMPLITUDES IM
MILLIVOLTS PER RCOT HZ .
[OSFFFF

&
%%
LR
¥ &
2%



LDX IMAG
BSR LSHOEK
LDX RE AL
LOAA 03:X
AQDA Us2
STAA 03X
LDAA 02:%
ADCA Usi
STAA g2
LOAA 016X
ADCA ]
STA4 01X
BCcC NOINC
INC 00X
HOINC BSR LSWOERK
LDX IMAG
LDAaA §3qX
SuUBA Ue2
STAR 03X
LDAA f2+X%
SBCA Us1
STAR 02X
LOAA §41.X
SBCA U
STAA 01X
LDAA g6sX%
SBCA f[os
STAA 00X
ECC ROTATE

93

&
LOAD U AND SHIFT RIGHT
&
5 NEXY 44 LINES DO COS = COS ¢ SIhs2 EXP W
3
&
5
3
6
5
3
&
&
7

NI WO W IO W N

& IF SIN IS STILL P0S. LOOP BACK

#% MNEXT SECTION CORRECTS ROVATICN ANGLE YO ORIGINAL QUADRANT ®%

CORECTY LDX SRTCH1
STX zZX
LDX {17905
STX Y
JSR MULT16
LDAB RO TACC
ADDR {03
LD¥X tu
JSR SHELP
LOAB QUAD
BEQ COROUY
JSR NEGATE
cMeB {ge
BEQ COROUT
LDAA f0:z60
ADDA U+3
STAA Ue3
LDAA [ag=z77
ADCA Us2
STAA Us2
LDAA {o=18
ADCA Usi
5TAA e
cMPB {01
BEQ COROUTY
“JSR NEGATE
#% NEXT SECTION CORKECYS FCR
COROUT LDAB CHNO
PCLOOP DECB
BEQ NOPSHF
LDX [PHSY
BSR SUBFUZ

% SCALE UP ROTATIOMN STEP
%

2
%
&

# SET NO. OF SHIFYS 70 OBTAIN ANGLE Id

% THOUSANDYHS OF DEGREES

5

# SHIFT RIGHT NOMINAL SHIFT 1S 5
LCAD QUADRANTY CODE

QUADe 4 KO CIRRECTION
NEGATE ANGLE
QUADPANT &
* ADD 1800000 DEGREES
2
#
* 1800000 DEC = 1B7740 HEX
2
%
L
%
#*
QUADRANT 2

NECGATE ANGLE
DAYA SAMPLING TIME SKEW #*#
LOAD CHANNEL N3J.

CHANNEL 1o NO PHASE CORRECTION WEEDED

¢ SUBTRACY PHASE SHIFT FROM CHANNEL PHASE

%

NEXT 44 LINES DC SIN=SIN = CO0S/Z EXP W

TEW
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BR A pCLOCP IF NEELED REPEAT PHASE CORRECTICN
®% NEXT SECTVION REFERENCET ALL PHASES 7O CH 1 PHASE %
NOPSHF LDbaB CHNOD ®

DECB ®

BEQ SKREF ¥ CHECK CHANMEL NO IF CH 1, SKIP
REFCH LOX [STARTS * SUBTRACT CH 1 PHASE FROM OTHER

BSR SUBFU3 * CHANNEL PHASES
SKREF LOX IMAG # LOAD U INTO BINARY

BSR STRU3 ® IMAGINARY LOCATION
#% NEXT SECTION CONVERTS AMFLITUDE FCUWNC BY ROTATION TO MILIVCLYS ##
#% IT IS EQUIVALEWNT 7O MULTIPLYING AMPLITUDE 8Y 1.19265669 e
CHYTMY LOX RE AL # LOAD AMPLITUDE INTO MULY POSITICN

LOX 00X ®

ST KK #

LOX [0z6C54 19540 CORSTANTY HAS ERROR OF 4 FFP

STX ¥

JSR MULT16 MULT IPLY

LDAB {0e #

JSR SHFLF # CORRECY MULTIPLY BY SHIFTING

LDX REAL &

8SR STRU3Z * STORE MEW AMPLITUDE

RTS

#% SYORE 3 LS BYTES OF U IN 3 MS BYVTES CF INDEXED LOCATION #*%
STRU3 LDAA Usd
STAA B8+X

LOAR Us2
STAA 01X
LDAA U+3
STAA g2sX%
8BTS

#% SUBTRACTY 3 MS BYTES CF INDEXED LOCATION FROCM 3 LS BYTES OF L ++%
SUBFU3 LDAA Uus+3

5UBA £E2sX
STAA 43
LOAA Usp
SBCA (Y4
STaa Us2
LOAA et
SBCA 00.%
s744 Uei
KTS

#%2 FROUTINE MAKES COMPUTER JUMP TO NEXT &K MEMORY SECTION, IE BECIN®Q:zi000 =*
#% IT [S CALLED BY PRESSING <RUNBs> THEN <Osy IT MAY BE USED 7O JUMP TO AN *=#

#% AUXILLARY SET OF CONTROL OR TESYT PROGRAMS =
FUNB JSR SCNKEY

JSR NCODE

ISTA

ENE RBOUTY
JHP BEGCIN®OZ4088
RBOUT RYS

STOP
END
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5555565555, 555555555,555555555,55555555%:555555555.555555555,555555555,555%555555,

555555555, 555555555, 5555555555 55555555565555555556555555555, §55555555,555555555,
555555555,:555555555.555555555.555555555:555555555,555555555,555555565,555555555 ¢
BEEEREE S . BEEEREE6E L EREEEEEEE . EEREEEE6G 566656555 . 5EREGEREE  EREGRERENR . EEEE5E56G



;55iJ?ggga555355)353§5§55?53§@35%%5553?@55955%%55@335?59555@%555355?5%5§55559?5
555555555,555555555 :55555555%5,555555555.555555555,555555555.555555555,555665555
555555555,855555555.555555 555, 555555555 555555555, 555555555, 555555555,555555555

1 2 3 & 5 6 7
EMRECDHO
FEIKVOOK®C 02 OCY 78 16.13-15.
Beb 33 4% PAGESY 2,643 PRINTV LINESS PRINTER 42. EQ

§
BILLBOARD WRITEUPS SUBSET BKYNEWS WAS LAST CHANGEC SEP 28
HANDBOOK SUBSET CHAMGES WAS LAST CHANGELD SEPY 13

0cT ¢ LBL NEWSLEVVER
THE COMPUTER CENTERS MONTHLY NEWSLETTEFR (MDY BKYNEWS) IS FREE,
TO GEY ON THE MAILING LIST, CALL X5529.

L IBRARY SUESET DATE
SEPY 30 THE MSS BRITER HILL BE SHUT OFF FOREVER OCV. 1, 1978
SEPT 29 PSS HARDUWARE FAILURE
THE FOLLOWING PSS SUBSETS WERE DESTROYED DUE 7O HARDWARE FAJLURE
LIBRARY SUBSET
HIGHRNPR FCOEFF, STFCF
SEPT 28 ACCOUNTING CHARGES 7O CHANGE

THE CHANGES IN ACCOUNTING (HARCES DETAILED IN BKYNEWS WILL GC INTO EFFECT
OCTOBER 1, 1978,

SEP 2i UNUSED TAPES OM THE MOVE

TAPES NOT ACCESSED FOR OVER 14 MONTHS WILL MOVE INTO INACTIVE STORAGE
OCTes 18, SEND A SIGNED TLISY INDICATIRG THOSE TAPES THAT YOU WANT
INACTIVE 70 TAPE LIBRARIAN., CTHERWISE, THEY WILL BF FORCE-MCVED AND
WILL DECREMENY YOUER GROUP TAPE ALLOCATION 3Y A LIKE NUM3ER.

SEPT 164 MEW WRITEUP AVATILAEBLE {HWITH APOLOGIES)
ANNOUNCING THE BIRTH OF A NEW WRITEUP CALLED NETWORK WHICH CESCRIBES THE
USE OF THE COMMERCIAL NETWORK TYMNET AND THE ARPANET AT BEXY.
TO GET A COPY o o o«
LIBCOPY, URITEUPS, BUTPUT NETHORK.
DISPOSE.OUTPUT=PRPAz4F. {(IF PRINTED AT BKY)

SEPT 11 INTERAOVIVE TIMEQGUY 7O BE REDUCED TO 10 MINUTES

ON SEPT 13, THE INTERACTIVE TIVMEOUT WILL B8 REDUCED FROM 30 MINUYES TQ

10 MINUTES., THE REASON FOR THIS CHANGE IS 7O TPY AND REDUCE CLCGGED

LOGON QUEUES ON THE € AND C MACHINES. WE HOPE THIS CHANGE WILL IMPRCOVE
SERVICE.. ONCE AGAIN ®E ASK YOUR COOFERATION, PLEASE RELEASE RESQURCES WHEN YOU
ARE MIT ACTYIVELY INTERACTING WITH THE COMPUTER,

TO CALL A CONSULTANT 415-843-108¢ DIRECT DIAL
451=5981 FT5 ONLY

L
4
]

g

£
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APPENDIX B

BOARD LAYOUTS FOR MICROCOMPUTER SIGNAL PROCESSOR
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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,
lies 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 al, 1976), including a low power prototype of the EM=60 (Jain, 1978).

Survey Plan

The initial field test was conducted along established geophysical
line 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 West, 5 West and | 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, 50m radius horizontal
loop of #6 AWG copper welding cable. Current was supplied in a square
wave of positive and negative polarity at any desired period between
1073 - 10° sec by a 60 kW generator (see Section Il on the transmitter).
Peak-to-peak current carried by the coil ranged from ~126 amp at 0.1 Hz

to ~15 amp at 103 Hz.
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The receiver system, described in detail in Section Il, utilized a

3-axis Josephson-effect superconducting magnetometer as a sensor. A

5

Develco model 8230 with sensitivity 10 °v/ Hz was used. Each signal

from the sensor was band-passed by means of a four-pole Butterworth filter
and amplified. 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 we
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 lTimitation is primarily due to
lightning 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 1/f 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 sampling
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 Il on the digital signal averager.



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 amplitude

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 tightning or large spheric fiuctuations degrade the data. A block

schematic of the data acquisition system is shown in Section |1,

Method of Interpretation

The interpretation of the electromagnetic sounding data (amplitude
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 aigorithm 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 application of direct inversion
methods in electrical exploration has been described by Wu (1968), Parker

(1970), Glenn (1973), Inman et al, (1973).

The inverse problem can be stated mathematically as

no
2 o 2
o= ) wlly, - f(b°, k)] (1)
=1
where
N is the number of observed data
W is the weighting factor for the ith data value
y; s the ith observed data (i.e. amplitude or phase)
b is an initial estimate of the M model parameters (e.g.,

resistivity and layer thickness)

X, is the known dependent variables (e.g., frequency and geometry)
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f is the non-linear function which relates the parameter bO9
Xis to the observed guantities phase and amplitude.

Simply stated, the inverse problem is to find a set of model parameters,
bj which minimize ¢. The values of bj which minimize (1) are given by the

solution to the set of equations:

9 -
ETDT‘“O Jmng (2)

Writing (1) in this form, we obtain

n 9 Bfi n 2 Sfi
Yoow e = VoW s o J=1M (3)
P=1 J P=1 J
where
f = f(p, x.)

In general, the function f(g, é) is a non-linear function of bj;
thus making solution of (3) in closed form impossible. In practice

¢ is minimized by an interative technique.

inversion Algorithm

The iterative weighted-least-squares algorithm used to interpret
the EM-60 data follows a modified Marquardt approach. The model function
f(go,x) in equation (1) is expanded as a Taylor series about the current
estimate, R, and only the first order terms are retained. This vields a
linear estimate of the parameter changes, Ly needed to reach the minimum

of ¢. The classic least squares statement of the problem would be

[Aly = g (L)



where
T
[A] = [p]" [o] [P} ,
and
T
g = P17 [Q] [y-f]
of,
P is the (NxM) matrix with elements §€L and Q is the weight matrix.
J

current

The least squares estimate of t is given by

£ o= (T DT T g (5)

This linear estimate of the changes needed in the parameter vector can
become unstable when ([A]T[A]) is nearly singular because the inverse blows
up. (Instability means elements of t become so large they lie far outside
a linear region about the present b and thus are invalid estimates.) To
prevent this, a constant named a Ridge Regression estimate is added to
the diagonal terms of ([A]T[A})e The so-called Ridge Regression estimate

of t is:

=1 T
tge = (1T [AT + D107 (a1 g (6)
Ny V]

The benefit of (6) is that the inversion of ([A]T[A] + [1]K) is stable.
The value of K is varied throughout the inversion. At first the smallest
value of K is found for which the estimate tar yields a new model with a
better fit to the data. As the interative process nears a minimum, the

value of K 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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where

o is a scalar factor called the problem standard deviation.

Statistical Evaluation of a Model

A set of model parameters, QS which minimize (1) is considered a

good approximation with respect to the data if

6B, 2 D), (7)

where <X§)1=u is the chi-square value at the (1-a) confidence level with

F = N-M degrees of freedom. The experimental value of the chi-square is

given by
A
(xz) = gi
F'o O2
where
[y-F171Q1 _, [y-f]
/(;‘2 _ J=1 - OMIN
N-M N =M

A
o is an estimate of the true problem standard deviation. Because data
data and used as the weights

errors are expressed as percent of the actual

in Q, 0 is assumed to be 1 (Jain, 1978).



The uncertainty in the estimated model parameters is given as

(Bevington, 1969)

2 2, \
ij g (cov(P)jj) , (8)

where the parameter covariance matrix, cov (P), is written as
(T -1
cov(P) = ([Pl [al _ [Pl . (9)

Equation (8) gives the parameter variance for a linear 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

COV(P)ij

CORR(b, ;) = Cov(p)%i covlP);

If the value of CORR(bij) is near unity, then the parameters b, and bj
are strongly correlated and nearly linearly 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 -1) 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
uncertainty of each parameter. If, however, two parameters are highly
correlated, CORR bij = +1, then the standard deviations will be larger
than the actual uncertainties. Figure 3 illustrates this fact with a
generalized slice of solution space. The two coordinate axes correspond
to two parameters of the estimated layered earth model. The ellipse
indicates a confidence region within which the residual sum of squares,
¢, is expected to lie for a certain percent of the repeated experiments.
This region also defines the values of the parameter 0, (resistivity) and
ty (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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Figure 3. Generalized slice of solution space.



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 ellipse
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 ellipse. By using the standard
deviation implied 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 realistic 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 Interpretation

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 amplitude and phase at
selected frequencies for both the vertical and radial components, [Hr|9

‘Hz|9 H phase and HZ phase. The tangential magnetic field would be zero

over a Eor?zontal uniform medium. The amplitude of this component can
thus be used as a qualitative 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 simultaneocusly. 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.



Survey Results

The survey line E-E' crosses Grass Valley from southeast to northwest,
passing approximately 1 km northeast of Leach Hot Springs (Figure #).
The orientation of the line is approximately 45° to the strike of the
tocal geologic structure. Sounding data were taken with the trans-

mitter as station 3 West and receiver locations at 1, 2, 4, and 5 West.

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). The transmitter-receiver locations are indicated on
each figure (e.g. T3-Rhk stands for transmitter at 3 West and receiver
at 4 West). The standard errors listed 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 HZ and Hr) were simultaneously inverted to obtain an overall
best-fit model. The standard errors listed in Appendix A were derived

from the diagonal weighting matrix [Q].

Ordinarily, considerable effort might be needed to originate a set
of Initial model! parameters to begin the data inversions. All existing
geological and geophysical data must be considered in making a first
guess. 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 data. Previous data clearly indicated a basic
three-layer structure with a fairly thick and conductive middle layer
overlying and underlying more resistive layers. 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 layer. As previously noted by Jain (1978) for the three-layer
case, the resistivity of the bottom layer is very poorly resolved.
Whether p3 = 1 or 100 Qm makes little difference on the other parameters,

and so we use the higher value as a constant.
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Figures 4 and 5 present the data for sounding T3-Rl. Here the
three-layer model fits the data fairly well 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-R4k 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 and hz for T3-R2 are highly correla-

s P
ted, correlation coefficient = 0,99.2-This means that the ratio hz/p2 is
all that can be determined from the inversion. Therefore a thicker,

more resistive middlie layer (which would keep the ratio hz/p2 constant)
would also fit the data. Thus, a general model of 8-10 aQm, 500m thick

top layer above a 100 Qm 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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Figure 4. Amplitude spectra, T3-RI.
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Figure 6. Amplitude spectra, T3-R2.
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TABULATION OF RESULTS



-
~
9]

£

Wl -

30.
100.
200.

™ Y ws

10.

30.
100.

LIV Qe

OOV - DO
O CO OO O U W -

-
AW N e D O

froone I I ae Y e B e RS JEY

€O O
OO W -

DO OO ONW DN —

CD CD O ed o D e ad md el o d C D € ot wd ol md e b

P e SN N

CD C et oeh ek et

o,

Errors

Normalized Field®

H
z

.085%0,
. 11420,
. 152+0.
. 232%0,
L281+0.
. 3500,
. 380%0,
o1+,
. 35L+0,
.996*0,
6910,
L248+2,

.098+0,
. 123+0.
L2710,
34130,
.317%0.
.966+0
5070

.101+0.
. 18640
.257+0.
. 105+0.,
.596+0.
314144

L1050, 4
.255%0
. 3860,
L5010,
L418+0,
. 1380,
.942+0.
L648+0,
.377%1

.52

54
71
21
12
32
15

5

07
07
12
07

02
02
27
16
26
33

08
16
02
03
007

.55
.31

31

Y

09
23
38

H
r

0.220£7.4

DO - OO

- -t 230D DO

O et €D DD O

D s s DD D

54843,
. 7333,
90422,
.930£0,
.095+0.
L0920,
L9890,
L740+0

LObbxT,
L074x1.
L1140,
L197+1.
.287%0.
Ab2+0,
.559+0.
R AR
L016%0.
250+0.
16 %0,
L019+1.

NiLYEL
L1171
.302+0.
L5460,
.991+0.
. 179+0.
63240

.203+3,
53443,
.923+0
.052+0
.007+0.
.708+1.

in percentages

4
6
8
66
30
17
08

48

.37

08
06
03
12

.54

49
61

27
36

139

T3=-R1

T3-R2

T3-R&

T3=R5

ofa o,
W

Errors in degrees

183
185
182,
176.
170.
148
136.
117

95.

181
183
184
185,
184,
180
176
169.
160
130.

9L.

/3.

182,
184
183
177.
160
131
107.

182
183.
171
154,

120.

90,

Phase in Degreesh#

O
z

.83+0,
L9140,
260,
70+0.
3420,
500,
1740,
.80x0.
40

301

. 950,
L6720,
.82+0.
250,
3140,
L9240,
,88x0.
83+0.
bz,
17+0.
74x0,
602,

16:0.
6610
L5250,
27+0.
A2x0.
.55+0,
.28

89:+0

.62+0.
01+0.
L2440,
62+0.
18+0.
04+20.81

18
29
27
26
04
19
17
54

03
02

09

01
01
02

02
20

39
10

08

.03

01
01
01
16

15
29
05
Th
18

¢
¢

275.53+3.00

245,
235,
224,
209.
185.
174,

161

145,

286
271

262.

251

243,
233.

228

219.
207.
182.
159.

151

254,
251.
233.
177.
160.4
L9800,
48+0,

153
59

258

243,

206

185,

158

137.

82+2.
02+1.
78+4,
9610,
71£0.
00+0,
L77ED.
1640,

60T,
L7071,
17+0.
.90+0.
12x0.
7140,
.75%0,
26+0,
LhtQ,
27+0.
00+0,
RIVESI

252,
.75

RYEX D
70+2,
690,
13£0.
.57+0.
.64

3540

.03
01

04
17

24
19
15



REFERENCES



141

REFERENCES

Bevington, P.R., 1969, Data reduction and error analysis for the physical
sciences: McGraw Hill Book Company, Inc., New York.

Beyer, J.H., 1977, Telluric and d.c. resistivity techniques applied to the
geophysical investigation of Basin and Range Geothermal Systems:
Ph.D. thesis, University of California, Berkeley.

Beyer, J.H., Dey, A., Liaw, A., Majer, E., McEvilly, T.V., Morrison, H.F.,
and Wollenberg, H., 1976, Preliminary open file report: geological
and geophysical studies in Grass Valley, Nevada, LBL-5262.

Beyer, J.H., Morrison, H.F., and Dey, A., 1975, Electrical exploration of
geothermal systems in Basin and Range Valleys of Nevada; Proceedings:
Second U.N, Symposium on the Development and Use of Geothermal Resources,

May 1975, pp. 889-89L.

Bhattacharyya, B.K., 19755, Propagation of transient electromagnetic waves
in a conducting medium: Geophysics, v. 20, no. 4, pp. 959-961.

Dey, A., and Morrison, H.F., 1973, Electromagnetic coupling in frequency and
time~domain induced polarization surveys over multilayered earth;
Geophysics, v. 38, no. 2.

Frischknecht, F.C., 1967, Fields about an oscillating magnetic dipole over a
two-layer earth, and application to ground and airborne electromagnetic
surveys: Quarterly, Colorado School of Mines, v. 62, no. 1.

Ghosh, M.K., and Hallof, G., 1973, Loop-loop EM depth sounding method for
delineating geothermal and permafrost zones: Abstract: Geophysics,
c. 38, p. 1201.

Glenn, W.E., Ryu, J., Ward, S.H., Peeples, J.J., and Phillips, R.J., 1973,
The inversion of vertical magnetic dipole sounding data: Geophysics,
v. 38, pp. 1109-1129.

Glenn, W.E., and Ward, S.H., 1976, Statistical evaluation of electrical
sounding methods. Part |: Experiment design: Geophysics, v. 4,
pp. 1207-1221,

Harthill, N., 1976, Time domain electromagnetic soundings: [IEEE Trans. on
Geoscience Electronics, v. GE-1L, pp. 256-260.

fnman, J.R., 1975, Resistivity inversion with Ridge regression: Geophysics,

v. 40, pp. 798-817.

inman, J.R., Ryu, J., and Ward, S.H., 1973, Resistivity inversion: Geophysics,
v. 38, pp. 1088-1108,



142

REFERENCES
{continued)

Jackson, D.B., and Keller, G.V., 1972, An electromagnetic sounding survey
of the summit of Kilauea Volcano, Hawaii: Journ. of Geophys. Res.,

v. 77, pp. L957-4967.

Jain, B.K., 1978, A low frequency electromagnetic prospecting system: Ph.D.
thesis, University of California, Berkeley, LBL-7042, 128 pp.

Jain, B.K., and Morrison, H.F., 1976, Progress report, inductive resistivity
survey in Grass Valley, Nevada: Lawrence Berkeley Laboratory, UCID-3997,

46 pp.

Jupp, D.L.B., and Vozoff, K., 1975, Stable iterative methods for the inversion
of geophysical data: Geophys. J.R. Astr. Soc., v. 42, pp. 957-976.

Keller, G.V., 1970, Induction methed in prospecting for hot water: Geothermics -
Special lssue 2.

Ketler, G.V., and Rapolla, A., 1976, A comparison of two electromagnetic
probing techniques: [1EEE Trans. on Geoscience Electronics, v. GE-1h,
pp. 250-256.

Morrison, H.F., Hoversten, M., Riveros, C., and Oppliger, G., 1978, A low
frequency electromagnetic prospecting system for geothermal exploration:
Lawrence Berkeley Laboratory Report (in press).

Parker, R.L., 1970, The inverse problem of electrical conductivity in the
mantle: Geophys. J.R. Astr. Soc., v. 22, pp. 121-138.

Ryu, J., Morrison, H.F., and Ward, S.H., 1970, Electromagnetic fields about
a loop source of current: Geophysics, v. 35, pp. 862-896.

Smith, N.J., 1963, Geophysical activity in 1962: Geophysics, v. 28, no. 6,
op. 1048-1071.

Vanyan, L.L., 1967, Electromagnetic depth sounding: Consultants Bureau.

Wait, J.R., 1951, A conducting sphere in a time varying magnetic field:
Geophysics, v. 16, no. 5, pp. 666-672.

Ward, S.H., 1977, A report on "Workshop on Electrical Methods in Geothermal
Exploration'': Geophysics, v. 42, pp. 66L-666.

Ward, S.H., 1978, Program review: resource evaluation, reservoir confirmation,
and exploration technology: University of Utah, Depart. of Geology and
Geophysics, Technical Report 78-1701, b.5.1.

Wu, F.T., 1968, The inverse problem of magnetotelluric sounding: Geophyics,

v. 35, pp. 972-979.



This report was done with support {from the
Department of Energy. Any conclusions.oropinions
expressed in this. repott represent solely those of the
author(s)and not necessarily those of The Repentsof
the University of California, the Lawrence Berkeley
Laboratory or the Department of Energy,

Reference to a company or product name does
not imply approval -or recommendation “of the
product by the University of Califernia or the U.S.
‘Department of Energy to the exclusion of others that
‘may be suitable.

o




TECHNICAL INFORMATION DEPARTMENT
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





