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ABSTRACT

An ocean bottom seismic recording capsule has been designed,
constructed, and tested. It contains a Block-Moore quartz torsion
fiber accelerometer, a two-axis tilt-meter, a current speed meter,

a thermometer, and digital recording and control electronics. The
sensors and recording electronics are contained in three 22 inch

I.D. pressure spheres made from Alcoa aluminum hemispheres. The
capsule rests on the ocean floor without lines to the surface. Upon
acoustic command, an explosive cable cutter separates the positively
buoyant instrument capsule from a support tripod and battery frame.
The capsule then floats to the surface for recovery. The acoustic
system has both command and diagnostic capabilities. Digital
diagnostic data is transmitted to the surface at 100 bps. Microseisms
and earthquakes have been recorded. The 6 second microseisms are
approximately the same amplitude as on a fairly quiet land site. The
20 second noise is from the electronics, so at that period no

comparison to land recordings is possible.




FINAL REPORT BENTHIC ARRAY

This report is concerned with the design, construction, and
testing of an ocean bottom capsule containing a vertical Block-Moore
quartz torsion fiber accelerometer (Block and Moore, 1970). A general
description of the instrument is given in the introduction, detailed
descriptions of individual components are given in the instrumentation
section, and the results of ocean tests and data are given in the

concluding section.

i. Introduction

The purpose of this instrument development program is to advance
the technology of undersea instrumentation and acquire new data on ground
motion under the deep ocean. For example, if the seismic background noise
is found to be extremely low on the deep ocean floor, much smaller seismic
signals could be observed than on noisier land sites. This would improve
our ability to discriminate between nuclear explosions and earthquakes.

In fact, the ocean bottom has been found by others (Bradner, et al., 1970;
Latham and Sutton, 1966; Schneider, et al., 1964) to be noisier in certain
frequency bands than quiet land sites. Ocean bottom noise data will be
presented in this report.

The deep structure of the earth's crust and upper mantle can be
studied using surface wave dispersion and the earth's normal mode excita-
tion periods (6 sec to 1 hr). Information on structure beneath the record-
ing station can be obtained by measuring deviations from idealized earth

tidal amplitudes caused by loading from the ocean tides, and anomalies in

the arrival times of teleseismic body waves.
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The ocean bottom capsule itself is designed for deployment periods
up to 90 days, with 30 days of self-contained recording capacity. It
rests on the ocean floor without lines to the surface. A two-way acoustic
communication system allows for transmission of 16 different commands from
the surface ship to the capsule and also for digital diagnostic data
transmission from the capsule to the surface ship. Alert codes which indicate
commands received and tilt or leak conditions are also transmitted by the capsule.
The capsule may be recalled to the surface by an acoustic command, or an
interna! timer set before capsule launch. Upon receipt of the release
command, an explosive cable cutter is activated which severs a .5 inch
steel cable which holds the capsule to itc support tripod and battery frame.
The positively bouyani instrument capsule then floats to the surface where
it is recovered.

In addition to the vertical accelerometer, the capsule contains
a two-axis tiltmeter, two thermometers to record capsule temperature and
accelerometer temperature (it is temperature regulated) and a current
speed meter. These sensor outputs are digitized and recorded on a low
power incremental magnetic tape unit. The tape recorder was constructed for this
project by R. Moore and is now being manufactured by Digi-Data Corporation.
The low-power analog to digital converter has a 12 bit resolution and was
desigred and constructed for this project by R. Moore and J. Pastoriza and
is being presently manufactured by Analog Devices Corporation. Tables 1, 2
and 3 are summaries of the capsule specifications.

A great deal of attention has been given to the recovery reliability

of the capsule. In addition to careful checkout procedures, all likely

failures are protected against by a diagnostic or by a backup device. For




OCEAN BOTTOM SEISMIC

Depth Limit:

Materials:

Stored Capacity:

Release:

Weight:

TABLE 1

CAPSULE CINDHI SPECIFICATIONS

16,400 feet

7178 Alcoa aluminum hemispheres
hard anodized and epoxy painted

7178 aluminum center ring - hard
anodized

1,000 amp-hours at 12 volts

Explosive cable cutter activated
by a surface command

Approximately 1600 1bs. including
stand, batteries and internal
instrumentation

RECORDING SYSTEM

Word Length:
Dynamic Range:
Input Voltage:
Least Count:
Input Channels:

Storage Capacity:

Maximum sample rate:
Nominal sample rate:

Power Requirements:

12 bits
1:4096
+ 10 v.
5 mv.

8

2.5x10% samples on 2400 ft. reel
29 days at 1 sample/second

50/second by internal modificaticn

1/second

12 v., 12.8 amp-hr. per reel of tape,
independent of stepping rate




TABLE 2 i

ACCELEROMETER AND TILTMETER

Accelerometer Instrumental Noise:

Less than 5x10-23 (Ag/g)2/cph (1 cph to 1 Hz) for

UCSD Camp Elliott, the land based unit at the seismic |
station. At 25 sec. period thru .02 Hz ! andwidth

digital filter, the noise is less thaa 15 millimicrons.

(Mg = 2.4 at 5 = 30 ).

Accelerometer Response: Flat to acceleration (DC to
.2 Hz)

» ..)
;~ Power Requirements: 10 ma at 12 v. ‘

10 ma at -12 v.
50 ma at 48 v. for temperature control

Analog Outputs
Tide Filter:

Response, D.C. to 1 cpm (3 db pt.)
Full Scale, + 1.4x10~5 ag/g
Least count, 5x10-10 Ag/g

Seismic Filter:

Resporse, 1 cph to .1 Hz (3 db pts)
Full Scale, + 1.4x10-7 Ag/g (in pass band)
Least Count, + 3.4x10°9 Ag/g (in pass barnd)

Tiltmeter:

Full Scale, ¢+ 3x10-3 radians (two axes)
Least Count, + 7.3x10~7 radians




TABLE 3

ACOUSTIC COMMAND SYSTEM *

Range: 7 - 10 miles
Number of Commands: 10 commands ' (expendable)

Digital Diagnostic Telemetry
Transmission Rate: 100 bits/second, 4 readings/second
Voltage Resolution: 5 mv

Error Rate: When the signal is at least a factor of two
above noise, the errors are usually zero.
This is good for a diagnostic system where
data with errors can be retransmitted.
This system has performed very well for us.

Backup Diagnostic Telemetry
Range During Transmission: Must be nearly over the
capsule

Backup VCO Diagnostic Telemetry

Transmission Rate: .5 bits/second, each bit transmitted
as an alert code recognizable by ear.

Voltage Resolution: 5 mv.

Release: On command from surface

Backup Release: At a pre-set time from 0 to 9999 hours
(Comnletely self-contained)

Power Requirements: 2 ma at 24 v. quiescent
2 amps at 24 v. when transmitting

* The command and transpond portion of this system has
been rathcr unsatisfactory. The source level is too
low and the receiver is of a very poor design. Ocean
testing of the diagnostic system has been trouble-free
and worked quite well, however.




example, a leak in the capsule causes an acoustic alert code to h¢ trans-
mitted to the surface ship. A large leak automatically causes the capsule
to release. Excessive tilts also initiate an alert code. If the acoustic
command system or main release system fails, a separate cable cutter and
timer releases the capsule. Dual radio beacons Insure that the capsule
can be located on the surface if one radio beacon fails.

The capsule has been deployed three times near San Clemente Island
and deployed once for three weeks, 240 miles southwest of San Diego in the
deep ocean. Background noise and a number of earthquakes were observed.

These measurements will be discussed in detail later.

11. Capsule Configuration

A. External Mechanical

Figure 1 shows the external capsule configuration. The electronics
is housed in three pressure spheres formed by six hemispheres and a center
plate. Holes drilled in the center plate between spheres allows for instru-
ment wiring between them. A fourth sphere is mounted above the three and
provides additional buoyancy and stab’ ity. This assembly is connected to
the support tripod by a .5 inch steel cable. The suprort tripod contains
six 100 amp-hour lead-acid batteries and three 30 amp-hour batteries modified
for deep sea use. Electrical cahles from the batteries are taped to the
steel connecting cable to form a 1 inch diameter bundle. The tripod is
constructed from 2 inch steel pipe and welded together. Figure 2

is a photograph of the tripod and batteries. The foot pads, which rest on

the ocean bottom, are 24 in. diameter steel tank ends. These limit the
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bearing pressure to less than 1 p.s.i. Figure 3 shows the assembled capsule
ready for launch except for the radio beacons and acoustics transducers.

Figure 4 shows the capsule release and tripod connection assembly.
The capsule is held to the tripod by the .5 inch steel cable. The three
hem’spheres rest on PVC triangles at the corners. At each corner, the
pushoff springs provide a total of 300 prinds of force to insure a positive
release. The cable tension is determined by tightening the eyebolts. At
high pressure, the hemispheres will decrease in size, so the cable tensioning
spring is strong enough to maintain positive contact between the bottom
hemispheres and the support tripod.

Release is accomplished by cutting the cable and battery wires with
the explosive cable cutter developed by W. Hill on this project (Appendix 1).
This unit is now available from Holex, Incorporated. The main cutter is
actuated by the acoustic command system. In the event of a failure, the
backup unit releases the capsule at a preset time. The backup timer is
simply a crystal oscillator with countdown circuits. A thumbwheel switch
sets hours from O to 99939. The cable cutter is mounted directly on the end
of the pressure case so that no electrical leads are exposed to the high
pressure ocean environment. After release, the capsule floats to the surface,
where it is located with the aid of two radio beacons and a flashing light.

The hemispheres which form the pressure housing for the instrument-
ation, are 24 inch 0.D. ALCOA aluminum of alloy 7178. These were inexpensive
at the time of purchase and were proven for deep ocean instrumentation.
They are rated at 16,000 feet depth. For protection, they are hard

anodized and painted with baked enamel. The anodizing may actually increase




Figure 3
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corrosion at pinholes in the coating, but is necessary in order to protect
the o-ring surfaces from scratches. The baked enamel seems to adequately
protect against this effect. Each bottom hemisphere contains two leak
detectors, which consist of parailel strips of lead foil. The electrical
resistance between the strips decrcases when salt water passes over them.
Two strips around the upper edge, which can respond to a single drop,

cause an acoustic alert to be transmitted. Paralilel tapes raised 1/8 inch
off the bottom indicate a flood condition, whcih automatically releases the
capsule. Initially, even a single drcp of water in the capsule was con-
sidered serious enough to warrant automatic release of the capsule. However,
if the ship is not in the vicinity, release may mean the capsule will be
lost. A few drops per day could be tolerated. However, if a puddle de-

velops, the best chance of recovery will be had by release.

Each hemisphere is sealed to the center plate by means of a single
5-547 Buna-<i o-ring. The internal components are mounted orn the center
plate. Holes are drilled in the plate to allow for wires running between
components in different spheres. The top sphere is empty except for leak
detectors. It is connected to the lower unit by a tubular aluminum frame.
The lower instrumentation hemispheres may be removed when the upper sphere
is in place. The hemispheres are held in position by evacuating them to
an internal pressure of 1/2 an atmosphere. Pressure gauges are connected
until just before launch. The hold-down force resulting from this method
is sufficient to withstand any reasorable abuse. The capsule was once
severely banged on a hemisphere when being handled by a crane. The hemisphere

remained attached. Nylon straps have provided protection in case of




accident, but would not be used in the future. The vacuum hold-down also

has the advantage that the o-ring is seated properly againct the inside of
the o-ring groove, lessening the chance of low pressure leuaks.

The capsule is deployed by lowering it on 3/4 inch hollow braided
polypropylene line. When it is on the bottom, a surface buoy is secured to
the end. The capsule is acoustically interogated until proper capsule
functioning is verifiad. Then a command is given which fires an explosive
bolt to release the buoy line at the capsule. The capsule rests on the
bottom until the desired recovery time. For recovery, after the capsule
is on the surface, a coil of line connected to the lifting fixture (previously
securely taped to the capsule) is snagged with a boat hook and the end is
spliced to a line through the crane. The line is pulled through the
crane, pulling the capsule toward the ship until the lifting fixture Is
inside the cranehead. The crane head has a mechanism which locks onto the

lifting fixture so that the line no longer holds the capsule weight.

B. Internal Mechanical

Figure 5 is a photograph showing the overall arrangement of the
main internal components of the capsule. The accelerometer, tilt-meter,
and gimbal system are contained in the front ring. The right rear ring
contains the analog and digital electronics, which are mounted on circuit
boards that plug into a card cage. The left rear ring contains the low
power incremental tape recorder and acoustics transmit, receive, and command
decoding electronics. It is normally mounted horizontally above the tape

recorder. The tape recorder, acoustic system, and card cage are mounted

to the center plate through shock mounts. This greatly reduces vibration
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of critical components enroute to the deployment site. During the first
deployment, a screw vibrated loose from inside the accelerometer, requiring
a great deal of work to replace it. The entire capsule is vibration isclated
by supporting the foot pads of the tripod on shock-mounted dishes (see
Figure 2). All threaded joints are also secured with lock-tite. With

these precautions, no further trouble with ship's vibration was encountered.

Accelerometer and Tiltmeter

The accelerometer has been described in detail elsewhere (B. Block
and R. Moore, 1970), so will not be discussed here. Figureg is a simplified
diagram of the tilt-meter developed for this system. Its purpese is
to measure gross capsule tilts to correct the accelerometer, which has a
cosb response to off-vertical tilts. This unit was developed by R. Moore
and W. Hill. It consists of a simple pendulum hanging on a fine wire. Four
plates arranged symmetrically around the mass are used in a capacitance
bridge similar to that used in the accelerometer to sense its position. The
capacitance from the bob to one plate is compared to the capacitance between
the opposite plate and the bob. The E-W plates are driven at 102u4hz and
the N-S plates are driven at 4096hz. The vol*age induced on the bob is a
sum of the two frequencies and is proportional to the distance off center.
The signals are separated and passed through phase-sensitive detectors.

The D.C. outputs are then a measure of the tilt on the two axes. The rull

scale outputs on each axis are t 3xlO-3 radians which is large enough to
encompass variations in level point of the pendulous gimbal leveling.

: : -6
The smallest resolveable signal on the 12 bit data logger is then 1.5x10

radians. This is more than adequate to correct for accelerometer tilting.
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A motor and screw arrangement clamps the bob as shown in

Figure 7. The bellows insure that the can is vacuum tight. It is filled
with dry nitrogen at atmospheric pressure so that moisture variations (water
has a dielectric constant of 80) do not interfere with the position measure-

B ment. In practice, the unclamping arrangement was somewhat unreliable.

When the capsule cooled to a few degrees C. as it was lowered to the seafloor,

|
P
r the clamping mechanism would occasionally jam and not unclamp. For future \

uses, less delicate, smaller, and cheaper tilt-meters which would suit our

‘/) purposes are available from Radian Corporation and Autonetics. As no
E' clamping would be required for these units, this problem would be eliminated i
i
t
entirely.

’ Gimba). Leveling
t The object of the gimbal system is to put the accelerometer fairly
close to the vertical after the capsule has been deployed. Corrections
for signale introduced by tilting are determined from the tilt-meter output.
The most difficult engineering in the gimbal system was the brakes. They
=4 must open completely, clamp the gimbals rigidly, and draw no power in the
! quiescent state. Figure & shows the disc brake arrangement finally arrived
& at. A small D.C. motor drives a wedge on a threaded rod. The wedge moves
against a moving shoe, which clamps tightly against a vane. During the

clamp cycle, the motor is shut off when it draws a predetermined amount of

current. The unclamped state is indicated by a microswitch, which shuts off

circuit.
the motor / This arrangement provides an extremely rigid and reliable

clamp. The only problem occurred because the microswitch was unreliable.

It was replaced by a magnetically actuated reed relay and no further trouble

was encountered.
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Figure 9 shows the disc brakes, the gimbals, the accelerometer,
and the tiltmeter. The cup on the end of each motor provides electrical
filtering of the power to the motors. This was necessary, because the logic
circuits were badly distrubed by noise induced by the running motors.

The power circuits for motor control are contained on cards mounted
adjacent to each motor. The accelerometer is mounted on an inner ring
which provides for fine leveling independent of the tilt-meter. A motor
on top of the aczelerometer is coupled to the gravimeter capacitor plates
to zero it after the capsule is deployed. The gimbal unlockin and locking
is repeatable to .1 of full scale, or % 3xlO-u radians.

While the gimbal clamps provide a rigid connection, they are too
small to withstand the extreme forces exerted during the handling of the
capsule in transit from the laboratory to the ship. A solenoid lock was
installed as shown in Figure 10, The moveable shaft of the solenoid fits
into the hole in a bracket on the bottom of the accelerometer can. Upon
command, the solenoid is actuated, freelng the system to level when the
disc brakes are unclamped. Positive action of the solenoid is indicated
by a microswitch and mechanical lock arrangement that holds the solenoid
shaft retracted once it has been actuated. The unlocking command is usually

given just prior to the capsule launch.
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Figure
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Electronics Card Cage and Tape Recorder

The electronics card cage is simply a housing for the analog
and digital electronics for the capsule. Figure 1l shows this unit in
its extended position. All input connections are unpluggable so that the
entire unit can be easily removed. It is mounted on rubber shock mounts
to protect the electronics from the severe ship's vibration. The cards
use Elco-Varicon connectors. We have found that the connectors may open
up, providing no connection after repeated insertions and withdrawals.

These will not be used in the future. The logic cards are all wire-wrapped

This allows for maximum design change flexibility and is an extremely
reliable interconnection system. The analog cards are constructed using
stamped in pcsts connected with teflon tubing covered bus wire. They

are cleaned and sealed with clear Krylon. No failures have occurred due to

this method of circuit assembly.

C. Electronics
The capsule electrcnics system is described by the block diagram

of Figure 12. The three basic functicns are: 1) the sensors and analog

sensor electronics, 2) the control and diagnostics electronics, and 3)
the data recording electronics. These will be described in detail in the

following sections.

R — o

Several important design attitudes were adopted for this sytem.
First, complementary MOS (CMOS) logic was used throughout. Digital rather
than analog circuits were used whenever possible. We have found that
digital circuitry is easier to design, more reliable, and easier to repair

than comparable analog circuits.
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Another important philosophy is to keep the rnumber of different electronics

components to a minimum. For most applications requiring discrete tran-
sistors, the 2N2270 is the NPN and 2N3251 is the PNP. In addition, the
electrical common is floating with respect to the pressure housing. A

10 ufd capacitor provides an AC current path. This is extremely important,
for if a battery lead exposed to the water should leak, a hole in the
pressure housing could be formed by electrolysis in a matter of days.
Another important design philosophy is that every component crucial to
capstule recovery should have a backup. The acoustic release has a timer
Lackup, for example. Thus, in order to lose a capsule, two failures or
mistakes must be made. Elaborate checkout procedures have been devised

to lessen the chance of human error.

Analog Sensor Electronics

The quartz accelerometer output is generated by a capacitance
bridge that senses the position of the moving mass. Figure 13 shows the
circuit used. The transformer provides two equal AC voltages 18C° out
of phase. The capacitance bLetween the top plate and the moving mass is
compared to tne capacitance between the bottom plate and the moving mass.
The output voltage is proportional to the distance off-center and has the
phase of the nearest plate. It is amplified by a preamplifier built into
the accelerometer, then further amplified and processed by a phase-
sensitive detector, which has a DC output which varies between * 10 volts.
The circuits are shown in Figures 14 to 17. The preamplifier has a gain
of 10, the gravimeter amplifier has a switchable gain of 10, 100, and 1000.
The maximum gain is determined by how fine the remote zeroing can be done

and is limited to an equivalent acceleration of % l.l&xlo—5 g. The mixer

converts the AC carrier signal into a DC signal




7 ~ €T oanbra

-

1Nd1NO SSVd-ONVS
¥OLY 11150 ;
010NV 9L J3nua uIWHOISNVAL 9% I

HdJ O£ 0L L
431714 SSvd-ONvE

-

ANNOYI TYNIIS

JON3Y343Y IH 9L

1Nd1N0 SSvd-MO1

s 4

LNVISNOD 3INIL 'NIN 2
‘34 319NIS ‘431114 SSVd-MOT 021 ON 300N Hvd

< A_Ll
Y3131TdWY NI- %201 2LL ON 300N 4 ¥vd
dNV3ld ISION-MO

HOSN3S NOILISOd 31Vd ¥0110vdvd

H3INN0S

-SNVYH1 AYVONOD3IS-111dS
ALITVND HOIH




I~

.00l

100m

{
|.2v ™

Lo“’ % 75K
2N2270
22270

g P

- A

750K

S.K

VN

%- -

PREAMPLI FIER

10-26-70 Stk

Figure 14

0 OvuTr

4+ = MeTAL GND




GT 2anbrga

s I-T-6 TuNy

W I ITdWwY dIWIAGTID

(o)}
& ———
QY¥IO ¥AJI9D = T
QLTINE NdN TV .*
ISZENT dNnd Ty [TEITL L
oo xoﬁw
= = = A 17
M T ey T HJA o
10° Ao ,OO-W NOo
- M8 L n :
H“ j a = Iﬂ
1
T_ 1] 4 &3
os J_IOO. M e T oo 5
! i
iH 4N0O 918 : i
Oo—9 \_ i i : =g
L 4 ! | il
3 — "
Q\H : uli
Tdl b |
Rl
y e R
A= . ” R B~ ‘1a8's
Eo.,mNMJ - N RaLY anw |
| . P —— ] _
Jm\ Y . _
w 3 “ e o —— : -— |
e |.J\|ql ¢ _
_ J . m 28AZI+ & ¥




Gr-Wy¢ 2N2270
Qo - Qy: 3N138

te) . cb4oiSD
1€2: Cp4001D
1£3:  cD4o0od

|
Mixgr & CrRRIER

GinERATOR

j= = Sud

Figure 16




C77S

L
T 2anbtg

IL-%i-T

A>3
21
) nw_)_¢
7 am::
|.~l

2
H ¥8EN
BH 940¥

4
H ¥ZOI

W__I nal

&l_.
usz® g

pi
LI F- L

kwllﬂﬁ
e =) =

F 4 .._...l

a3

'
€ O T+




32.

that is proportional to the amplitude and cosine of the difference between
the reference and signal phases. The mixer also generates the bridge drive
frequency which is filtered by the tuned amplifier to produce a reasonably
good sine wave. The bridge drive transformer is a shielded bifilar wound
toroid produced by J.M.Harder of San Diego. The bifilar windings are
encessary to provide precise phase balance of the two secondary windings.

The mixer output is related to acceleration by
Vn = Kbag/g

K is found by tilting the instrument and using Ag/g = cos 6 where 8

is the angle from the vertical. The acceleration indicated by a steady
2

displacement of the mass by x is 4g = wozx. Now Vn = Kmo x/g. For

simple harmonic grouud displacements,

s g, Xg
- — X + —
w g Rw
=" [¢] e C
X = .
1 - wé - iw
w 2 w O
0 o)

2 2g0
(weX - R——-X )
\'} =_}/__ E £
w 2 w Q
(o} (o}

The 2go/Re term is from the static displacement in the gradient of the

5

earth's gravitational field. From the tilt calibration, R = 7.1 x o

For w << Ly and By = 9.78 m/sec2 , then

+5
v = - Ll Bl e o Y EUT T |
g, g g
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For Xg expressed in microns, and w = 2%
2.88 X
V= oo B
m 2

i

The filter circuits are shown in Figures 18 and 19. Figure 29 is the

i measured filter responses. The curve of Figure 21 is a plot of the magnifi-
cation of the seismic filter output computed using the above equation and
the measured seismic filter response. A check on the calibration could be
performed by computing the theoretical earth tides and comparing che mea-

}—'//> sured earth tides. This would provide a calibration to a few percent

accuracy.

The tilt-meter circuits are identical to the accelerometer
circuits except that notch filters are substituted for the AC amplifier.

Since the N-S and E-W signal frequencies are mixed on the tilt-meter preamp

output, the notcn filter for the N-S channel eliminates the E-W signal and

the L-W filter climinates the N-S signal. By using a notch filter rather than

tuned amplifiers, amplitude and phase shifts of the signals due to variations
' in components are reduced, as the signal frequency is then far from a circuit

resonance. No special filtering is provided for the tilt-meters, as they are

operated at low gain so thelir noise level is low.

The noise level of the accelerometer electronics can be measured

by disconnecting the capacitance bridge drive. Using this method, the noise

level was found to be 10mv peak-to-peak at the seismic filter output. This

corresponds to two least counts on the analog-to-digital converter. This is

somewhat high and could be reduced by redesigning the preamplifier. A low

noise preamplifier sold by Princeton Applied Research has approximately

-
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10 times less noise in the banu of interest, but requires higher power.
Another potential source of noise is the accelerometer temperature

regulation, The temperature dependence of the accelerometer is

Ag/g/°C = 10-4 . Thus a 1 microdegree temperature variation would in-
duce a lO-lOg signal. Fortunately, the ocean bottom temperature varies by
less than 10 millidegrees, providing a fairly constant temperature environ-
ment for the temperature regulator to start with. Laboratory measurements
showed that the regulator reduced ambient temperature variations

by a factor of 500. This means a 20 microdegree variation could be

expected. The gravimeter temperature monitor circuit never did

produce useable results. Even though the accelerometer was temperature
regulated, the regulation point varied enough with ambient temperature so
that it was difficult to get the monitor on scale. Finally, on the last
deployment, the gain was turned down to *1°C full scale so that 5§ x 10-4°C
could be resolved. No temperature variations were observed. The noise on
the accelerometer output limits temperature variations in the signal band-
width to less than 2 x 10'“c , So the temperature monitor was not much
help. The output noise level will be discussed further when data is
presented,
Motor Control Electronics

The function of the motor control electronics is to run the brake
control or leveling motors in either direction under control of input logic
levels. For the gimbal clamp motors, logic level outputs arz needed to
indicate that the clamp or unclamp function is complete. The motor must
clamp the zimbals tightly, but not so thght that the motor cannot unclamp

them. The braking force exerted by the brake in the clamped position is

determined automatically as follows. Before the moving shoe contacts the
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fixed shoe via the vane, the amount of torque required to move the wedge
along is quite low. The motor current under these conditions is about 5
milliamps. As soon as the moving shoe contacts the vane the force required
to move the wedge builds up 1.1pidly and consequently the motor torque builds
up rapidly. This is reflected in a rapid increase in motor current as the
motor approaches a stall condition. The electronic driving circuit monitors
the motor current and is set to shut off the motor drive current when it has
reached a value of approximatly 30 milliamps. The electronics required to
operate this system for both the clamp and unclamp operations and to do so
reliably and with a minimum consumption of power is shown in Figure 21.

The unclamp condition is simply controlled by the closing of a magnetic reed
relay indicated between pins 6 and 7 of Figure 22. An identical circuit is
used to clamp and unclamp the tilt-meter. The level and zero motors do not

use the high motor current indication feature.

The clamp and unclamp func“ions are controlled by a logic card in
the digital card cage. The AUTO BEGIN cycle, which is initiated by acoustic
command, consists of unclamping the gimbals, reclamping them, and unclamping
the tilt-meter. The AUTO RECLAMP cycle, also initiated by acoustic command,
clamps the gimbals (in case they were left unclamped for any reason) and
then clamps the tilt-meter. Tle capsule is then ready to be released and
recovered.

It was not known whether the accelerometer would drift off-scale
during a one month deployment, so an automatic accelerometer zeroing circuit
was constructed. The circuit senses the TIDE filter output and if it is
greater than 8 volts for one your, it produces Zero Down commands, which

consist of one second of motor run time, until the
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output voltage is less than -1.5V. If the TIDE filter output is less than
-8 volts for one hour, it gives Zero Up commands until the output voltage is
greater than 1.5 volts. The TIDH filter has a very slow response, SO zero
down command is given only once every 32 seconds. A diagnostic cycle is

initiated automatically after every zero or level command. Figure 23 shows

the circuit used. The operational amplifiers perform as threshold detectors

with the required hysteresis. Cl provides the one hour time delay. of

Q13
Cl is high for 4096 seconds, then low for 4096 seconds.
In actuel practice, this feature proved most useful for perform-
ing the initial zeroing of the accelerometer after it was deployed. Further
LJ—"/> zeroing proved unnecessary. For the last deep ocean drop, it took about 30
hours for the automatic zero to zero the instrument. An improvement to this
circuit would be to go to a longer motor run time after a number of automatic
zero commands, then switch to a shorter time after the first zero crossing.
One problem with the accelerometer zeroing system has been that the
shortest practical motor run time (one second) produces too large a signal
offset. This means that the accelerometer electronics gain must be re-

duced to that the electronics outputs remain on scale through enough zero

cycles to ensure that it will not overshoot in the opposite direction.

Acoustic Command System

S The capsule acoustic command system purchased from EDO Corp.
consists of an acoustic receiver tuned at 9.25KHz, an acoustic transmitter
for 13.5«Hz or 15.5KHz, which can transmit in a continuous or pulsed mode,
and decoder circuitry which is capable of decoding 10 commands. The system
also functions as a transponder for ship-to-capsule ranging. A complementary
surface unit encodes the commands and transmits them to the capsule. The

other portion of the capsule command system was designed and constructed by
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workers on this project. It converts contact closures provided by the EDO
unit to useful control and timing logic for the capsule components. These
functions are indicated in Figure 12.

Our experience with the EDO command system proved largely unsatis-
factory. The command receiver is an out-dated design and worked poorly.

The command decoders used discrete component one-shots of several different
designs. Timing provided by these units was variable. The continuous mode
operation for data telemetry was not ideal because the 15.5KHz transmit mode
took a second or two to begin after it was initiated. Thus it was impossibl
to transmit pulses at that frequency. The continuous mode diagnostic data
transmission worked quite well, however. During tue last deep ocean deploy-
ment, the acoustic system failed due to a leak in the receiver hydrophone,
so the capsule was released on its backup timer.

In spite of the poor acoustic equipment design, there are several
advantages to the EDO method of encoding commands. This method and our
experlence with a well-designed acoustic system is worth  further discussion.
Basically, the command consists of a 30 millisecond pulse of the 9.25LKHz
carrier frequency, a one second delay, and then a burst of 2msec pulses of
the carrier. The pulse rate of the burst determines the command to be
initiated. These frequencies vary between 98 and 200 Hz. If one of the
commands should be initiated during the one second delay time,it is judged
to be a false command and no command is accepted. So, not only must the
pulse repetition rate be correct, but the dead zone must occur at the correct
time. We have never observed a false command using this encoding scheme.

Since this project was discontinued, another project using small

ocean bottom seismic capsules has begun. The acoustic system consists of the
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EDO surface command unit and a modified transponder manufactured by Sona Tech
Corp. of Santa Barbara, California. The unit functions as a transponder and
acoustic receiver. It is contained in a separate pressure case with its
batteries. The receiver output and an external ping control are conrnected
to the capsule through high pressure connectors and underwater cables so
that the receiver output can be decoded into the desired commands and the
capsule can initiate transponder pings for the purpose of diagnostics. This
system works quite well and the only failure has been a leak past the O-ring
in the pressure housing. Commands are reasonably easy to initiate, par-
ticularly when the ship is directly over the capsule. As the slant angle
increases, commands are less easily accepted, probably due to multipath
interference with the bottom. Occasionally one command burst freguency

has difficulty being accepted, while others are easily accepted. In spite
of this, this command encoding technique has been found to be simple and reliable.
It is prodent to design the system to require as few acoustic commands as possible.

‘noustic Diagnostic System
The diagnos... system operates in two modes. First, a system of

alert codes which are recognizable by ear indicate commands received,

operations completed, and leaks, tilts, or battery power off. These codes

are ping patterns and are shown in Table 4. There are 12 equal time inter-

vals during which a ping is either present or absent. The pattern repeats

eight times. If more than one alert is appropriate, the pings from both

patterns are added and transmitted simultaneously.

The other mode of the diagnostic system is for digital data
transmission (see Fig. 12). The EDO subsurface unit transmits continuously

at 13.5KHz or 15.5KHz, depending on a freqguency control logic level. At




COMMAND CODE
1 SELECT XX XX X KX ‘
2 SELBET X X XX X XX
1-3 RELEASE XX % %'} & K
1-4 UNSTOP GIMBALS X X XX XX X .r
1-5 AUTO BEGIN CYCLE XX XX XX X
1-6 DIAGNOSTIC SCAN XX XX X
1-7 START LOGGER XY ISR B XX X
1-8 SLOW DIAGNOSTIC SCAN XX X X X XX
1-9 SEND ALERTS X o X
r—‘//> 1-10 MASTER RESE1 XX A X X X
2-3 LINE RTLEASE AR £ X i
2-4 AUTO RECLAMP CYCLE XX X X XX X
2-5 ZERC UP XX X X i
2-6 ZERO DOWN XX XX X X4
2-7 LEVEL UP S En K
2-8 LEVEL DOQWN I “n A XX
2-9 DIAGNOSTIC sCAN AX Ax A
2-10 SLOW DIAGNOSTIC SCAlL XX & X X XK ¢
GROSS TILT XA g R AX X
LEAK A X A X X X
SQUIB FIRINKG X X X X
BATTERY DISCONKECT R £ XK X XX
block 1 2 3

TABLE 4, Alert codes used for diagnostics. An X

indicates a ping and a bland indicates ]

no-ping. There are four equal .25 second

intervals per block.




the surface, the outputs from two amplifiers tuned at those frequencies are

rectified and subtracted to reproduce the capsule frequency control logic
level. In this way, logic "0"'s and "1"'s are transmitted from the capsule
to the surface. The desired capsule voltages are digitized, serialized,
and encoded for transmission to the surface.
This system transmits at 102 bits per second. It was decided to use a format
compatible with digital telemetry circuits marketed by Coded Communications
Corp. of Costa Mesa, California. Each transmitted word has associated with
it a 5 bit synchronization pattern or its complement {alternating with each
word), a 5 bit channel I1.D. nurber, the 12 bit data word and a parity bit.
The words are put into a parallel to serial converter, then a bi-phase
encoder, and transmitted at a constant rate. The bi-phase encoder is simply
a logic circuit which transmits the bit clock if a "1" is present, or the
complement of the bit clock if a "0" is present. This has the advantage of
transmitting the bit clock frequency along with the digital data. The sur-
face decoder has a phase-locked loop which locks to the frequency of the bit
clock so that synchronization is assured. It also
decodes the bi-phase code to 0's and 1's. In order to convert the incoming
serial data back to a parallel format, the decoder must synchronize to the
sync pattern, maintain sync through a short burst of errors, and regain sync
as soon as possible after a long burst of errors. Three synchronization
states are defined. The SEARCii state assumes no prior information and scans
all of the incoming data for a sync and sync pattern (sync is the complement
of sync) and advancing channel I.D. numbers. When a good pattern is ob-

served, the system transfers to a CHLCK mode. In this mode the system looks

for a valid sync pattern only at the next appropriate place in the bit
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stream (plus or minus one bit). When four valid patterns in succession are
observed, the mode changes to LOCK. During CHECK, if an invalid sync pattern
is observed, the system immediately reverts to SEARCH. However, once the
LOCK mode is reached, four consecutive invalid patterns must occur to reset
the system to SEARCH. Using the channel I.D. numbers, the data is stored

in a memory which is accessed using thumbwheel switches and a four-digit
front panel display. Parity errors are indicated by a blinking display.
Figure 24 is one of the diagnostic log sheets used. All of the sensor out-
puts and battery voltages are transmitted. Thus proper sensor operation can
be easily varified.

The diagnostics mode of the acoustic system was extremely trouble-
free. PReliable diagnostics were received to a 45° slant range. Because of
the fairly narrow beam pattern of the receive hydrophone, and because
multipath interference increases for large slant angles, the slant angle
appeared to be the determining factor in establishing acoustic communication.
This holds for commands as well as dlagnostics. The bit rate of 102 bits
per second was decided upon rather arbitrarily and does not represent an
upper limit, which is probably determined by multipathing, causing data bits
to overlap. For capsule to surface transmission, the reflection from the
surface is the most important multipath. It may be reduced by using a
receive hydrophone with poor sensitivity in the backwards direction. This
eliminates the surface reflection, which can esceed the direct signal by
many times. At large slant angles, the direct and reflected signals come
in at more nearly the same direction, so they interfere with each other
more. At 100 bits per second, each bit is 10 msec long, so a level change

could occur every 5 msec. If the receive hydrophone is five feet below the

o~
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surface, the reflection comes in 2 msec later. The amplitude varies due to

the focusing and defocusing effect of waves and swell, so this delay causes
significant interference. In Appendix III, other aspects of the acoustic
system are discussed.

Gross Tilt, Leak, and Release Electronice

Since the detailed bottom conditions are often unknown, a sensor
which would initiate an alert code if a tilt of more than 15° was designed.
It consists simply of an array of four mercury switches mounted so that the
required tilt closes the contact. This provides a logic level to the alert
code generator which initiates the gross tilt alert. The gross tilt function
was extremely useful during the RUM-ORB deployment (Appendix III) where the
RUM control line and capsule buoy line became entangled. Gross tilt alerts
were also heard during the deep ocean test when the buoyancy of the poly-
propylene line was enough to enable the surface buoy to drag the capsule
along the bottom.

A good leak detector is crucially important. Initially, parallel
strips of lead tape separated by 1/8 to 1/4 inch were run around the edge
and along the bottom of each lower hemisphere. Figure 25 shows the circuit
used to indicate a leak. During the first deployment, a leak of about one
drop per day occurred, beginning on the second or third day. Normally, the
capsule would be deployed in one day, diagnosed, and left. A leak after the
ship leaves station would result in an automatic release and the probable
loss of the capsule. So, it was decided to install a second leak detector
that indicated a puddle. The first leak detector would initiate a leak
alert, but only the puddle detector would release the capsule.

Figure 26 is the squib fire circuit, which fires the explosive

cable cutter and line release. The 28V power is supplied by a TR 413
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. mercury battery. The input logic level turns on the power through Q2 s
which charges both the 5,000 ufd and 10 ufd capacitors. When the trigger

triggers Q which discharges the 5,000 ufd )

level of Q3 is reached, Q3 G

capacitor through the squib. The resistance of the squib is about 1 Q v

and for a pre-launch test we require the current to be at least 5 amps after

" 10 msec. The cable cutter has two heater wires, so two circuits are used in

| case one fails. Since it is extremely undesirable to fire explosive devices

| at unexpected times, and this circuit puts out a fairly narrow pulse which
might be unobserved on a voltmeter or oscilloscope, it is extremely import-

properly L.
t‘ ant to/monitor this circuit prior to capsule deployment to ensure that it is

: not firing. A test box with 1 Q@ resistors across the squib fire connectors |
| and logic latches connected to light emitting diode indicators is continuously
connected to the firing circuits. Before launch the firing currents can be
easily measured and false firing commands are easily detected because the

indicator lights turn on and remain until manually reset.

TR, e TS




III. Ocean Testing Program

The results of tests 1, 2 and 3 of the ocean testing program
are described in detail in Appendices IIT and 1v. The purpose of these
tests was to correct system errors and gain experience with it in preparation
for one month deployments in the deep ocean. Test 4 was just east of San
Clemente Island (32°55.9'N., 118°18.9°W) from December 11, 1972 to January 4,
1973. The object of this test was to deploy the capsule without a line to a
surface buoy so that a valid test of the seismometer could be made. Figure 27
shows a low resolution plot of the tide filter output for the entire run.
The seismometer gimbal system failed to clamp, causing the offsets as the
capsule settled into the ooze and the gimbals occasionally moved. The
oscillations on the trend are the earth tides and the glitches toward the end
are due to tape recorder errors. This record is rather noisy at very low

frequencies, presumably lecause of the coze on which it was emplanted and

the unclamped gimbals.

Figures 28 and 29 are plots with greater resolution, showing the
noise level between .5 cycles/minute and 3 cycles/hr on the seismic filter
(PHILTRE) plots and the lower frequency TIDE signal. One point is plotted
every b4 seconds, so earthquakes will not be apparent. Figure 30 shows the
sections of the PHILTRE output plotted at 10 minutes/inch of full size plot
so that earthquakes can be seen. Each channel was sampled every 7 seconds,
so only the surface waves will be visible. The event shown is the Managua
earthquake of December 23, 1972.

Another objective of this test was to determine whether tilts

induced by ocean currents would add significant noise at the accelerometer
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output. Unfortunately, the tilt-meters did not unclamp rfor this test,

so this effect could not be determined directly. The noise level '
observed through the seismic filter is comparable to that observed
when the capsule was operated in the IGPP vault, which is on the

ocean front. Because the bottom at the deployment site was extremely

oozy (vane shear strength <.2psi), it is surprising thac the noise (
level was as low as that observed.
The fifth deployment was made approximately 240 miles southwest
of San Diego (30°40.1'N, 121°18.2'W) from March 21, 1973 tc¢ May 9, 1973.
This is 120 miles beyond the continental shelf in 2,000 fathoms of
water. The purpose of this deployment was to test the system in the
deep ocean, record long period body waves and surface waves from
distant earthquakes, record ground noise, and record the solid earth
tides. Again, the tiltmeter did not unclamp. The acoustic command
system also failed to respond on recovery, so release was accomplished
by the backup timer. However, accelerometer data was recorded.
Figure 31 is a plot of the seismic filter output showing two time i
series of background noise and two containing earthquakes. One was
a magnitude 5 in the Gulf of California at 25°50'N, 109°u0'W. (4=10°).
The second event occurred near Nicobar Island and had a surface wave
magnitude of 6.5. The trace below the Nicobar Island event is a
continuation of the above trace and shows long period energy arriving
well after the main surface wave train. Figure 32 is a plot of the
spectral density of a section of the series which has no earthquakes.

The normal microseism peak is observed between 5 and 8 seconds period.

The 14 second microseism peak is not obsturved. For comparison,
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Figure 33 (Whorf, 1972) is a plot of noise spectra at Pinon Flats,
the UCSD geophysical observatory approximately 100 miles northeast
of San Diego. The & second microseisms are equivalent to a rather
quiet day at this land site and the 14 second peai would Le below
the electronics nolse level of the ocean bottom capsule. It should
be noted that the accelerometer used in the land work was a consid-
erably improved version of the capsule accelerometer. A 20dL lower
noise preamplifier and closer capacitor plate spacing was used. It
also had considerably better thermal insulation. These modifications
were not easily incorporated into the capsule. Thus, the juestion
of the ground noise level at 20 seconds has not been resolved with
these data. However, the microseism level is not 10 to 20 db higher
than a reasonably quiet land site as reported by Bradner and Dodds
(1964). In fact the 6 second peak is comparable to that recorded
on land. Further analysis of the records will be published at a
later date.

As a result of the last two tec.,, several prohlems are
apparent. The most serlous s the acoustic command syster. The
EDO command receiver and command decoder is marginal at best. The
source level of the capsule transmit transducer is too low for
effective deep ocean search and ship's positioning, and the command
receiver is of poor design and is unreliable. Another trouble spot
has been the gimbal and tiltmeter unclamp during the deep ocean
deployrent. It behaved satisfactorily on previous ocean tests, so
we believe that problem to be of a minor nature and that the system,

although somewhat temperamental, could be made to work reliably.
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