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SECTION 1

INTRODUCTION

This report presents the results of the Lunar Penetrometer System (LPS)

Program conducted by Aeronutronic for the Langley Research Center,

National Aeronautics and Space Administration, under Contract NASI-4293.

This effort covered a period from April 1965 through March 1966. The basic

program objective was to conduct the necessary research, development, and

preliminary design required to establish the design parameters for a flight

penetrometer system. Three major areas of activity were defined in support

of the program objective. An impact research task was established to

investigate thoroughly the impact characteristics exhibited by target
materials simulating several physical models of the lunar surface. The

second task comprised the preliminary design, development, and testing of

engineering prototype omnidirectional penetrometers. The third major task

was the preliminary design and testing of a data relay link required for

Apollo application of the penetrometer system. This report presents the

design approaches followed, tradeoff studies made, and results obtained in
these activities.

i-I
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SECTION 2

SUMMARY

The Lunar Penetrometer System Program was initiated with a state-of-the-art

review of existing technology pertinent to the penetrometer system. The

results of this review were reported in Aeronutronic Report No. U-3132,

"State-of-the-Art Review, Research, Development and Preliminary Design for

the Lunar Penetrometer System Applicable to the Apollo Program," dated

i0 June 1965. New technological developments required for the penetrometer

system included a miniaturized but accurate omnidirectional accelerometer,

telemetry which was stable during high energy impact shocks up to 7000 g,

an isotropic transmitting antenna operating with good efficiency even

though drastically subscale and immersed in a magnetic soil medium, and

the low-noise recording of impact accelerations over a hard line with

negligible zero shift at velocities up to 250 ft/sec. These problems

yielded to concentrated development effort, and all major objectives of

the program were accomplished.

More than 200 impact tests were conducted with accelerometer-instrumented

spherical projectiles in an extensive parametric impact research test

effort to investigate soil penetration characteristics. Accurate impact

acceleration signatures were obtained for velocities of 20, 150, and

250 ft/sec; off-normal angles of 0, 30, and 60 degrees; ambient pressures

of i atmosphere and 10 -5 Torr; penetrometer diameters of 4, 8.5, and

12 inches; and penetrometer weights of 2.2, 4, 5, and 8 pounds. The

crushing effects of balsa impact limiters of 7 and ii ib/ft 3 density were

also investigated. Including among ten target materials were very low

bearing strength flocculent cabosil (0.8 psi penetration resistance at a

depth of 18 inches), basalt silt, a variety of alluvial and ground basalt

sands, cellular foam cobbles and pebbles, and a rigid steel plate. Results

are summarized in Section 4 of this report.

2-1



A LEM landing simulator facility was constructed to investigate the surface

penetrating characteristics of the LEM landing gear under simulated lunar

landing conditions. Landing simulations with a single landing gear strut

and pad were conducted at a surface impact velocity of i0 ft/sec and under

mass inertial loadings of 4000, 8000, and 16,000 pounds. Three sand

materials and a cellular foam were employed as target materials. It is

significant to note that the depth of LEM pad penetration increased rapidly

as the surface bearing strength was decreased below 20 psi (see Figure 4-67).

Several promising data correlation methods were developed. Good correlation

of the penetrometer data was achieved with an analytical model which permits

the direct derivation of surface density and static bearing strength. Tests

with the more dense penetrometers also showed excellent correlation between

surface static bearing strength and penetrometer depth of penetration

(second integration of the acceleration versus time trace). The LEM land-

ing data showed reasonable agreement with the analytical model for com-

pacted and cohesive materials but indicated the need for a "jack hammer"

correction factor to account for the increased penetration into loose

particulate materials caused by strut vibration.

The development of the omnidirectional telemetering penetrometer assembly

is summarized in Section 5 of this report. A substantial portion of the

effort was devoted to the development of impact-%nsensitive electronics,

especially in the transmitter oscillator module. Prototype transmitters

demonstrated a frequency shift of only one part in 104 under extreme

impact conditions (200 ft/sec against a rigid steel plate), which is well

below the data distortion threshold. Prototype omnidirectional acceler-

ometers demonstrated less than !7 percent isotropic deviation from a

linear calibration characteristic. Three complete prototype penetrometers

were assembled and tested. The spherical assemblies were 8.5 inches in

diameter d_id weighed approximately 4.7 pounds. The fLrst prototyp_

penetrometer had a faulty battery and was only partially successful.

Prototypes No. 2 and 3 were completely functional, demonstrating good

dynamic response and a high degree of ruggedness. Field impact tests

demonstrated the expected characteristic impact signatures and demonstrated

excellent isotropic reproducibility.

An engineering model of the data relay subsystem required for the Apollo

Lunar Survey Probe mission was assembled and functionally tested. A

simulation test was successfully conducted of the complete communications

link from multiple impacting penetrometers to the data relay to receiving

equipment aboard the Apollo CSM. The data relay equipment and associated

communication analyses are described in Section 6, while the communication

link systems tests results are summarized in Section 7.

A reliability program was conducted in support of the penetrometer system

design. Unqualified components were subjected to impact evaluation tests,

including measurement of transients during impact in addition to impact

2-2
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survival. The reliability analyses and predictions for the major portions

of the lunar penetrometer system are summarized in Section 8 of this report.

A preliminary design was completed of a flight model lunar penetrometer

system compatible with the proposed Apollo Lunar Survey Probe mission.

Performance specifications were prepared for all subassemblies of this

flight design. These are contained in a comprehensive Program Plan, which

is presented under separate cover as Aeronutronic Publication No. U-3557.

(i) Development of the first workable omnidirectional

accelerometer.

(2) Development of omnidirectional impact-insensitive

telemetry.

(3) Accumulation of a comprehensive file of accurate

impact signatures characteristic of a wide range

of material properties.

(4) Simulation of LEM lunar landings.

(5) Demonstration of working prototype penetrometers

with repeatable, accurate output signals and

good isotropic characteristics.

(6) Demonstration of a complete communications link

from multiple penetrometers through a data relay

to the Apollo CSM.

From the overall program results it is concluded that the lunar penetrometer

system constitutes a promising means for measuring lunar surface character-

istics with a high degree of accuracy and for certifying the lunar surface

to be adequately strong for the first Apollo landing on the moon.

2-3
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SECTION 3

SYSTEM DESCRIPTION

3.1 MISSION DEFINITION

The lunar penetrometer system has been designed to make direct measurements

of the lunar surface characteristics to fulfill the objectives of:

(i) Certifying a safe landing site for the Apollo

Lunar Excursion Module (LEM).

(2) Extending man's fundamental knowledge of the
moon.

The site certification mission defined during the course of the Lunar

Penetrometer Program is illustrated in Figure 3,1. This mission features

the use of Apollo spacecraft orbiting the moon for reconnaissance purposes

prior to the first Apollo mission to land a LEM on the moon. The LEM

assembly carried on this mission does not carry landing gear and is not

intended for lunar descent. Eight Lunar Survey Probe (LSP) packages are

mounted on four sides of the LEM descent stage. During the orbital recon-

naissance mission, the probes are selectively launched to place site

certification payloads onto potential LEM landing sites.

As illustrated in Figure 3-1, two retro firings bring the LSP package out

of orbit to a nominally zero velocity relative to the lunar surface at an

altitude of between 943 and 3770 feet. The payload deployed at this point

includes a camera-carrying survivable capsule and the lunar penetrometer

system. The penetrometers and the survivable capsule are deployed simul-

taneously so that the relative landing positions of the survivable capsule

and the penetrometers are not influenced by any residual lateral velocity

3-1
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of the probe package. The penetrometers impact the lunar surface at a

vertical velocity of between i00 to 200 ft/sec and a horizontal velocity

of less than 30 ft/sec. In order to impact within the high-resolution

viewing range of the camera and the survivable capsule, the penetrometers

are to impact the surface at a nominal distance of from 200 to 500 feet

from the landed survivable capsule, with the specific target distance to

be selected at a later date when the camera design becomes firm.

certification mission are surmnarized in Table 3.1. The system is required

to deploy eight spherical penetrometers of nominally 8.5 inches diameter.

The penetrometers are to be capable of transmitting acceleration versus

time signatures upon impact on surfaces ranging from very high bearing

strengths (e.g., rock) down to appreciably less than the 12 psi LEM bearing

strength requirement. It is a design objective to keep all sensing and

transmitting errors in the signal from the penetrometer to less than i0

percent, independent of the direction of impact of the penetrometer spheres

on the surface.

The data relay portion of the lunar penetrometer system hovers above the

surface and is required to receive signals from the eight impacting pene-

trometers, including a worst-case condition when all eight penetrometers

impact simultaneously, and to amplify the signals and transmit them to

receiving and recording equipment aboard the orbiting Apollo CSM spacecraft.

(In addition to the previously mentioned LEM assembly, the spacecraft in-

cludes a combined command module and service module, designated the CSM.)

The maximum communication ranges required of the lunar penetrometer system

are 2 nm from the impacting penetrometer to the data relay and i00 nm from

the data relay to the orbiting CSM. There must be sufficient power margins

in the penetrometer signal to overcome signal attenuation as the penetro-

meter buries itself into the surface.

To be compatible with the LSP package, the entire lunar penetrometer sys-

tem was targeted to be contained within a cylindrical volume 26 inches in

diameter by 15.3 inches high. This requirement is expected to be modified

as the LSP vehicle becomes better defined. It is a firm design objective

that the total weight for the lunar penetrometer system assembly not exceed

i00 pounds.

3.2 SYSTEM FUNCTIONAL DESCRIPTION

Figure 3-2 illustrates in block diagram form the overall lunar penetrometer

system, consisting of the Penetrometer, Data Relay, and CSM Receiving sub-

systems. The Penetrometer subsystems perform the function of measuring

the dynamic acceleration versus time signature generated upon impact with

the lunar surface and telemetering this signature to the hovering Data

Relay. The Data Relay receives the signals from each of the eight pene-

trometers, demodulates the signals, and multiplexes the data using eight

3-3



TABLE3. I

LUNARPENETROMETERDESIGNREQUIREMENTS

Penetrometers

Number

Diameter (Nominal)

Impact Velocity, Vertical
Lateral

Lunar Surface, Density (p)
Bearing Strength (_)

Sensing and Transmitter Error

8

8.5 in.

I00 to 200 ft/sec
0 to 30 ft/sec

I0 to _ ib/ft 3
< 12 to _ib/in. 2

!lO percent

Data Relay

Range, from Penetrometer
from Apollo CSM

2 nm
i00 nm

Total Assembly
Diameter

Height
Weight

26 in.

15.3 in.

i00 ib

3-4
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constant bandwidth subcarriers for transmission to the orbiting CSM.

functions of each of the three major subsystems are described in the

succeeding paragraphs.

The

3.2.1 PENETROMETER SUBSYSTEM

Each of the eight penetrometers contains complete sensing, signal condi-

tioning, and telemetering capabilities to transmit the measured impact

data to the hovering\Data Relay. Each penetrometer subsystem contains

an omnidirectional accelerometer, signal-processing electronics, a trans-

mitter, a near isotropic transmitting antenna, a battery power supply,

and a power regulator/timer. These functional subassemblies are mounted

in a metallic sphere surrounded by a spherical layer of balsa wood which

performs the functions of absorbing excess energy during impact upon

rigid surfaces and increasing measurement accuracy by lowering the density

of the penetrometer subsystem during impact on soft surfaces.

a. Acceleration Sensing. The omnidirectional accelerometer is

designed to sense impact accelerations in the range of 50 to 7000 earth g,

regardless of penetrometer orientation at impact. The design objective

of the complete penetrometer subsystem is to measure and transmit the

dynamic impact acceleration with an error of less than i0 percent.

b. Signal-Processing Electronics. The signal-processing electronics

receive the impact acceleration signature from the accelerometer, condi-

tion the signal in accordance with a predetermined transfer function, and

amplitude-modulate a subcarrier with the conditioned signal. The transfer

function provided by the signal electronics is a two-step linear function

designed to place maximum accuracy in the lower portion of the accelera-

tion range.

c. Transmitter. The AM subcarrier from the signal-processing elec-

tronics frequency-modulates a nominal 432-450 MHz transmitted carrier;

the individual carrier frequencies of the eight penetrometers are spaced

at 3 MHz intervals over this band. The solid-state transmitter delivers

a nominal 0.5 watt carrier power to the antenna subassembly.

d. Antenna. The antenna subassembly, consisting of two slow-wave

loops fed in quadratUre via a hybrid network, provides near-isotropic

radiation patterns with all possible states of polarization. The struc-

tural design details of the antenna, as with the other penetrometer

subassemblies, are included in Aeronutronic Publication U-3557.

3-7



e. Battery Power Supply. The battery power supply provides a mini-

mum 22-volt unregulated output over the mission life-time of the penetro-

meter subsystem (from LSP deployment until lunar impact). The battery

power supply consists of a string of rechargable cells maintained at their

nominal charge capacity by the LSP power supply until penetrometer sub-

system deployment.

f. Power Resulator/Timer. The power regulator/timer subassembly per-

forms two functions. The power regulator provides a regulated +17 volts

and -3.3 volts power supply to the using subassemblies throughout the

penetrometer subsystem mission lifetime. The timer subassembly switches

the penetrometer subsystem to internal power for a fixed, preset interval

of time upon deployment from the LSP.

3.2.2 DATA RELAY SUBSYSTEM

The Data Relay is an integral portion of the Lunar Survey Probe vehicle

which is designated to the lunar penetrometer system. It consists of:

(i) The necessary structure to contain and deploy

the penetrometers;

(2) The necessary receiving equipment .to receive

the UHF rf signals radiated by the penetrometers;

(3) The equipment to retransmit the combined data

at a specific VHF rf frequency for reception

by the orbiting CSM; and

(4) A self-contained source of electrical power.

a. Data Reception. Two polarization diverse receiving antennas are

utilized because the penetrometers are not attitude stabilized and, there-

fore, can furnish radiated signals with various polarization states.

Signals from the two receiving antennas are fed to rf amplifiers and then

to two power dividers. The power dividers allow a total of eight receivers

to be used with either antenna. At the input to each FM receiver is an rf

switch to automatically switch to the unused antenna at any time the

received signal drops below a preset threshold value. Each of the eight

receivers is tuned to receive the transmission from one of the specific

eight penetrometers.

The FM receivers, operating in the 432-453 MHz range, each contain wide-

band discriminators. Output signals from the eight receivers go to 40 KHz

AM demodulators, which produce analog output signals corresponding to the

accelerations measured by the penetrometer.

3-8
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The overall receiving system noise figure is less than 6 db. VHF signal

rejection is provided in the receiving transmission line to minimize effects

of the high power emanating from the relay transmitting antenna. Mission

geometry relative to Data Relay receiving antenna aspect angle coverage

requirements is currently undefined; consequently, antenna coverage details

remain unspecified until probe vehicle configuration and deployment pro-
files receive definition.

b. Data Transmission. The Data Relay is required to transmit the

U_U_L--LLL_

ing CSM. The relay radio llnk employs an FM/FM VHF transmission system

with a nominal 40-watt FM transmitter output power operating at an rf fre-

quency in the 225-260 MHz band An eight-channel constant bandwidth sub-

carrier modulation will be applied to the rf carrier. The individual

penetrometer measured acceleration data (i.e., output of the data acquisi-

tion section) frequency modulate the eight subcarrier channels. The block

diagram of Figure 3-2 shows the conventional VHF data transmission func-

tional elements. Transmitting antenna aspect angle coverage requirements

remain unspecified for reasons explained in the preceding paragraph.

3.2.3 CSM RECEIVING SUBSYSTEM

a. Data Reception. A detailed description of the Block II CSM

operational communication system is given in Appendix F. As shown in

Figure 3-2, the CSM contains two service-module mounted VHF scimitar

antennas. Selection between the two antennas is manually controlled by

the CSM crew using a remotely controlled coax switch. The selected antenna

is connected through this switch to a three-part VHF multiplexer. Two of

the ports, 296.8 MHz and 259.7 MHz, are required for operational CSM voice

communications. A third port with an assigned frequency of 228.2 MHz is

reserved for scientific and R&D purposes. It is likely that this frequency

would be used for the Data Relay--CSM transmission link.

Those additional equipments required for reception and processing of the

Data Relay transmitted signals are indicated by the dashed lines in

Figure 3-2. The FM receiver contains a wideband carrier discriminator.

The discriminator output is fed to the wide band analog tape recorder.

b. Data Processin_ and Storage. The existing CSM recorder does not

have the capability for recording of the eight data subcarriers; con-

sequently, a separate recorder is required for this purpose. This recorder

must also have a playback capability for subsequent retransmission of the

penetrometer data to earth via the CSM-Manned Space Flight Network S-band
transmission system.

3-9



3.3 SYSTEM PRELIMINARY DESIGN

3.3.1 PENETROMETER

A preliminary design of the omnidirectional impact sensing lunar penetrom-

eter is presented in Figure 3-3. The design locates the omnidirectional

accelerometer at the center of the 3-1/2 inch diameter payload assembly.

Beneath this is the power supply, voltage regulator, and electronic initia-

tion switch; above are the signal-processing electronics and transmitter.

The antenna consists of two orthogonal great circle loops located in the

equatorial and polar planes. They are spaced 1/2 inch from the inner

sphere by means of polypropylene plastic spacers. The transmitter output

is inductively coupled to the antenna elements by an orthogonal pair of

metal feed loops which extend through the equatorial region of the afore-

mentioned s_acer. The entire assembly is protected from failure due to

impact upon rigid surfaces by the presence of a spherical balsa wood impact

limiter extending to a diameter of 8.5 inches.

The central structural housing is fabricated of aluminum in three pieces.

The center section forms the backbone of the structure and is provided

with a web upon which the accelerometer is mounted and the electronic

modules are assembled. The lower structure is retained by a peripheral

equatorial coupling nut to allow replacement of the critical power supply

section following assembly, checkout, and potting. The upper structure

is threaded directly into position with no provision for removal, since

this portion of the electronics is considered to be not amenable to repair.

All critical circuit electronic components are bonded to rigid surfaces,

but are not allowed to be fully potted. This minimizes the loads, conse-

quently minimizing deformations imposed upon them at impact, and thereby

reduces the frequency shifts to a minimum. As an additional aid to the

minimization of frequency shift, the extremely critical oscillator area is

provided with a thin outer wall (to bridge externally imposed loads) and

a thick inner wall (supporting only its own weight). This minimizes the

deflection of the latter which severely affects circuit tuning.

All voids between the electronic modules and the primary spherical struc-

ture are fully potted to provide distributed, uniform load paths regard-

less of the direction of impact. An exception is the accelerometer mounted

in the center structure, which is provided with a slight void about its

pressure-sensitive case to minimize the coupling of any sonic resonances

which may be excited upon impact.

Access to two eight-pin electrical connectors located in the equatorial

plane of the structure is provided by two I/2-inch-diameter holes through
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the limiter. The purpose of these connectors is twofold. One is used for

electrical checkout and calibration; its acce,_s hole will be filled with a

plug of balsa limiter material prior to flight. The other plug is for

charge of the battery power supply and for power turn-on via an electronic

switch prior to launch. Access to this plug is provided throughout trans-

lunar flight by a removable probe connected to the Data Relay System power

and sequencing assembly.

3.3.2 DATA RELAY

A preliminary layout of the Data Relay System is presented in Figures 3-4

and 3-5. The configuration shown packages the data relay elentronics and

eight 8-1/2-inch-diameter penetrometers with ejection mechanisms into an

envelope 26 inches in diameter and 13.8 inches high. Figure 3-6 gives an

expanded view of the electronics packaging.

The primary structural element of the assembly is a central octagonal

parallel piped tube approximately 9 inches across. This tube forms the

structural housing for the data relay electronics subassembly. The latter

is built up from separate electronic modules _ilich are then mounted into

position on properly damped aluminum honeycomb shelves provided with appro-

priate spacers. The entire subassembly will thus be wired and checked out

as a separate, readily accessible unit and then installed into position

within the primary structure.

The transmitting and receiving antennas consist of identical element arrays

differing only with respect to their length and operational frequency.

Each array consists of four identical telescoping elements; these are

positioned one above the other at two locations 90 degrees apart. Each

antenna system provides full hemispherical coverage.

The eight penetrometers are positioned around the periphery of the struc-

ture in a staggered array. This approach maintains the payload diameter

within the specifiied 26-inch-diameter envelope restriction. Each layer

of four penetrometer balls (spaced 90 degrees apart) is provided with four

"cupped" brackets mounted between adjacent spheres; these act to provide

axial support during thrust. Lateral support and retention is provided by

two straps extending peripherally around each set of four balls. Each

strap is provided with two bolt cutters and appropriate fittings 180 de-

grees apart to allow for redundant release and deployment of the omni-

directional impact-sensing penetrometers.

The energy required for ejection is provided by springs located directly

behind each penetrometer sphere. These spring packs are installed into

the octagonal structure following installation of the electronics assembly.

Coincident with the location of these ejection springs an electrical probe

is provided from within the electronics assembly. This probe mates with

the penetrometer during flight via the previously mentioned limiter access

hole and allows for a trickle battery charge plus power turn-on prior to

launch.
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SECTION 4

IMPACT RESEARCH PROGRAM

4. i. INTRODUCTION

The impact research program conducted a parametric study of low velocity

impact phenomena resulting from the impingement of accelerometer-equipped

penetrometers on target materials carefully chosen to represent a broad

range of physical characteristics. These phenomena were studied by testing

a series of accelerometer-equipped spherical penetrometers having varied

diameter, mass, and density characteristics delivered at velocities of

from 20 to 250 fps into target materials representing lunar surface models,

and spanning the range of engineering requirements set up for LEM landing

specifications. Tests were conducted under atmosperic and vacuum environ-

ments to evaluate the effect of vacuum on soil characteristics.

The LEM test program complemented the impact research tests in evaluating

several of the target materials. The LEM test facility simulated the LEM

mass and landing gear configuration, including the landing pad and crush-

able honeycomb strut. Data were obtained for depth of penetration into

the target materials under simulated LEM lunar landing conditions. These

data were then compared with the impact research test data for the same

target materials in order to correlate penetration depths with the acceler-

ation-time curves obtained with the penetrometers.

4-1

!



The impact research and LEM'pad testing programs have successfully demon-

strated that:

(a) Acceleration-time signatures are unique to the

specific materials tested

(b) From the acceleration-time signatures, approxi-

mations of the density and bearing strength of

these specific materials can be ascertained and

the depths of penetration of a penetrometer

predicted

(c) Knowledge of these material characteristics can,

in turn, be utilized to predict the depths to

which a LEM pad will penetrate regardless of

landing geometry.

4.2 TARGET MATERIALS

The target materials utilized for impact research testing were defined by

mutual agreement between LRC and Aeronutronic. The group of i0 materials

is listed and their physical characteristics described in Table 4.1. These

materials were specifically selected to represent:

(i) Effective geological models of lunar surface

materials, as follows:

Model

Suspended dust

Noncohesive partic-

ulate material

Cohesive froths

Simulatin_ Material

Loosely packed Cab-O-Sil

Porous mixtures of cobble

to dust-sized particles

Brittle organic foam

(2) A range of solid mechanics properties defined by

engineering limits to the LEM landing capability

that encompasses a rigid model with infinite

bearing strength of 0.8 psi at 18 inches.
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(3) Materials capable of being prepared in dense

and loose packing states as follows:

Bearing

Packing Density Strength

Material State (ib/ft _) i(psi)

Nevada 120-1 sand Dense" 94 108

Nevada 120-2 sand Loose 87.6 26

Cab-O-Sil No. i Dense 5.2 2.5

powder

Cab-O-Sil No. 2 Loose 4.7 0.8

powder

(4) A foam material that simulates both a low density,

cohesive, vacuum-welded particulate material, and

a cellular rock froth.

(5) A cobble-pebble mixture that investigates the

signature of a surface having individual particles

corresponding to the dimensions of the penetrometer.

(6) Particulate materials, composed of well rounded

grains and very angular grains; as follows:

Grain Angle of Repose

Material Roundness (de_rees)

Basalt sand Very angular

Nevada No. 60 sand Well rounded

Nevada No. 120 sand Well rounded

Basalt silt Very angular

46

36

36

51

The grain size distribution of the particulate target materials is denoted

on Figure 4-1. The cobble-pebble mixture is skewed to the coarse end of

the size spectrum, the crushed basalt materials are skewed to the fine end,

the natural dune sands are fairly uniform in distribution, and Cab-O-Sil

is essentially unidimensional. In the case of Cab-O-Sil, flocculation

into ring-shaped clusters of particles caused by humidity and electrostatic

effects creates the high degree of porosity (_ 97 percent) necessary to

achieve the low bearing strength (0.8 psi at a depth of 18 inches) exhibited

by this material in the fluffed form. Figure 4-2 portrays the shape and

size distribution of the individual grains comprising the particulate

target materials. The rigid, agglomerate, and foam materials are depicted

in Figure 4-3.

The Nevada No. 60 and No. 120 sands are naturally occurring pure quartz dune

sands from southern Nevada. They were obtained from the Brumley-Donaldson

Company, Los Angeles; dealers in glass and foundry sands. The olivine basalt

was collected by Aeronutronic personnel from the Pisgah Crater lava flow and
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a .  BASALT SAND 

loop - 

c .  NEVADA NO. 120 SAND 

b .  NEVADA NO. 60 SAND 

d .  BASALT SILT 
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FIGURE 4 - 2 .  PHOTOMICROGRAPHS OF PARTICULATE TARGET MATERIALS 
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crushed and sized by the L. A. Chemical Company, Los Angeles. The Cab-O-

Sil and urethane foam materials were obtained directly from the respective
manufacturers.

Pisgah Crater olivine basalt is a remarkably homogeneous material. Primary

voids occupy from i0 to 25 percent of-the volume of surface samples. The

flow is relatively recent and that factor coupled to the desert climate has

completely retarded weathering so that all of the material collected is

unaltered. The vesicles are almost wholly unfilled; those that are open

to the atmosphere are limonite stained, the remainder unstained and open.

One of the basic reasons this type of material was selected lay with the

preponderant microcrystalline ground mass making up over 80 percent of the

rock. The approximate mineralogical composition of the rock, including
phenocrysts, is as follows:

Mineral

Max Crystal Dimensions

Groundmass Phenocrysts

(mm 
Approx Amount Present

(percent)

Plagioclase 0.2 1.5 40

Pyroxene 0.2 1.0 40

Olivine 0.2 2.0 15

Magnetite 0.05 None 5

The plagiosclase minerals are lath-like but, when crushed to less than

200_material, the amount of persistent laths are considerably reduced

from 40 percent. The remaining minerals have essentially equidimensional
crystal geometries both in free and fractured form

4.2.1 CONDITIONING TECHNIQUES, ATMOSPHERIC

Because of the parametric nature of the impact research program, it was

necessary to insure repeatable target characteristics from test to test.

Materials No. i, 2 and i0 of Table 4.1 posed no problems of repeatability

and required no special handling or conditioning techniques. However, the

particulate materials (No. 3 through No. 9) did require development of

special conditioning techniques to obtain repeatable bearing strengths and
densities from test to test.

a. Loosely Packed. To obtain a loosely packed (sometimes referred

to as fluffed) condition, several techniques were applied to the full scale
containers (42-inch diameter by 4 feet high) of test materials.

(i) Tumbling and Rolling. Tumbling and rolling of these large con-

tainers (Figure 4-4) resulted in nonuniform samples with bearing strengths

varying by as much as a factor of 2 at different positions in each sample.

This condition was deemed unacceptable.
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(2) Uniform Pour. As a result of the failure in mechanical rolling

to provide a uniform sample, a new technique was devised which was called

the Uniform Pour conditioning method. This consisted of pouring the

material from one container to another through a hopper and hose assembly.

The material was uniformly poured layer on layer with a minimum of drop

height. It was effective in producing a uniform sample, but presented a

time consuming, formidable handling task.

(3) Aeration. In the aeration technique, pressurized gaseous nitro-

gen was blown through the test material from jets in the bottom on the con-

tainer. Aeration experiments with two early devices were failures. Vent-

ing of the gas through small jets produced a mixing effect limited to _..

few localized areas. Langley Research Center had been successful in utiliz-
ing the aeration method on smaller scale samples and discussions were held

with Langley to determine paths of action to improve our technique. Several

major suggestions were received.

(a) Increase gas flow through larger distribution

system

(b) Increase orifice size and number of orifices

(c) Provide a full sheet of felt over the orifices

sealed around the edges to act as a diffuser.

These suggestions were incorporated in a new aeration manifold, shown in

Figure 4-5.

After an initial failure, which was corrected with improved sealing, it

was used successfully throughout the impact research program for the pre-

paration of all particulate materials.

The complete aeration system, shown in Figure 4-6 consists of the distri-

bution manifold plate at the bottom of the target material container, a

filter on the top of the container, and a pressure regulated nitrogen

supply. The distribution manifold contains i/8-inch orifices spaced 4

inches apart and covered by a 1/16-inch felt pad which acts as a diffuser

and prevents clogging of the orifices. Commercial fiberglass furnace

filters are utilized to prevent dust from blowing out of the containers.

The aeration process is controlled by adjustment of the nitrogen pressure

regulators and the time duration of aeration. Each material required a

slightly different process for optimum results. Those processes are speci-

fied below:

(a) Nevada No. 60 Sand. Aerate material at 400 psig

for one minute. Wait 15 minutes for the material

to settle before performing tests.
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(b) Basalt Sand. Aerate at 400 psig for 15 seconds.

Lower pressure to 200 psig and hold for 15 seconds,

then lower pressure to 40 psig and maintain for

4.5 minutes. Shut off the gas supply and walt 15

minutes before performing tests.

(c) Nevada 120 No. 2 Sand. Same as Nevada 60.

(d) Basalt Silt. Aerate at 60 psl E fnr 5 minutes.

Wait 15 minutes before performing tests.

(e) Cab-O-Sil No. 2 Powder. Use low pressure aera-

tion (2 to 5 psig) while stirring until the

depth of the material increases about 20 per-
cent. Wait 20 minutes for the material to

settle under its own weight before performing
tests.

b. Densely Packed. To obtain densely packed conditions (compacted),

several techniques of compressing the test materials were investigated.

Attempts to compact material with a weighted lid proved cumbersome with

negligible results. An alternate method of compression by vacuum pumping

from within the container was also tried. This resulted in a slight increase

of density. Experiments with combinations and variations of the above two

techniques also failed. Ultimately, good results were obtained by use of a

commercial vibrator of a type used to settle concrete: the Viber Company

Model 31 vibrator equipped with a 3-foot stiff shaft and a 3-inch diameter

head. Subsequent experiments with variation of operation time and location

of the vibrating probe were made to determine an optimum procedure for each
material.

The following processes were developed for preparing compacted target

materials of repeatable bearing strength and density:

(i) Nevada 120 No. 1 Sand. Aerate with nitrogen gas

at 400 psig for one minute. Then, compact the

material by pushing the vibrator from the target

surface to the bottom and back up, all in about
15 seconds. Execute four such vibrations at each

corner of a square pattern, the vertices of which

lie about eight inches from the container wall.

(2) Cab-O-Sil No. 1 Powder. Apply persistent vibration

until its volume stops decreasing. Start the vi-

brator at the bottom of the container moving it

in circular and criss-cross patterns while slowly

withdrawing it out of the material.
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4.2.2 BEARING STRENGTH TESTS, ATMOSPHERIC

Data obtained from bearing strength probe tests were used to verify the

uniformity and repeatability of the prepared target samples. All target

materials except the rigid material and the pebble-cobble mixture were

subjected to bearing strength tests. The test device (see Figure 4-7)

measured the target material resisting force against various diameter

spheres and discs adapted to a motorized probe. The probe penetrated

test materials at a constant velocity of 0.5 inch per second to a maxi-

mum depth of two feet. The loads were measured by strain gages and the

displacement by a potentiometer. The strain gage and potentiometer signals
were recorded on an X-Y plotter resulting in a load versus deflection curve.

The tester utilizes a ball-bearing screw driven from a 1/4 horsepower, 60

rpm gear-head motor. It is portable, can be readily attached to any of

the target material containers, can be operated remotely, and will function

in a vacuum environment. The latter factor was significant in evaluating

the effects of vacuum on target materials.

a. Test Procedures. After experimental conditioning techniques with

the new aerator proved successful, a series of bearing strength tests in

each of the particulate materials were conducted to determine the statisti-

cal repeatability of the conditioning technique and to discover the effects

of the probe geometry on the data. The procedures were as follows:

(i) Prepare the specimen target material in accordance

with Paragraph 4.2.1.

(2) Make probe penetration tests 90 degrees apart

around the material container to show uniformity

and repeatability of the sample. Precede each

penetration test with the specified conditioning

process.

(3) Perform a probe-shape effects test to compare pene-

tration resistance of the 2-1/2 inch diameter

sphere, 4-inch diameter spheres, and 4-inch
diameter disc.

(4) Establish average and standard deviation curves of

penetration resistance versus depth for each of the parti-

culate target materials. (When conducting impact

research tests, penetration resistance tests of the

target material before and after a series of impacts

must yield data within the standard deviation bounds

previously established.)
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FIGURE 4 - 7 .  TARGET MATERIAL BEARING STRENGTH TESTER 
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b. Test Results.

(i) Nevada No. 60 Sand. Seven penetration resistance tests were con-

ducted to obtain the average curve of Figure 4-8. Figure 4-9 illustrates

the data from three probe geometries in terms of bearing pressure for the

three probes. Table 4.2 tabulates the probe effects data for three depths

of penetration.

TABLE 4.2

PROBE SHAPE EFFECTS, NEVADA 60 SAND

Depth of Penetration (inches_ 6 12 18

Bearing strength, 2.5 in. sphere (psi) 14.6 26.0 32.0

Bearing strength, 4 in. sphere (psi) 15.6 32.6 46.8

Bearing strength, 4 in. flat (psi) 18.2 34.8 47.6

(2) Basalt Sand. Soil bearing strength tests were performed on

olivine basalt sand, 35/200 mesh. Nine probe tests to determine repeat-

ability were made. See Figure 4-10 for derived average and standard devia-

tion curves. Nine other probe tests were made, four with a 4-inch sphere

and five with a 4-inch diameter disc. The tests were made to investigate

probe shape effects on basalt sand. See Figure 4-11 for resultant curves.

(3) Nevada 120 No. 2 (Sand). Nevada No. 120 sand was tested extensive-

ly in its aerated state. The average curve and standard deviation were

constructed. During a rain storm, the Nevada No. 120 sand became damp and

was later baked to eliminate the moisture. Subsequent tests showed that

the bearing strength had increased and a new average curve was determined

as shown in Figure 4-12. All impact tests were conducted in this later

material.

Probe shape effects tests are shown in Figure 4-13. The results are also
shown below in Table 4.3.

TABLE 4.3

PROBE SHAPE EFFECTS, NEVADA NO. 120-2 SAND

Depth of Penetration (inches> 6 12 18

Bearing strength, 2.5 in. sphere (psi) 8.9 19.0 25.2

Bearing strength, 4 in. sphere (psi) 10.3 23.3 34.6

Bearing strength, 4 in. flat (psi) 15.8 29.1 40.0

(4) Basalt Silt. The olivine basalt 325 mesh produced very uniform

and repeatable samples. The average curve and one-sigma deviation curves

are shown in Figure 4-14. At a 6-inch penetration, the average bearing

pressure was 3.1 psi with a standard deviation of 0.24 psi.
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MATERIAL: NEVADA SAND, 60 MESH

BULK DENSITY: 97.1LBS/FT j

PROBE SIZE: 2 i/2 INCH DIAMETER SPHERE
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FIGURE 4-8. BEARING STRENGTH TESTS OF NEVADA 60 SAND
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MATERIAL: NEVADA SAND (SILICA) 120 MESH

NOTE: THIS MATERIAL WAS EXPOSED TO RAIN AND ,

SUBSEQUENTLY BAKED AT 250°F FOR 24 HOURS
200 _

BULK DENSITY: 87.5 LBS/FT 3

PROBE: 2 1/2 INCH SPHERE

PROBE LOCATION: 8 INCHES FROM WALL OF CONTAINER

PROBE SPEED: 0.5 IN/SEC

NUMBER OF PROBES: 7
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Probe shape effects are shown in Figure 4-15. Table 4.4 makes a comparison

of bearing pressure at various depths.

TABLE 4.4

PROBE SHAPE EFFECTS, BASALT SILT

Penetration (inches) 6 12 18

Bearing strength, 2.5 in. probe (psi) 3.1 7.64 12.6

Bearing strength, 4 in. probe (psi) 2.28 6.31 12.5

Bearing strength, 4 in. flat probe (psi) 2.40 7.88 14.7

(5) Cab-O-Sil No. 2 Powder. Probe tests were made in aerated Cab-O-

Sil. The results are illustrated in the average and probe shape effects

curves of Figures 4-16 and 4-17. Note that a 4-inch rather than a 2-1/2-

inch probe was used in obtaining the standard bearing strength curve for

loose Cab-O-Sil. This was necessitated because the very low strength of the

material resulted in the 2-1/2-inch probe yielding a signal too low for

adequate resolution.

(6) Nevada 120 No. 1 Sand. Densely packed Nevada 120 sand was pre-

pared in the fashion indicated previously in Paragraph 4.2.1 b.(1). Results

of the bearing test probes are shown in Figure 4-18.

(7) Cab-O-Sil No. i Powder. Compacted Cab-O-Sil samples were subjec-

ted to bearing strength tests. The results are illustrated in Figure 4-19.

(8) Urethane Foam. No special material preparations were performed

on the foam except for cutting the bulk material into 42-inch diameter by

10-inch thick discs to fit existing test containers. Bearing strength

tests were made in the target material after each impact test. These data

are included in a separate document along with the impact research data.

4.2.3 BEARING STRENGTH TESTS, VACUUM

In the early work with vacuum conditioning of Cab-O-Sil, several important

characteristics were observed. The air and vapor in the material would

produce a boiling, bubbling action on the powdered material. With rapid

pump down, a substantial amount of material would erupt from the container

into the vacuum chamber. This problem was previously handled by heating

the material to remove volatiles and maintaining a very slow or intermittent

pumping rate to prevent rapid boiling and eruption. The process required

several work shifts with constant vigilance but could be accomplished.

Improved methods to reduce pump down time were investigated. One important

step was to limit exposure of the material to atmosphere and maintain it

primarily in vacuum environment. Another step was to place a felt filter
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on the container to prevent eruption of material into the chamber. This
allowed rapid pump down of the material without eruption into the chamber.

After an initial period with internal eruptions occurring, the material

settled down to where all boiling ceased and was stable. This procedure

was developed to where Cab-O-Sil could be vacuum conditioned in five to

six hours at the maximum pumping rate of the facility. Chamber pressures
of 2 x 10 -5 Torr were obtained and pressures within the material of less

than 700 microns were achieved. The above pumping time was further re-

duced by first rough pumping the chamber and then allowing an overnight

soak.

Bearing strength tests were performed to demonstrate the uniformity and

repeatability of this process. Uniformity within the container was demon-

strated by mounting the bearing tester on a traverse and probing in three

locations across the barrel. Figure 4-20 illustrates uniformity of the

material while Figure 4-21 indicates the repeatability of the material for
three tests.

Larger diameter probes were adapted to the bearing tester and additional

bearing tests under vacuum in Cab-O-Sil were made. The recorded results,

as shown in Figure 4-22, exhibited a wide range of probe shape effects.

Figure 4-23 compares bearing strengths obtained in vacuum with those of the

atmospheric cases.

Vacuum probe tests were performed also in Nevada 120-2 samples. This was

done before and after dynamic impact tests. Comparative results are shown

in Figure 4-24 with associated atmospheric bearing strength tests.

The material exploded during the vacuum impact test on urethane foam, which

is of a cellular nature. Therefore, no vacuum bearing strength tests in

this target material were attempted.
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4.3 IMPACT TESTING

4.3.1 TEST OBJECTIVES AND DESCRIPTION

The impact research testing program was based upon testing a range of

target materials in relation to a parametric study matrix. This matrix is

illustrated by Figure 4-25. The test variables were considerable in

number and could permutate into a very large number of test matrix points.

As a result the v_r_hle_ were con_idcred in o_d=L uf effectiveness to the

overall objectives and a modified test matrix was formulated during the

conduct of the program which provided broad information but remained

within the limits of the contract scope.

The basic test variables were combined to provide the parameters for the

test matrix data points. Projectile configuration was an important

consideration. The ultimate size of the penetrometer was not established;

therefore, 6 projectiles were chosen encompassing three masses and 3

diameters. The nominal design goal of the penetrometer was an 8.5-inch

diameter sphere weighing five pounds. Diameters of 4- and 12-inch, and

weights of 2.2 and 8.0 pounds were selected as extreme values to encompass

possible diameters and weights. Ten target materials were selected to

encompass a range of bearing strength and physical characteristics.

Trajectory considerations of velocity and angle were incorporated into

the matrix; also, environmental conditions of atmosphere and vacuum were
included.

The resultant impact matrix is shown in Table 4.5. The material variable

is indicated along the top of the table, while velocity variable is shown

vertically on the side of the table and also includes angle variables.

Since target material No. 6 (Nevada 120-2 sand) used in the LEM

correlation tests did not duplicate the bearing strength characteristics

of the similar material used in the impact research tests, it was

necessary to add the LEM material to the test matrix, redesignating it as

target material No. ii, Nevada 120-2L sand.

Test projectiles identified by diameter and mass are located in the table.

Both rigid test spheres and balsa limiter test spheres were included in

the program. The balsa sphere is identified by a suffix P with the

density the next digit, e.g. D2M2-PII.

4.3.2 TEST EQUIPMENT

The basic equipment required to conduct the test program included target

material, velocity generator, vacuum equipment and adapters, test spheres,
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and instrumentation. The equipment and techniques for target material

were discussed in previous sections so are not included here.

a. Velocity Generator Equipment

(i) Aeronutronic Hyde. Aeronutronlc possessed, prior to this

contract, a horizontal pneumatic accelerator which was used on Ranger hard

landing capsules. Thls facility is a pneumatic cylinder containing a

12-inch bore and a 10-foot stroke. It has the capability to accelerate

................ _uuL_uv to _vu feet per second. It was readily adaptable

for rigid impacts. A large concrete block with a plate on the impact face

was set into the Hyge pit to provide the rigid target. A ball adapter

cup was mounted on the end of Hyge rod. A net rebound trap, triggered by

the ball passing through was placed near the rigid target. This test

setup is shown in Figure 4-26 as viewed from the target.

(2) Pneumatic Accelerator Facility. In order to throw projectiles

into particulate materials, a vertical test configuration was highly

desirable. A special vertical facility was designed to accomplish this.

The test facility is shown in Figure 4-27. Basically, it consists of a

pneumatic accelerator, a support stand, test sphere adapter, and a
target material reservoir.

The pneumatic accelerator consists of an 8-inch diameter cylinder with a

3-foot stroke. With a maximum thrust of i00,000 pounds, the machine is

capable of accelerating projectiles weighing less than I0 pounds to 250

feet per second. The machine consists of a high pressure reservoir

located above an air cylinder containing a light weight piston and rod.

quick opening valve releases the high pressure nitrogen into the active

cylinder, thus accelerating the piston. The chamber under the piston

acts as a snubbing cushion with stroke and acts to decelerate the piston

rod after the ball has been fired. The piston and rod will make several

decaying oscillations and come to rest. After some minor corrections,

the accelerator proved to be very useful, providing over 500 shots. The

machine is readily adjustable to any speed by varying reservoir pressure

and is very repeatable for any established velocity setting.

A

The support stand provided a flange mounting for the pneumatic accelerator

and provided the function of elevating the accelerator i0 feet above the

ground. It is constructed of steel pipe columns and a welded upper truss

of steel pipe. The reaction loads of i00,000 pounds are transmitted

through the structure into the concrete floor to which it is anchored.

The test sphere adapter is a spherical adapter which screws into the end

of the accelerator rod. Three sizes are available to accommodate the test

spheres.
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b. Vacuum Test Facility. Aeronutronic has a high-vacuum facility

8 feet in diameter by 30 feet long. This facility has the capability to

pump down to 10-6 torr. The vacuum facility was specially adapted to

accommodate the impact research experiment. The penumatic accelerator

support stand was designed to straddle the vacuum chamber so that the
accelerator would be mounted above it. The acceleration rod was adapted

to the chamber with a combination bellows and sliding seal. The bellows

protected the chamber from structural loading while the sliding seal

allowed the rod to stroke without breaking the vacuum. The target

material containerwas mounted from the floor through a similar bellows

arrangement on a solid shaft. Again, the chamber was isolated from

structural loading with impact loads going directly to the floor. The

seals and the load isolators were highly successful and presented no

problem. All instrumentation and operations were controlled outside the

chamber through vacuum feed-through ports.

c. Test Proiectiles. Eight test sphere configurations have been

used to obtain valid impact research data. All are modifications of the

original devices. Table 4.6 lists the design parameters. The specified

weights in the table are total weights including accelerometers, cable

anchors, etc.

TABLE 4.6

IMPACT RESEARCH PROJECTILES

Diameter Weight

Pro iectile (in)

DIMI 4.0 2.2

DIM2 (5) 4.0 5.0

D2MIA 8.5 2.2

D2MI-P7 8.5 4

D2M2 (5) A 8.5 5.0

D2M2-PII 8.5 5

D2M3A 8.5 8.0

D3M2 (5)A 12.0 5.0

Material

Aluminum

A1 and Steel

Mag and 2 ib/ft 3

Foam

7 + 0.25 ib/ft 3

Balsa

Mag and 2 ib/ft 3

Foam

10.6 + 0.4 ib/ft 3

Balsa

Mag and 2 Ib/ft 3

Foam

Mag and 2 ib/ft 3

Foam

Aluminum

Inner Sphere

Wt (ib) Dia tin)

2.2 3.50

2.8 3.78
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(I) Four-Inch Spheres. Figure 4-28 is a photograph of a partially

assembled DIM2(5) projectile. The accelerometer block is an aluminum

cube, 1.5 inch on each side, bored out for mounting Endevco 2225

accelerometers on orthogonal axes. This triaxial assembly bolts to the

aluminum base of the sphere. Particular attention must be given to

assuring intimate contact and flat surfaces at the accelerometer-block

interfaces and block-sphere interface. Otherwise, waveform distortion

and ringing can occur, particularly with short rise-time shocks. The

upper hemisphere is stainless steel= and; contrary t_ the photo, u_e_

i0-J2 thread Microdot feed-through connectors. Short cables connect each

accelerometer to a feed-through connector on the upper hemisphere.

DIMI uses the same geometry, but an aluminum upper hemisphere is used

instead of stainless steel. In this way, a lighter projectile is
obtained.

(2) 8-1/2-1nch Balsa Projectiles. D2MI-P7 and D2M2-PII have inner

spheres of the same geometry described in the preceding paragraph except

that the diameters are altered per Table 4.6. Balsa wood hemispheres of

prototype LPS geometry are bonded over the inner sphere. Cables are

routed through a half-inch hole at one of the poles and then potted with

RTV foam. Two layers of fiberglass and resin over the entire sphere and

then a reinforcing bend of fiberglass around the equatorial joint complete

the assembly.

(3) 8-1/2 x 12-1nch Foam Spheres. Figure 4-29 illustrates the

construction techniques used for the 8-1/2 and 12-inch foam projectiles.

The major difference between these spheres and those designs reported in

the seventh monthly progress report is that here an aluminum tube is used

to line the accelerometer access hole, and a stiffer magnesium base is

used, both in order to stiffen the projectile and raise its lowest

resonance frequency.

d. Instrumentation

(i) System Description. Throughout the impact testing program,

independent measurements of projectile acceleration, initial projectile

speed and depth of penetration of the projectile into the target material

were made. Depth of penetration measurements required no instrumentation

in the sense the term is used here, but simply involved a physical

measurement of the final position of the projectile several minutes after

an impact test.

Figure 4-30 is a block diagram of the instrumentation system used to

obtain acceleration and speed data. Figure 4-31 is a photograph of the

4-43



i 
00 
a 
N 
0 
0 
Lr, 

Z 
0 
k 
a 

3 
w z 

FIGURE 4-28.  IMPACT RESEARCH PROJECTILE,  D1M2 (5) 

4-44 



I
I
I

!

!

I
|
I
!

I
I
I

EPOXY BOND

FIBER

GLASS

BAND

THIN WALL ALUMINUM TUBE,
2-1/4 INCH DIAMETER

2 LAYERS FIBER GLASS/

/
8.50 OR 12.0

INCH DIAMETER

TRIAXIAL ACCELEROMETER

WITH CABLE ANCHOR

2 LB/FT 3

URETHANE FOAM

MAG BASE,

FOR REQUIRED WEIGHT

VOLUME ADJUSTABLE

F03657 U
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test console which housed all of that system except for the transducers,

speed trap switches, and recorders.

Starting at the upper left of Figure 4-30, acceleration is sensed by

piezoelectric accelerometers in the test sphere. The type used here

(Endevco 2225) are particularly suitable for this application by virtue of

their ability to monitor high energy shocks with little or no zero-shift,

less than two percent non-linearity and low cross axis sensitivity.

The accelerometer-generated charge signals are r_uged through low noise

coaxial cables to the test console. Early in the program, it became

evident that those cables which trail the projectile (flying cables) can

be insidious generators of spurious charge. Great care must be exercised

in selecting the cables for low noise properties and in physically

arranging them for a minimum amount of whipping and contact with foreign

objects during high speed tests.

The sixth monthly progress report discusses an intensive diagnostic test

program, wherein several sources of noise were discovered including the

original accelerometers, sphere construction, and flying cables. Table

4.7 summarizes those studies and the corrective actions taken.

Charge amplifiers are used to convert the accelerometer charge signals to

high level voltage signals. The Kistler 504 charge amplifier can be

described as an operational amplifier with capacitive feedback. The input

charge signal appears across the feedback capacitor which is the scale-

factor determining component. Low frequency response of the charge ampli-

fier, and therefore the entire system, is limited by a controlled

resistive leakage path around the feedback capacitor. Typical low

frequency cut-off values used in this program are of the order 10-4 cp8

resulting in no droop or tilt of flat topped pulses lasting several

hundred milliseconds. Calibration of the system utilizes injection of

known charge signals at the input of the charge amplifier in parallel with

the transducer. The charge calibration signal is adjusted to any desired

level by varying the voltage of a dc power supply to the desired level

which satisfies the relationship: q = CE, where C is a i000 pf precision

capacitor between the power supply and amplifier input and q is the

desired charge to be inserted.

A zero indicator consisting of a zero-center microammeter and appropriate

buffering is provided at the output of the charge amplifier. This allows

zero adjustment readout of the charge amplifier during setup and provides

immediate fault indications for all preceding circuitry.
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Next a second-order low pass filter is provided to attenuate noise above

5 KH Z. A switched short circuit path around the filter is provided for
cases in which filtering is not desired.

The signal is then routed simultaneously through a galvanometer driver

amplifier and to a tape recorder. The galvanometers are used to provide

a quick-look display on direct readout oscillograph paper. If the quick-

look record indicates a satisfactory test, then the tape recorded data

are scheduled for computer processing.

All acceleration data and a i KHz time reference signal are FM recorded on

magnetic tape with a 54 KHz subcarrier. Each acceleration channel is
connected to two tracks on the recorder. One of the two tracks has a

lower modulation sensitivity and will accommodate signal levels up to two

times the predicted level. This over-range capability has prevented the

need for retesting in more than a few cases. One track on each of the

two head stacks is used for wow and flutter reference when the data are

ultimately played into the computer.

A speed trap mounted near the target surface consists of two light beams

effectively spaced 12 inches apart. Spacing is adjusted prior to each

impact test by placing a shadow mask at the position of the projectile

path and then adjusting the lamp spacing until both photoelectric switches

just trigger. Each switch contains a photo-diode in the base circuit of

an overdriven direct-coupled amplifier with an SCR output. As the light

beams are interrupted, the switches operate, placing a low impedance

across the output leads. Voltage on the output leads from a high impe-

dance voltage source drops to near zero, operating the time interval sec-

tion of an electronic counter. The sum of the voltage on the two signal

leads is also applied to a galvanometer on the oscillograph recorder and

serves as a back-up time interval display. The speed trap accuracy is

limited by the precision with which the effective light beam spacing can

be set (_0.05 inch), the simultaneity of the two switches (0.0001 second)

and the resolution of the electronic counter (0.00500 + 0.00001 second),
u

at 200 feet per second. This yields a maximum possible timing error of

0.02 milliseconds corresponding to less than + two feet per second error

at 200 feet per second projectile speed.

(2) Data Processing and Display. Magnetic tape recordings of impact

research data are re-recorded onto continuous loop tape at a speed

reduction of 32:1. Figure 4-32 illustrates the gross process.

A tape loop containing calibration signals, for the impact data to follow,

is played into the computer at 30 inches per second, thereby achieving an
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overall data rate reduction of 64:1. Using the calibration signals, the

computer is adjusted for the following results: (a) maximum wow and

flutter tape noise cancellation, (b) cancellation of data zero offset due

to non-precise subcarrier center frequency, (c) correct scale factors for

the pen recorder, (d) correct integration rates to obtain velocity and

distance outputs, and (e) sufficient i KH Z signal amplitude. Next, a

tape loop containing the shock data is played into the computer. The wow

and flutter compensation and zero offsets are trimmed if required.

I

I
I

An initial-condition voltage corresponding to the speed-trap value of

initial projectile speed is applied to the first integrator so that the

output will be: v = v o -fo t adt. This allows the display to show the •

projectile coming to a full stop or rebounding at a constant velocity as |
the case may be. Furthermore, it allows computation of depth of penetra-

tion with respect to a stationary reference. Without the initial condition

information, velocity would be computed as an incremental change and •

distance would be computed with respect to a coordinate system moving in
w

space with a velocity of v o.

Iterative computer solution is provided by control circuits synchronized

with the motion of the data tape loop. The integrators are turned on just

before the leading edge of the shock data and reset occurs after the data

have passed. Referring to Figure 4-33, we see a typical display of

computer output.

In the upper right-hand corner is identified the magnetic tape and event

where the calibration and impact data for this test are stored

(LPS-023-12). The date of the computer run is also noted there. Lower

down, below the sinusoidal time reference trace, is the title of the test

and pertinent data about the projectile, initial velocity, etc. In this

case, the p_ojectile was a 5.26-pound, 8.5-inch diameter sphere including
an ii ib/ft _ balsa limiter. The target material was aerated 120 mesh

Nevada sand from the LEM test site. The test was performed in atmosphere

at 108 ft/sec. The trajectory was zero degrees off the target normal and

this was the first test using that combination of parameters.

There is very little output in the gx and gy channels indicating that the

projectile hit the sand squarely with the z-axis parallel to the trajec-

tory. For this reason, Igr[ was not computed, i.e., gr = gz" The gz
trace indicates: (I) there was no discernible ringing of the projectile,

(2) the peak acceleration was 1300 g, (3) the time to peak was about

0.8 millisecond, (4) acceleration dropped off to a plateau of less than

40 g, and (5) decreased to zero at some time that is not evident by

inspection of the gz curve alone.
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For purposes of integrating gz to obtain velocity, zero-g was defined in

the computer as that value of gz for time greater than 60 milliseconds

past the leading edge of the data. Using the speed-trap reported value of

initial velocity as a computer initial condition resulted in a final

computer velocity that was both constant and zero. That correlation

constitutes a statement of validity concerning the entire gz information

channel. A second piece of information obtained from the velocity trace

is the time at which gz actually reached zero. We see in this case that

the velocity became constant (zero-g) about 48 milliseconds past the

leading edge of the data.

The depth of penetration curve starts downward at the instant the computer

is switched from "i.c." to "operate." The cross on the curve (Sz)

indicates the location of first contact of the projectile with the target

material. Measurements of depth of penetration from the curve are

referenced to that origin. The computed depth of penetration is 3.9 inches

which is 0.7 inch short of the independently measured value. The reason

for the discrepancy is not known but may be due to any combination of the

following factors.

(i) The position of the projectile five minutes after

impact may indeed have been different than its

position 50 milliseconds after impact.

(2) There may have been a rate error in the second

integrator.

(3) There may have been some rebound not allowed by

the computer. In that case, the final velocity

would be indicated as a constant negative value

and the depth of penetration curve would have a

markedly different shape.

(4) A constant error of 1.45 g (0.07 percent of full

scale) in the computer definition of zero g would

yield the 0.7-inch displacement error in
50 milliseconds.

The coefficient "i.00" in front of the v z and sz labels indicate that no
adulterations to the acceleration scale factor were made in order to force

the computed velocity change to equal the speed-trap value.

Much interest has been shown lately concerning the long tail, or pedestal,

or plateau, following the main pulse of impact acceleration. In order to

demonstrate the existence of such a phenomenon in particulate target

materials without resorting to computer integration, the impact test just

illustrated was repeated using eight-times greater sensitivity in the

charge amplifier. The quick-look oscillogram has been reproduced in

Figure 4-34. A plateau of about 25 g and a total pulsewidth of about

49 milliseconds are clearly indicated.

4-54

i

I

I
I

I
I

I
I
I

l
I

l
I

l
I
I

I
I

I



I •

I

I

|

I
I
I

I

I
I

_,_1

I

4

I

I

I

I

250g

----_i0 InSECt-----

FIGURE 4-34.

PROJECTILE DIAMETER (8.5 INCHES)

PROJECTILE WEIGHT (5.26 POUNDS)

INITIAL VELOCITY (106 FT/SEC)

OFF-NORMAL IMPACT ANGLE (0°)

25g

t = 49MS

FO3662 U

ACCELERATION TAIL-OFF FOR IMPACT

INTO NEVADA 120-2L SAND

4-55



4.3.3 TESTRESULTS

a. Balsa Sphere Impact Tests. Some seventeen impact tests, using

the balsa limiter equipped projectiles D2MI*-P7 and D2M2-PII, were

conducted to obtain data for assessing limiter properties. Tests at

several velocities into Nevada 120-2 sand indicated that both projectiles

sustained limiter crushing damage for initial speeds greater than 125 feet

per second. The maximum pa_load peak shock during a rigid impact was
5000 g for the eleven Ib/ft _ limiter. Table 4.8 tabulates the significant

data from all of the tests.

b. Impact Research Data. The entire collection of impact research

acceleration-time histories is published under separate cover. However,

several of the data have been reduced for convenient presentation here in

the form of comparative results. Figure 4-35 illustrates some typical

waveforms obtained from impacts against a wide range of materials. It is

complemented by Figure 4-36 which shows in bar chart form, the peak

accelerations obtained from thirteen combinations of target material and

atmospheric pressure for constant projectile parameters. Figure 4-37

compares bearing strength and acceleration curves for two materials in

vacuum and at atmospheric conditions. Figures 4-38 through 4-40 are

graphs illustrating the effects of velocity, projectile diameter, and

projectile weight respectively. And, finally, Table 4.9 compares pro-

jectile trajectory angle data.
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Test

D2Mi-P7iKigid/O °

TABLE 4.8

BALSA LIMITER IMPACT

ProJ Initial Peak

Wt Speed Accel

(Ib) (ftlsec) (g)

3.94 143 4800

D2M2-Pll/Rigid/O ° 5.15 153 5000

D2M2-Pll/Rigid/O ° 5.17 196 5100

D2M2-Pll/Rigid/60 ° 5.05 150 2500

D2M2-Pll/Cobble/0 ° 5.26 208 4300

D2MI-P7/Nev 120-2/0 ° 4.02 72 1400

D2MI-P7/Nev 120-2/0 ° 4.02 85 2250

D2MI-PT/Nev 120-2/0 ° 4.02 I01

D2MI-P7/Nev 120-2/0 ° 4.02 126 2600

D2M2-PII/Nev 120-2/0 ° 5.01 52 395

D2M-PIII/Nev 120-2/0 ° 5.01 87 1200

D2M2-PII/Nev 120-2/0 ° 5.01 102 1700

D2M2-PII/Nev 120-2/0 ° 5.01 127 2500

D2M2-PII/Nev 120-2/0 ° 5.01 152 7400

TESTS

Time

to peak

(ms)

I.I

I.i

I.I

0.9

0.9

0.9

0.7

0.4

1.0

0.3

0.3

0.3

0.5

Total

Duratioa

(m -_)

2.2

22

26

ii

56

48

40

40

44

2.1

3.3

2.5

9.0

D2M2-PII/Nev 120-2L/0 ° 5.26 52 370 0.9 59

D2M2-PII/Nev 120-2L/0 ° 5.26 108 1300 0.6 48

D2M2-PII/Nev 120-2L/0 ° 5.26 148 2700 0.6 42
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4.4 LEM IMPACT TESTING

4.4.1 TEST OBJECTIVES AND DESCRIPTION

The test objectives were to simulate LEM landing conditions in lunar
surface models and establish:

(I) Impact characteristics of the LEM on a range of

selected target materials.

(2) Correlation factors with penetrometer impact test

data and simulated LEM landing conditions.

A vertical test configuration was selected with a free fall velocity of

i0 feet per second. The LEM landing gear was simulated by utilizing a

boiler plate strut and pad with the strut honeycomb load stroke charac-

teristics and pad configuration duplicated. The LEM mass was duplicated

to 25, 50, and I00 percent of the vehicle landing weight. This coincided

with a one, two, or four-legged landing condition. A constant force

pneumatic device was provided to account for lunar gravity effects in

earth gravity testing.

Four target materials were selected ranging from soft to hard sand and

included a foam material. These materials were conditioned and controlled

to provide a duplication of that utilized in the penetrometer impact

research program. Static bearing strength tests were accomplished with

several probe sizes (8.5 inch spherical, 8.5 inch flat, 12 inch spherical,

and LEM pad) to establish material properties. In addition to providing

gross information on total pad penetration and strut compression, the test

system was instrumented to provide dynamic information of displacement-

time, acceleration-time and force-time histories of the tested configuration.

The LEM test matrix shown in Figure 4-41 defines the test program conducted.

4.4.2 LEM LANDING TEST FACILITY DESCRIPTION

The LEM Landing Test Facility is shown in schematic form in Figure 4-42.

The major elements are the LEM strut simulator, crushable honeycomb, LEM

equivalent mass, explosive bolt release, constant force gravity simulator,

test gantry, static bearing tester, target material reservoir, target

material aeration system, and dynamic instrumentation system.

The basic test sequence is as follows:

(i) The target material is conditioned by the aeration

system and evaluated for bearing strength properties

by the static bearing tester_
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(2) The LEM mass system is released by explosive bolts

and allowed to free-fall to a velocity of i0 ft/sec.

(3) The gravity simulator is engaged just prior to con-

tact with the target material by the LEM pad. The

simulator will provide a constant force of 5/6 the

earth weight for the remainder of the system

motion.

(4) The LEM strikes the target material and a combination

of pad penetration and strut compression occurs.

(5) The instrumentation system provides dynamic data of

displacement, acceleration and force. The major

elements of the facility are described below:

a. LEM Test Gantry. The LEM test gantry is shown in Figure 4-43.

It consists of a 25 foot long x I0 foot wide x 28 foot high steel struc-

ture which straddles the target material reservoir. The gantry is mounted

on wheels and is moved by means of a motor driven winch on angle rails.

The gantry provides the mounting for the gravity simulator and LEM mass at

a top interface plate adapter. The gantry also provides the mounting for

the static bearing tester at the lower cross beam.

b. LEM Landing Pad. The LEM landing pad is a duplicate of the LEM

dimensional configuration, but is constructed of cast aluminum instead of

fiberglass and honeycomb. The major diameter of the pad is 37 inches.

c. LEM Equivalent Weight. The LEM equivalent weight consists of

4 steel blocks each 6 inches thick x 4 feet square weighing approximately

4000 pounds. The mass is attached rigidly to the LEM strut below and hung

from the gravity simulator.

d. LEM Strut and Honeycomb. The LEM strut assembly construction is

similar to an aircraft landing cylinder with concentric tubes. The

cylinder is 7.0 inches I.D. and the strut is 6.0 inches O.D. with nylon

bushing guides. Two crushable honeycomb cartridges are installed in the

cylinder. The strut assembly with the honeycomb cartridges is shown in

Figure 4-44. The honeycomb cartridges each have a different constant load

characteristic. The first unit is 17.15 inches long and designed to crush

at a constant 6000 pound force for 70 percent of its original length,

while the other is designed to crush at a constant 12,000 pound force for

70 percent of its original length. A static test, configured as shown in

Figure 4-45, was conducted to demonstrate load stroke characteristics.

The results are shown in Figure 4-46.

e. Target Material Reservoir. The target material pit consists of two

15-foot square by 6 foot deep reservoirs for the sand target materials
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and a 5-foot square by 4-foot deep reservoir for the foam material. The
reservoir wasconstructed by excavating the required volume and lining
the walls with steel reinforced gunnite. The gunnite provided the protec-
tion barrier from water and soil contamination. A plastic coated nylon
cover mountedon a portable tubular frame provided protection from rain
and evening fog. The cover is shownin Figure 4-47. Included in the
reservoir construction are two concrete runways to allow the gantry to
traverse from one material area to the other. Sixty tons of Nevada60
and Nevada120 sands are installed in the reservoirs.

f. Aeration System. The aeration method of material conditioning

was implemented for the LEM facility to duplicate methods utilized in

the Impact Research Program. The aerator (Figure 4-48) consists of a

12 x 12 foot square manifold of 2-1/2 inch pipe with an array of parallel

I inch pipe spaced on 6 inch centers. Spaced on 6 inch staggered centers

are 1/8 inch orifices. The grid is covered with a felt pad bonded to the

manifold. The felt pad serves as a diffuser for the gas and prevents

sand from clogging the orifices. The aerator is placed on the bottom of

the target material pit. The aerator is fed nitrogen gas from a bank of

72 bottles through two dome loader regulator valves. The aeration process

consists of supplying an input at i00 psi for a period of two minutes.

The present bank of N 2 cylinders is adequate for four aerations.

g. Lunar Gravity Simulator. The lunar gravity simulator is a con-

stant force air cylinder which is preset to a resistance of 5/6 of the

earth weight of the LEM assembly. As the pad enters the soil, its weight

is reduced to 1/6 of earth value (lunar gravity) while retaining its full

mass inertia properties. The pneumatic gravity simulator is shown in

Figure 4-49. The gravity simulator consists of a 12-inch diameter air

cylinder surrounded by a tank. The volume of the tank is large compared

to the cylinder. The bottom of the cylinder is vented into the tank.

The tank and lower part of the cylinder are charged to the same pressure.

Normally, as an air cylinder operates, compression of the trapped air

occurs rapidly with stroke. However, with the large tank to vent into,

relatively little change in pressure occurs with stroke. Thereby, a
constant force characteristic can be maintained.

A check was made to determine the percent increase in load pressure

characteristics with piston stroke. The data are tabulated as follows:

Feet Traveled

by Payload

Percent Increase in

Tank Pressure

0 0

i 1.4

2 2.9

3 3.6

4 5.0

5 5.7

6 7.1
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The gravity simulator is capable of greater than 6 feet of stroke and

can handle up to 16,000 pounds. In addition to providing the constant

force device, the gravity simulator provided other useful test system

functions. The cylinder rod served as the free fall guide and also

housed a stop and load cell. The LEM mass system always remained engaged

to the simulator rod and, after a test, could be quickly retrieved by

increasing the internal air pressure.

i

h. Static Bearin_ Tester. The static bearin_ tester pr_mnry nper-

ation characteristics provide a constant rate of one-inch per minute to

a two-foot depth with a load capability of 16,000 pounds. A hydraulic

cylinder pressurized by a controlled rate pump system was used to imple-

ment the requirement. The cylinder was hung from the gantry on an 1-beam

traverse. With the gantry mobility and the traverse, the bearing tester

could be rapidly positioned to any place in the material. The bearing

tester was instrumented with a load cell and displacement potentiometers

whose outputs were recorded on an X-Y plotter. Readily adaptable to the

cylinder load cell were 8 I/2-inch spherical, 8 I/2-inch flat, 12-inch

flat and LEM pad probe sizes.

In addition to the large hydraulic bearing tester, the motor driven unit

with the 2-1/2 inch spherical probe was utilized as a standard. This

allowed a direct comparison to the impact research program.

i. LEM Dynamic Test Instrumentation. The instrumentation for

monitoring the test consists of two load cells, two displacement sensors,

two accelerometers, signal conditioning and recording. The LEM dynamic

instrumentation sensor configuration is shown in Figure 4-50. Both the

LEM mass and LEM pad are instrumented with a displacement sensor and

accelerometer. The gravity simulator and the LEM strut are instrumented

with load cells. With these sensors the following important dynamic

parameters can be obtained:

(l) Displacement - Time History

Mass Displacement

Strut Compression

Target Material Penetration

(2) Mass Acceleration - Time History

(3) LEM Pad Acceleration - Time History

(4) Strut Compression Load - Time History

(5) Gravity Simulator Load - Time History

A photograph of the LEM Strut sensors is shown in Figure 4-51. A photo-

graph of the location of mass sensors is shown in Figure 4-52. The
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gravity simulator load cell assembly is further defined in a sketch in

Figure 4-53.

A block diagram for the dynamic instrumentation is shown in Figure 4-54.

The strain gage instruments input into a CEC bridge amplifier, while

the potentiometers input into balance and signal conditioning networks.

These signals are fed into galvanometers of a CEC type 5-124 oscillo-

graph which displays the traces on direct write paper. Calibration of the

sensor recording system was accomplished prior to each test and is part

of the display record. Calibration of the load cells was accomplished

by the shunt resistor method, which provides signals equal to those of

known loads. Turning the accelerometers over 180 degrees gives accurate

2 g signals. The displacement potentiometers, which are driven by pulley

and cable systems, are calibrated by direct movement of the cables. Scale

factors are set with the use of precision attenuators and gain adjustments.
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4.4.3 LEMSTATICTESTRESULTS

a. Material and Soil Conditioning. Four materials were selected

for the LEM facility tests. They were Nevada 120-2 sand (aerated), Nevada

120-1 sand (compacted), Nevada 60-2 sand (aerated) and polyeurethane foam

(2 ib/ft3). Seventy tons of the Nevada 120 sand and the Nevada 60 sand

were procured. The 15-foot square reservoirs were filled to a 5-foot

level. The objective in soil conditioning was to duplicate the state of

material achieved in the impact research program. The methods were simi-

lar with scaled up equipment. The sand was fluffed with the aeration

technique but instead of two nitrogen bottles, a bank of 72 was required.
The aeration process in both Nevada 120-2L and Nevada 60-2 was identical

with i00 psi at the dome loader valve for 2 minutes.

Compaction of the Nevada 120 to a -i condition was achieved with the con-

crete vibrator utilized in the impact research program. The technique

was also similar with the vibrator placed in the soil on a pattern of 2

foot centers. The vibrator was sunk in the sand to a depth of 3 feet and
retracted within I minute.

b. Bearing Test Summary.

(I) Comparative testin$_ Impact Research versus LEM. In order to

compare the impact research and the LEM static bearing strength directly,

the motor driven static tester with the 2-1/2 inch spherical diameter

probe was used. This has a constant rate drive at 1/2 inch per second.

Comparative curves for the four materials are shown in Figure 4-55, 4-56,

4-57, and 4-58. The LEM data compares very favorably with the impact re-

search data with the exception of the Nevada 120-2 which was supplemented

by the Nevada 120-2L. The LEM and impact research Nevada 120-2L vary

from one another by a maximum of 7 percent with the characteristic shape

very similar. The Nevada 60-2 exhibits a slightly higher characteristic

in the LEM pit than the impact research program. The maximum difference

is approximately 8 percent. The polyurethane foam characteristic shape

was the same; the difference in bearing strength varied 6 to 19 percent

along the flat pulse. The Nevada 120-1 average curve compares very

closely with the impact research data. Although the average bearing

strengths are close, this is deceptive because the compaction process was

not completely homogeneous and a data spread occurs in relation to dis-

tance from compaction probe position. However, this is not critical since

in the compacted soil very little penetration occurs.

(2) Probe Shape Curves. Each material was static tested with the

hydraulic tester at i inch per minute with various probe shapes. An 8-1/2

inch diameter spherical, 8-1/2 inch diameter flat, 12-inch diameter spheri-

cal, and a LEM pad shape were used as probes to a depth of 2 feet or a

maximum load of 16,000 pounds. The LEM pad shape and area are defined in
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Figure 4-59. The results for each material are plotted on a single force-

penetration curve. This is called a probe shape family curve. These curves

are exhibited in Figures 4-60 through 4-63 for the Nevada 60-2, Nevada

120-2L, Nevada 120-1, and foam materials. The sand materials exhibited

identical linear characteristics after probe penetrated to full dimension.

Comparative LEM pad static curve in Figure 4-59 shows the bearing strength

range of the four materials. The Nevada 120-2L sand was the softest of

the materials while Nevada 120-1 sand was the hardest. It is interestin_

to note that within the 3-inch penetration measured, the Nevada 120-1 was
identical to the foam material.

In order to determine probe shape effects, the information in each of the

family curves must be normalized with respect to area.

This normalized information was utilized to form a dimensionless parameter

the probe shape factor (Kp)

Bearing strength (any probe) at a specific penetration
Kp = Bearing strength (2.5 inch sphere probe) at the specific penetration

Curves plotted for the probe shape factor on each of the materials against

penetration are given in Figure 4-64. The base line is for the 2.5 inch

probe and the probe shape factor 1.0. The other curves indicate the

variance from the 2.5-inch probe.

Trends shown in the curves in Figure 4-64 are:

(a) Probe shape effects are significant in all

materials. The effects occur in an orderly

fashion in each material but not consistently

from material to material.

(b) In the loose materials, the bearing strength

measurement increases with diameter up to a

probe factor of 2. The flat plate produced a

higher probe factor than the spheres.

(c)

(d)

In the hard materials Nevada 120-1 and foam, the

probe factors are smaller, approximately 1.25 through

most of the penetration.

The LEM pad tests exhibit characteristics within

the range of the other probe shapes but are not

consistent from material to material. Because

of the high area of the pad, the penetration was
too shallow to obtain a full trend. In the loose

material, the 8.5 inch sphere and the LEM probe

factors tend to approach to within 25 percent of

each other.
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4.4.4 LEM DYNAMIC TEST RESULTS

a. Typical Data Trace. The instrumentation scheme was described in

previous sections. The data display from the dynamic test require some

explanation in regards to interpretation. Basically, there are two sources

of data, which are shown in Figures 4-65 and 4-66.

(I) The data sheet which contains physical measurements

made prior to and after the test.

(2) The oscillograph record, which provides the dynamic

information of the six sensors versus time.

In examining the LEM data sheets in Figure 4-65, the information in rela-

tion to measured test results is contained in 7C-strut compression and

8-pad penetration. Also contained on the data sheet is the system weight

as measured through the instrumentation. The measured fall heights are

indicated in items I and 2. The scale factors are indicated in item 5.

The upper load cell, accelerometer and potentiometer describe dynamic

properties of mass while the lower load cell, accelerometer and potenti-

ometer describe dynamic properties of the strut.

The dynamic information is shown in Figure 4-64. There are six traces, the

first plotted against a uniform time scale.

(i) Mass Displacement

(2) Mass Accelerometer

(3) LEM Pad Accelerometer

(4) Honeycomb Crush (Strut Displacement)

(5) Gravity Simulator load cell

(6) LEM Pad Load cell

The mass displacement curve provides an absolute displacement (inches)

versus time (milisecond) curve for the mass. The honeycomb crush (strut

displacement curve) provides a relative displacement time curve between

the pad and the mass, which is the absolute strut compression curve. If

the event of hitting the target material is taken as zero; subtracting the

honeycomb crush displacement will provide the displacement time curve of

target material penetration. The data on the displacement curves can be

cross checked directly with measured values of free fall distance, strut

compression, total travel on the data sheet.
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7. STRUT

A. INITIAL LENGTH
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8. PAD PENETRATION DEPTH

9. POST TEST WEIGHT
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i0 IN./IN.

NOT MEASURED

48 PSI
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8000 LB
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FIGURE 4-65. TYPICAL LEM DYNAMIC TEST DATA SHEET
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The mass accelerometer curve describes the absolute deceleration of the

mass, while the LEM pad accelerometer curve describes the absolute decel-

eration of the pad. If no strut motion occurs the two readings should be

identical. Normally with strut motion occurring, the pad accelerometer

will read considerably higher than the mass accelerometer. The mass

accelerometer exhibits a positive i g during free fall, a negative spike

on gravity simulator engagement, a positive 1/6 g until hitting the target

material, a negative acceleration during material entry and 6000 pound

strut compression, and a larger negative acceleration upon 12.000 oound

_LLuL compression. The LEM pad accelerometer duplicates the sequence but
with greater excursions.

The gravity simulator load cell provides a direct measurement of the gravity

simulator restraining load. Upon engagement of the mass with the simulator

a sharp load spike occurs which damps out. A constant load characteristic

is exhibited at the end of system motion. The objective is to have the con-

stant load equal to 5/6 the measured load.

The dynamic data can be interpreted to identify experiment events. The

following events are significant:

(I) Start of free fall.

(2) Engagement of gravity simulator.

(3) Impact with target material.

The start of free fall is indicated by accelerometers increasing sharply

to I g and the mass displacement curve increasing from a zero point. The

engagement of the gravity simulator is indicated by a sharp negative spike

of the accelerometers and a sharp loading on the gravity simulator load

cell. The hitting of the target material is identified by a sharp rise in

the LEM pad load cell, spike in the accelerometer cubes and usually start

of displacement on the strut displacement curve.

b. Composite Data Table. A composite data table is presented in
Table 4.10. Included in this table are the values of the controlled

parameters of the test system. These parameters are velocity, honeycomb

load output, and gravity simulator factor. These values are presented for

each test and the percent deviation from the nominal indicated. It is

highly desirable that the control parameters be constant from test to test.

With statistical reduction, the following are observed:

Honeycomb (6000 ib) Ayerage Value - 5,667

Percent from Nominal - 5.7

Standard Deviation

from Average - 6.1 percent
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Honeycomb (12,000 Ib) Average Value - 12,525

Percent from Nominal - 4.4

Standard Deviation

from Average - 5.3 percent

Gravity Factor (5/6) Average Value - 0.8198

Percent from Nominal - 1.2

Standard Deviation

from Average - 6.6 percent

Velocity (I0 ft/sec) Average Value - 9.94

Percent from Nominal - 0.60

Standard Deviation from

Average 4.75 percent

In examining data on a gross trend basis, the fixed test parameters are

controlled accurately enough to observe trendp without large scatter of

data points. In solving absolute or individual test problems, the specific

values can be used rather than the nominal or average.

Also included in the table are the test results penetrations in the target

material and strut compression. These values are obtained by two methods;

one by direct measurement after the test and the other from the dynamic

data of the displacement potentiometers.

c. LEM Landing Pad Penetration-Time Data. A summary of the LEM

Landing Pad; measured penetrations is shown graphically in Figure 4-67.

The presentation has penetration as an abscissa and bearing strength
(7-inch depth with 12-inch sphere) as ordinate. It is not an absolute

curve of penetration versus bearing strength but a graphic display. Some
trends indicated from this curve are:

(I) A rapid increase in penetration occurs in materials

of lower bearing strength than the Nevada 60-2 sand.

(2) Materials in the range of bearing strength greater

from that of 60-2 exhibit high resistance to penetration.

(3) The LEM landing mass only slightly affects depth of

penetration in the loose materials.

A dynamic pad penetration-time curve gives a display of pad penetration

characteristics. Three composite curves are presented and provide some

insight into the penetration mechanism. Figure 4-68 shows LEM Pad penetra-

tion versus time for four materials with a nominal 4000 pound mass and

velocity of i0 ft/sec. Some dynamic trends indicated are:

(i) The penetration rise time occurs within 50 milliseconds

(20 percent of the pulse duration) in the harder mate-

rials and is increasingly longer in the softer materials.
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(2) Dynamic penetration exhibits elasticity with an initial

penetration greater than that at final rest.

(3) Penetration and rise time of penetration are related

to bearing strength of the target materials.

Figures 4-69 and 4-70 show penetration time curves in the Nevada 60-2 sand

and Nevada 120-2L with a family of weights. Trends exhibited by these

curves are:

(i) Mass effects on penetration are minor.

(2) Three distinct rise times (humps) are exhibited at the

beginning of 6000 pound honeycomb, 12,000 pound honey-

comb and the strut bottom out events.

(3) Pad penetration occurs primarily at initial contact.

These curves summarize the dynamic penetration results. Penetration-time
curves for each run are included in the LEM test data book submitted as

a separate document.
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4.5 DATA CORRELATION AND ANALYTICAL MODELS

4.5 .I DYNAMIC PENETROMETER DATA

For particulate (granular) earth media target materials in Figure 4-71,

dimensionless penetration (depth of penetration relative to projectile

radius) is plotted versus a density parameter which is target density

relative to projectile average density (weight divided by volume). For

the data at hand it is seen that for the higher values of the density

parameter the total depth of penetration is seen to be one projectile

diameter or less. Therefore, it is to be expected that the target static

penetration resistance, which for these particulate materials increases

from zero with increasing depth, should play a negligible role at such

shallow penetrations. For lower values of the relative density parameter,

however, the penetration is seen to increase and become large relative to

the projectile diameter, so that target static resistance characteristics

could then be expected to be important in determining penetration. It is

seen that at lower values of target density relative to projectile

density, the relative penetration appears to be ordered according to tar-

get material type, and indeed the order is such that the deeper penetra-

tions (for a specified relative density) correspond to the target materials

with the lower static penetration resistance characteristics. For data

points representing penetrations greater than one projectile diameter,

the relative penetration is plotted versus a dimensionless strength

parameter in Figure 4-72. The particular strength parameter selected is

suggested by the following simple theoretical consideration. For very

low values of the target density relative to projectile density (_p) and
for penetrations which are large compared to projectile diameter, target

inertial resistance can be expected to play a small role relative to the

target static penetration resistance in determining the penetration

behavior. If inertial effects are neglected, and if the target static

resistance characteristic is assumed to be approximately linear with

slope K (Ib/in 2 per inch), it can easily be shown from energy considera-

tions that, for a given projectile radius and initial velocity, the

relative penetration parameter is proportional to (Ku/_p)-i/2. The
penetration depths calculated from such simple energy considerations,

neglecting target material inertial resistance effects, are considerably

greater than the experimental values shown in Figure 4-72. But within

the inherent scatter (around 20 or 25 percent) of the data, the correla-

tion with the selected strength parameter is quite good. This is possibly

explained by the fact that for the particulate target materials under con-

sideration here, the densities did not vary by more than about 25 percent.

(Note that the data in Figure 4-72 corresponds to a single nominal value

for both projectile radius and initial velocity.)* For increasing values

of the relative density parameter, deviations from this correlation can be

expected to increase.

*Experimental data available for particulate cohensionless materials at

other velocities and projectile radii correspond to sufficiently high values

of the relative density parameter that relatively shallow penetrations occur

and strength effects are not dominant.
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Trends in the peak acceleration data are displayed in terms of dimension-

less parameters in Figure 4-73. The peak acceleration data are plotted

versus the ratio of target material density to average projectile density

because the peak acceleration tends to occur at such shallow penetration

depths that target material inertial effects can be expected to dominate

strength effects.

4.5.2 ANALYTICAL MODELS FOR PENETROMETER IMPACT ANALYSES

a. Ori_iL_=i Mudel. P_ior [o the beginning of the present lunar

penetrometer system contract, Aeronutronic had developed a method of

analysis for a rigid body penetrating a deformable media.l,2, 3 In this

work, the target material properties O and p, bearing strength and density,

respectively, were assumed to be constant, i.e., not varying with depth of

penetration.

The capability of considering variable target strength and density param-

eter has been incorporated into the existing penetration mechanics

analysis during the present program. This required a considerable amount

of additional analytical development as well as revision of the constant-

material-properties computer program.

B

II
I
D p = b 0

i

1t
II
I

II
I

The compressive strength parameter (O), previously assumed to be constant,

is now expressed as a function of depth of penetration into the target

material (x) in the form

O = a0 + alx + a2x2 + a3x3 (I)

The mass density p of the target material, also assumed to be constant in

the previous solution is now expressed as

2

+ blX + b2x (2)

i. Adams, D. F. and Tsai, S. W., A Mechanics Analysis of Armor Penetration,

Philco Research Laboratories, Publication No. U-2600, May 1964.

2. Study of Mechanisms of Armor Penetration Resistance - Final Technical

t

Report, Philco Research Laboratories, Publication No. U-2500, January,
1964.

Adams, D. F. and Doner, D. R., "Determining the Material Properties of

a Remote Target by Analyzing Acceleration-Time Impact Data," Journal of

Spacecraft and Rockets (to be published in Spring 1966).
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Since both _ and p vary with depth of penetration, it is necessary to

integrate these effects over the spherical surface of contact between

penetrometer and target. During the entrance phase, i.e., for penetra-

tion depths less than the radius of the penetrometer, the contact area

is also varying as a function of x.

Although the detailed mathematics of the method of solution become

somewhat involved, the resulting relationships reduce to a very usable

form.

A detailed derivation of the penetration equations for constant material

properties is contained in Reference 3. The basic method of analysis

remains unchanged for variable properties. A brief description of the

method will be given here in order to point out the assumptions used and

the applicability of the theory to the present program.

The motion of the penetrometer is assumed to be resisted primarily by two

types of forces as it penetrates the lunar surface; the resistance of the

lunar material to penetration because of its compressive resistance, and

the inertial resistance of the material as it is displaced by the

penetrometer.

The inertial resistance force per unit area, being a function of the

velocity at which the lunar material at any particular point on the

interface is being displaced, is dependent upon the geometry of the pene-

trometer and varies over the contact surface. This force per unit area

can be obtained at a particular point by writing a work-energy relation

for the differential element of mass of lunar material at that point.

The total resisting force is then obtained by integrating over the entire

contact surface.

Having defined the forces resisting penetration of the penetrometer, the

equation of motion can be written as

f fmv dx 0 cos 0 dA 1/2 p (cos 3 0) v 2 dA
S Ls SS

(3)

where the component of each force per unit area in the direction of

penetrometer motion is integrated over the surface area of the penetrometer

in contact with the lunar material. The terms m and v represent penetrome-

ter mass and velocity, respectively, _ and p are the lunar material

compressive strength and mass density, x is the depth of penetration

measured to the tip of the penetrometer, A s is the surface area of contact

corresponding to x, and e is the angle measured from the direction of

motion to the differential element of surface area dAs, cos 0 being used

to obtain the component of the resisting force per unit area (which acts

normal to the surface) in the direction of motion. In the present program,

both _ and p are assumed to be functions of x, as indicated in Equations (i)

and (2), respectively.
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The frontal surface area of the penetrometer in contact with the lunar
material (As) increases from zero to a maximumas the depth of penetration
(x) increases from zero to complete submersion and then remains constant.
Thus, two differential equations are obtained from Equation (3) when
limits are substituted into the integrated expressions. One equation
represents penetrometer motion during the entrance phase and the other
the motion from then on.

The method of analysis is applicable to a penetrometer of any shape. To
evaluate the integrals in Equation (3) for a particular geometry, rela-
tions between 8, As, and x are obtained using appropriate geometrical
relations.

In the original formulation (constant material properties), the solution
of Equation (3), a nonlinear differential equation, was obtained
analytically, Taylor series expansion being utilized in integrating an
exponential function in the solution of the first phase equation. In the
variable material properties solution, Equation (3) has been solved
numerically using a digital computer. In either case, values of velocity
are obtained for specified values of displacement. Whenboth sides of
Equation (3) are divided by m, an expression for acceleration, i.e.,
a = v (dv/dx), is obtained as a function of both v and x. Hence,
accelerations can be obtained, since v is known for specified values of x.

Numerical integration of the velocity-displacement relationship to obtain
the elapsed time of penetration is accomplished by using six-point
Lagrangian integration coefficients with the samechoice of velocity values
as used in determining the acceleration.

Based upon this method of analysis, four digital computer programs have
been developed to handle various aspects of the problems of analyzing
experimental data. These programs are described in the following paragraphs.

(i) LPS-I Material Properties Determination. This program is used

to determine the variable material properties of the impacted target by

analyzing experimental acceleration-time impact data. The unknown target

material strength is assumed to vary with depth of penetration as

O = a 0 + alx + a2x2 + a3x3 , where a 0 through a 3 are coefficients to be

determined. For the present, target material density has been assumed to

be independent of depth of penetration. Thus, target density (p) is a

fifth unknown to be evaluated.

Equations of motion have been derived, involving the terms acceleration,

velocity, displacement, a, _, projectile diameter, and projectile weight,

all of which are known except _ (expressed in the above polynomial form)

and p. Selecting five sets of values of acceleration, velocity, and

displacement from the experimental acceleration-time curve and the corres-

ponding velocity-time and displacement-time curves, and substituting into
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the derived equations of motion, a system of five linear algebraic equa-

tions is obtained involving the five unknowns, ao, al, a2, a3, and p.
This system of equations is solved simultaneousl_ on a digital computer,

using Gaussian elimination with row interchange. The computer prints out

the values of the coefficients a^ through a3, p (both as mass density -
ib-sec2/in. 4 and weight density _ Ib/ft3), computes values of O for each

of the five input values of displacement, and tabulates computed values

of O for I inch increments of penetration from 0 to 50 inches.

(2) LPS-2 Integration of Acceleration-Time Data. In the event that

experimental acceleration-time data are obtained without corresponding

velocity-time and displacement-time data being available (in the present

program, these auxiliary curves have been obtained by analog integration

while summing up the components of the three uniaxial acceleration traces),

this program digitally integrates the experimental acceleration-time data.

Thus, this program is used to support Program LPS-I when necessary.

(3) LPS-3 Determination of Acceleration-Time Curves. This program

is used to determine theoretical acceleration-time curves when target

material properties are either known or assumed. The program is capable

of assuming variable target strength and density of the forms

ff= a0 + alx + a2x2 + a3x3 and p = b0 + blX + b2x2 , respectively.

The equations of motion are solved on a digital computer using Aeronutronic

Library Subroutine RKS3 in the fixed interval mode. The computer prints

out, in tabular form, for any specified increments of displacement, the

following quantities: displacement (inches), velocity (ft/sec), 2),acceleration (earth g), time (milliseconds), target strength (ib/in.

and target density (Ib/ft3).

(4) LPS-4 Evaluation of Target Strength Coefficients. Experimental

static penetration test data are obtained in the form of force-displacement

curves. Program LPS-4 fits the polynomial, a = a0 + alx + a2x2 + a3x3,
to these data for use as input in Program LPS-3 or for comparison with

calculated output values from Program LPS-I.

The program solves a system of four linear algebraic equations containing

the four unknowns, a0, al, a2, and a 3 in a manner similar to that of

Program LPS-I. The computer outputs the computed values of a through a3,0
computed values of O (Ib/in. 2) for each of the four input values of x

(inches), and tabulates values of _ for any specified increment of x from

zero to any specified upper limit.

b. Revised Penetrometer Model. As indicated in the previous section,

the original analytical model was developed before experimental data were

obtained. For the foam material used in the test program, the agreement

between predicted acceleration-time and depth of penetration values and

experimental data was excellent. The foam is a solid, i.e., nonparticulate,

material and the analytical model was originally developed for such

materials.
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The agreement between this theory and experimental data for the particu-

late materials tested was not satisfactory, however. Four typical

experimental acceleration-time plots are shown in Figures 4-74 through 4-77,

representing various particulate target materials, velocities, and pene-

trometer configurations. Also indicated in each figure is the correspond-

ing predicted curve, labeled original theory. As can be seen, the pre-

dicted curves range from having correct general shape characteristics but

insufficient peak amplitude, as in Figure 4-74, to what appears to be a

completely different response than measured, as in Figure 4-75. It is

obvious that the response for particulate target materials is considerably

different than for solid materials, for which the original theory was

first developed.

After sufficient experimental data became available and a better inter-

pretation of the penetration phenomena could be established, refinements

in the analytical solution were made and the digital computer program

was modified accordingly. One such revision was the assumption that a

zone of target soil material directly ahead of the penetrometer becomes

accelerated to the velocity of the penetrometer and subsequently moves

with it, as indicated in Figure 4-78. This additional mass (m2) is as-

sumed to increase linearly with depth of penetration (x) and to be a func-

tion of the diameter (D) of the penetrometer, i.e., m 2 = K I (_D2/4) p x.

The term p represents target mass density and K I is a constant factor

representing the volume of material assumed to be moving with the

penetrometer. The value of KI has been determined by comparisons with

experimental data, as will be shown.

One other revision has been in the assumption of the zone of target soil

material contributing to the inertial resistance effect. In the original

analysis (developed for solid materials), only that volume of material

directly displaced by the penetrometer at any instant was assumed to be

associated with inertia effects. However, as indicated in Figure 4-78,

a much larger volume of material is apparently being influenced by the

penetrating body in particulate materials. Thus, the inertial resistance

term originally assumed in the model, which is a function of target

density, depth of penetration, velocity, and geometry, has been increased

by a constant factor K 2.

The values of K 1 and K 2 to be used in the revised theory have been

evaluated by comparing the theory with available experimental data. The

revised theory is also shown in Figures 4-74 through 4-77. In general,

values of KI and K 2 of approximately 2 and 7, respectively, provide

reasonable agreement between theory and experiment. However, certain

apparent deviations have been observed. For example, the predicted

depth of penetration of the 250 ft/sec shots is somewhat greater than

measured, although excellent agreement has been obtained for most of the

20 and 150 ft/sec data. Also, the values of KI and K2 required to match

the experimental Cab-O-Sil penetration data are somewhat lower than
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FIGURE 4-78.

PENETROMETER

;URFACE OF
TARGET MATERIAL

= PENETRATION DEPTH

MASS (m2) MOVING
WITH PENETROMETER

RESISTANCE (VOLUME VARIES WITH X)

MASS-FORCE

OF INDUCED IMPACT

ON TARGET MATERIAL

INERTIA EFFECT = f (K2 p D2_ 2)

m I = MASS OF RIGID PENETROMETER

m 2 = MASS OF SOIL MOVING WITH
PENETROMETER

_D 2

= K i--_- P X

FO2830.U

ZONE OF MATERIAL AFFECTED BY PENETROMETER IMPACT
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K1 = 2, K2 = 7. However, because all but the 20 ft/sec tests into

Cab-O-Sil struck bottom, experimental verification of predicted penetra-

tions has not been possible in general. Figure 4-76 does indicate good

agreement in the initial part of the curve, however,

The good agreement obtained by making the relatively simple modifications

indicated demonstrates the general validity of the basic method of approach.

However, it is not intended to imply that the present, relatively simple

theory will provide excellent agreement for all test configurations and

target materials. A more detailed analytical investigation must still be

made now that experimental data are available. Only such an investiga-

tion, which considers characteristic soil material properties directly,

can lead to a general soil penetration theory.
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4.5.3 ANALYTICAL MODELS FOR LEM PAD IMPACT ANALYSIS

a. Lem Mechanical Model. The mechanical model utilized to describe

the dynamics of LEM pad penetration is illustrated in Figure 4-79 and is

analogous to a rigid-plastic structural model. Elastic modes of the

structure are not treated. The honeycomb strut is assumed to crush at a

constant load. Before the load in the honeycomb strut rises to a level

sufficient to initiate crushing, the mechanics of penetration is treated

as that of a rigid single degree of freedom system w_h = total ma_=

equal to the payload mass (W/g) plus the mass (w/g) of the pad, together

with the effective or "stagnation" mass (w*/g) of target material adjacent

to and in motion with the pad. The motion is opposed by the resisting force

of the target material consisting of "static" and dynamic components.

The differential equation for this phase of the motion (including a term

for the simulated reduced gravity) is:

(W + w + w* }" Id_t - 6_) =-Fg stat "Fdyn (4)

v = velocity of the pad (equal to the velocity of the payload for this

phase of the motion)

t = time

2
g = 32.2 fps

Fstat = the soil static resistance given as a function of penetration

depth

Fdy n = the dynamic target material resistance force and is represented

by the following analytical expression:*

Trr 23'
Fdyn = k2 g 4 1 - 1 -

= k 2 --_'n'r2 1 - 1 - for x > x
g 4

(4a)

(4b)

*See Paragraph 4.5.2
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in which

k2 = an empirical coefficient

= weight density of the target material

r = radius of curvature of the LEM pad

x = depth of penetration
I

x = the depth beyond which there is not significant veriation in pad area.

i
Since x<0.075_I,* the following approximate relation for Fdy n can be

I employed: _ (_rx)v2 _--
Fdy nm k2 for x < x (5a)

I .k 2 _ (Wr_)v 2 for x >x (Sb)

i The stagnation mass of soil in motion with the pad is represented as a
function of x by the following analytical expression:**

i _rrx i - x for x 4_ x (6a)g gL l r4_i

i g_ k I
_ (2_x 2)

i
k I g_ (2 r_x)

I

l

l

As in the case of the dynamic resistance force component, the following

approximation is valid (since _/r is small relative to unity):

for x_ _ (Ta)

for x > _ (Tb)

Noting that (8)

dv dv I a{_T2_

dt dx 2 dx

*r = 50 inches, _ 3.6 inches

**The basis for this representation is discussed in Paragraph 4.5.2

l

l
4-125

i



I

Equation (4) can be written

2
+ f(x) • v = R(x)

dx

where

(9)

I

I
I

f(x) = 2k2_(Trrx)

2
W + w + 2k._rx

£-

2k27(Trrx--)

W + w + 2kl]_r_x

and

R(x) = 2g

= 2g,

for x (
(lOa)

for x > _ (10b)

I

I
I

IFstat

for x < _ (lla)

- W + w + 2kl_Wrx2 / -- I

rl Fstat 1 for x > _ (lib)

- W + w + 2kl]Wr_x J
The solution to Equation (9) can be shown to be given by the following

expressions (k I # 0):

For x _<

k 2

2_rX2w÷w)"2k--] i+
2kl_ru21 k2

_ / dt
(12a)

where v is the impact velocity
o

.

I
I
I

I
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For x > _,

k211v2 = 1+ _7 T I + -_7_ |

i ):t_ x 2kl_Wr_u kl .d+ -- R(u)" i + W + w
X

where _" is the velocity given by Equation (12a) evaluated at x = _.

( 1 9%-_

Since F tat' and therefore R, is a known function of the penetration depth
(x or ug, Equation (13) can be integrated, by numerical techniques,if

necessary, to give velocity v as a function of x.

The depth at which crushing is initiated can be determined as follows:

When the load in the honeycomb strut reaches the crushing level, Fc, the

acceleration of the payload is

g c

Where V is the velocity of the payload. But, during this initial phase

of the motion; that is, up to the initiation of honeycomb crushing

(13)

V = V (14)

so that at the instant the honeycomb strut starts to crush

dv _ Fc
__ - = . -- g
dt 61 W

Substituting Equation (15) in Equation (3) it is seen that honeycomb

crushing commences when the following relation is satisfied:

W + w + w* I.

I

W ; Fc = "Fstat -Fdy n

(15)

(16)
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where F= is given by Equation (5) and w* is given as a function of x byay
Equation _7) 0 Since Fstat and v are now known as functions of x, the

depth x c at which crushing commences can be determined numerically with

the use of Equation (16).

After the initiation of crushing of the honeycomb strut (that is for

x >Xc), the differential equation of motion of the payload mass is:

I

!

!

w(dvI ig _ - 6_ = - F c (17a)

or

W dV W

g dt 6 Fc (17b)

This is simply the trivial problem of a constant mass accelerated by a

constant force. The well-known solution for velocity as a function of

displacement is:

V 2 = V 2 + 2g - _-, - X
c c

Where X is the coordinate defining the position of the payload

(18)

X c = x c is the pad penetration at which honeycomb crushing is initiated,

as determined previously

V = the velocity of the payload

I
I

I
I

I

I
V c = v c is the velocity at the instant honeycomb crushing commences, as

obtained from Equation (12) evaluated at x = x c

and the other notation is as defined previously.

For x >x¢, the differential equation of motion for the mass of the pad
can be wrltten

" . = F c - Fstat - Fdy n

I
I

I

I
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in which all terms and notation are as defined previously. Note that

after initiation of crushing of the honeycomb strut, the velocity V of

the payload is no longer equal to the velocity v of the pad. Using

Equations (5), (7), and (8), Equation (19) can be rewritten

dv 2 2

-- + fl(x) vdx • = R I(x)

wherp

I 2k2_(_rx )fl (x) _ for x _

w + 2k_Wrx 2

I

I

I

=r 2k2_ (Trr_)
for x >

w + 2kl"F_r_x

and

I = 2g + w + 2kl_r_x

)
I

for _ S

for x >

The solution to Equation (20)is (kI # 0):

For x <_._,

I v2 =(I+ w ) k2

2k_ _rx2 " _i

I

Vc 2 .(
1+

2k I

w

k 2

I II + Rl(U) I + W

x c

!

I

I
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For x >

k 2

i + 2kl_7[r_Xw )- _I

x (+ f,_ Rl(U) 1 +

in which, if

k2

2k I "yT[r_Uw) kl " du

k 2

k
i

(23b)

x < _, _ = _ (24a)
C

and

= _ (25a)

where _ is obtained from Equation (23) evaluated at x = _.

If

x > _, _ = x (24b)
C-- C

v = v (25b)
C

As before, vc is obtained from Equation (12) evaluated at x - Xc, and all

other notation is as previously defined. Equations (23) can be evaluated

numerically to determine velocity as a function of depth of penetration,

the maximum penetration xf of the pad being determined by the condition

that v = 0 at x = xf.

In many practical problems, it has been found that x c is sufficiently large

such that the expression for Rl(X ) can be simplified by taking advantage of

the approximately linear character of the LEM pad static force-penetration

curve for depths greater than about 2 inches (see Figure 4-80). Then if

the average slope of the essentially linear part of the LEM pad static

penetration curve for the particular target material is denoted by K,

Fstat - F c _ K (X-Xc) (26)
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Closed form expressions constituting an upper bound to the mathematical
solution represented by Equations (23) can be obtained by neglecting the
target inertial resistance term (that is, setting k2 = O) in conjunction
with the use of the approximate relation given by Equation (26). The
resulting analytical expressions representing this upper bound to the
solution are as follows:

For x i _,

2 2
v = v - z_

C
in

For x >x ,

v =v - 2_
C

(W + 2kl_rx2 ) -V2kl_TrXc2 [tw + 2kl_rx c2 --w" an-l_kl_ rx2)

X - X
C

x-_-

6

where all notation is as previously defined.

(27a)

in

Iw+ I,x -x+ 2kl_rx'_ 1 - 6

(27b)

These upper bound expressions

can be a useful aid in parametric investigations relating to studies of

correlation between theoretical and experimental results.

The above theoretical development of a mathematical model for the dynamics

of LEM pad penetration can be extended in a straightforward manner to the

situation in which the honeycomb strut is constructed of two types of

honeycomb material in a series arrangement, one type of material crushing
at a higher load level than the other. It should be noted that it is

possible for the LEM pad to be brought to rest before crushing of the

higher strength honeycomb commences. If the higher strength honeycomb

starts to,crush, and if the corresponding load level is sufficiently high,

pad penetration can be reinitiated. At the present time it is necessary

to assume that the static force-penetration depth curve for this second

phase of the pad motion is the same as that for the earlier phase of

penetration.

b. Spring Model. In addition to revising the penetrometer model for

studying LEM pad impact behavior, a considerably different approach was

also investigated.
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If the impacted material is assumed to be a semi-infinite region being

compressed by a rigid body, i.e., the LEM pad, the target material beneath

this body is subjected to a compressive stress field. This stress distri-

bution is a function of both axial and radial coordinates, as has been

established by the theory and experiment. The compressive stress field

induces a penetration of the impacting body, static penetration tests of

soil materials indicating a reasonably linear relationship in general.

This linearity suggests behavior analogous to a linear spring, the soil

=toring pot=LL_iml energy during the kinetic impact. The deformation is

associated with the overcoming of friction between soil particles com-

pressed against each other. Because of the apparent linear response, it

is plausible to assume that beneath the penetrating body, the target

material resists motion analogous to a multifold spring system. For the

sake of analytical simplicity, this spring system will be reduced to a

single spring with one degree of freedom. In the actual physical case,

many different soil mechanics effects are involved. For example, lateral

deformations and restraints influence motion as well as the amount of soil

actually moving with the penetrating body.

In the present analysis, a linear relation between the assumed elastic

resisting force and the penetration will be assumed, i.e., P = Cx, where x

represents penetration depth, P the resisting force, and C is an "effective

spring constant."

An expression for C is established as follows. From an actual static pene-

tration curve, an equivalent modulus (E) can be determined as

E = _p h (28)
Ax

where _p, an incremental change in resisting pressure, is equal to _P/A,

i.e., an incremental change in total resisting force divided by the pro-

jected area of contact. The term h is a characteristic depth of the soil

material being considered. If the actual static penetration curve is

slightly nonlinear, as is frequently the case, E can be assumed to define

an average value. The term _x represents an increment of penetration

corresponding to _p. Substituting_P/A for _p in Equation (28) and solving
for Ax gives

AP
Ax = E-_ h (29)
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Therefore, C can be expressed as (using Equation (29),

C : _P : EA (30)
_x h

Because of the effect of the size of the penetrating body on static pene-

tration behavior, the static test data used in determining the value of E

in Equation (28) must be representative of the body used in the dynamic

test. If both static and dynamic test data are not available for the same

body, there are transformation formulas available which permit scaling

from one size to another. These relations are based upon soil mechanics

considierations and take the following form:

N 1

P2 = PI _2

(31)

where P and P2 are forces resisting penetration for two different size
bodies alnd

h K ]
NI = 2 + -_

D I + 2Dlh DI

N2 h + _-_

D + 2D2h D 2

(32))

The terms D1 and D 2 represent the diameters of the two different bodies
and K = _E, where _ represents the effect of lateral volume displacement

of the soil and must be approximated.

Having obtained representative static penetration data either directly or

by a scaling procedure, the value of C can be evaluated using Equations (28)

and (30).

The dynamic behavior is then determined as follows: Using the linear

spring concept, the law of conservation of momentum can be expressed as

where M represents the mass of the penetrating body, v i its initial velocity,

v its velocity at some later time (t), and P - Cx, as previously defined. _.

|
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Making this substitution for P, the solution of Equation (33) can be

expressed as

V.
l

x = _ sin O)t (34)

where

Penetration (x) will be a maximum when t =

Therefore,

_E_
2_

x = v. _ (36)max z

Since P --Cx, the resisting force at Xma x will be

P = v. %/_ (37)
X l
max

In the present application, the frequency term (_) of Equation (35) can
also be modified to take into account the fact that two masses are in-

volved, the main body and the foot pad itself. Also, the effect of the

crushing honeycomb struts can be considered as it influences _. In the

numerical computations resulting in the curves of Figure 4-81, these

influences are considered by using approximating assumptions. As can be

seen, reasonable results have been obtained.
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4.5.4 LEM IMPACT

a. Analytical and Experimental Results for the LEM Mechanical Model.

Table 4.11 presents a comparison of analytical and experimental LEM impact

results.* The analytical effort concentrated on the 4000 pound load case.

Both analytical and experimental results indicated that crushing of the

higher strength honeycomb did not occur in this case. This simplifies the

analytical considerations somewhat. Nevertheless, the results for two

8000 pound load cases are presented. In the 16,000 pound load LEM tests,

¢omp!etc ....._-- '........L_ =_Lu bottoming out o_ the honeycomb material occurred.

This situation was not investigated analytically during this study.

The analytical upper bound LEM penetration results which correspond to

neglecting the target material inertial resistance (that is, setting

K 2 = O) in the analysis are presented for several values of the target

material "virtual" or "stagnation" mass factor, K I. Calculations have been

made for K 2 = 0 with K I = 0 and KI = 2 and in one case K I = 5. The nominal

values K I = 2 and K 2 = 7 were indicated by penetrometer impact research
studies.** In those cases in which the analytical upper bound penetration

depths calculated for K 2 = 0 and K I = 2 were significantly less than the

experimental results, detailed calculations were not carried out with the

target material inertial resistance effect included. Only the upper bound

results are indicated in such cases. This situation resulted for the loose

Nevada 120-2 and Nevada 60-2 sand materials. For the dense Nevada 120-1

and for the foam materials, penetration calculations were made including

the target material inertial resistance for the parameter combination,

KI = 2 and K 2 = 7. At the LEM impact speed of i0 fps the inertial effect

in the foam material was negligible, but in the dense sand the target

inertial resistance effect reduced the penetration by about 30 percent

relative to the upper bound calculation (K2 = O, K I = 2).

* A value X = 3.6 was used in the analysis for the LEM pad geometrical

parameter. The LEM test configuration has been discussed in a previous

section. The LEM impact velocity was taken as i0 fps.

**See Paragraph 4.5.2.
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For the 8000 pound load cases treated (foam and Nevada 60-2 materials),

the analytical model indicated that the pad was brought to rest during

crushing of the low strength honeycomb. The depth of penetration at this

point was such that the force set up in the strut during high strength

honeycomb crushing was insufficient to produce further pad penetration;

that is, the available soil static resistance force at this depth exceeded

the crushing load of the higher strength honeycomb material. The experi-

mentally determined maximum penetration depths for the 8000 pound load

cases exceeded the analytical predictions by 50 percent or more.

The experimental final penetration is shown as well as the peak penetration

(values in parentheses indicate a second peak in excess of the first).

Two values of final penetration are presented -- one is the yardstick

measurement at the time of the test and the other is the result of data

reduction (payload displacement minus honeycomb crush). The question marks

indicate an apparent inconsistency between the yardstick measurement and

the reduced data for the 8000 pound load case in Nevada 60-2 sand target
material.

A comparison is also presented between analytical prediction and experi-

mental results for the amount of honeycomb crushed. For the 4000 pound

load case in foam and dense Nevada 120-1 target materials, the experimental

and analytical honeycomb crush results are within about i0 percent of each

other. The corresponding analytical LEM pad penetration depths are within

about i0 and 20 percent respectively of the test results. For the loose

Nevada 120-2 and 60-2 sand target materials, the experimental penetration

depths are significantly greater than the analytical and, as would be

expected under such circumstances, the analytically predicted lengths of

honeycomb strut crushing exceed the experimentally determined values

(that is, the lower analytically predicted depths of penetration imply

less energy absorbed in soil deformation and more in honeycomb crushing).

For the 8000 pound load cases, the experimentally determined peak penetra-

tion depths are significantly in excess of the analytical results, as

indicated previously, but for the foam material the experimental and analy-

tical results for the amount of honeycomb material crushed are in agreement.

b. Conclusions and Recommendations. For the 4000 pound load case,

the analytical and experimental results are in reasonable agreement for

the dense Nevada 120-1 sand and for the foam target materials.

For the loose Nevada 120-2 and Nevada 60-2 sand target materials, experi-

mental penetration depths are significantly in excess of the analytical

predictions. Even the analytical upper bound penetration depths obtained

by neglecting the target material inertial resistance effects are signifi-

cantly less than the test results for these loose materials. (It appears

that in order for the penetration depth given by the upper bound solution

to approach the experimental values, the target material "virtual" or

"stagnation" mass factor must be increased by around 200 percent or more.)
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For the 8000 pound load cases studied analytically, the experimental pene-
trations were considerably in excess of the analytical predictions.

The analytical model tends to predict that the target material resisting
forces bring the LEMpad to rest considerably sooner than the honeycomb
crushing loads can bring the muchmore massive payload* to rest.

The discrepancy between analytical and experimental results for the loose
particulate materials could be explained by a degradation in material
strength characteristics under dynamic conditions. A possible source of
such strength degradation might be a vibration-like, "jack-hammering"
action occasioned by the non-uniform honeycombcrushing action.**

Additional LEMtesting appears desirable in order to study this apparent
strength degradation effect and to develop empirical modifications to the
analytical model which will result in a useful prediction tool. A possible
approach might be to conduct static (low speed) tests under honeycomb
crushing conditions to determine whether under such conditions there is
any degradation in strength characteristics of loose granular target
materials.

It also appears desirable to conduct additional penetrometer impact research
with emphasison the low speed, shallow penetration regime in order to
study more thoroughly, under such conditions, the empirical coefficients
KI and K2.

* The LEMpad mass is less than 5 percent of the payload mass.

**Load cell traces indicate a randomvibration-like, low-amplitude,
relatively rapid load oscillation during honey-combcrushing.
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SECTION 5

OMNIDIRECTIONAL PENETROMETER DESIGN AND DEVELOPMENT

The penetrometer subsystem consists of the following functional
subassemblies:

(i) Omnidirectional accelerometer.

(2) Signal Electronics.

(3) Transmitter.

(4) Antenna.

(5) Battery.

(6) Timer-Regulator.

(7) Structure.

(8) Impact Limiter.

Considerable design, development, and testing at the subassembly level

preceded the eventual successful construction and testing of two complete

penetrometer subsystems, Prototype Nos. 2 and 3. Each of the subassemblies

is descril_d in detail in the succeeding paragraphs. The overall pene-

trometer design and functional description were presented in Section 3.

5.1 ACCELEROMETER

The decision was made early in the program to use the Endevco Model 204-MI

omnidirectional accelerometer. The accelerometer is required to produce

unipolar signals proportional to the applied shock regardless of the direc-

tion of impact. It is also required to have an isotropic sensitivity with-

in _5 percent over a range of from 50 to I0,000 g. The Endevco design is

the only one presently available which meets these requirements.
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The Model 2404-MI accelerometer is shownin Figure 5-1. The sensing
elements are two mated, hollow, hemispherical piezoelectric crystals filled
with a fluid. The output of the crystal sensors are summedto provide a
positive voltage (relative to the accelerometer case) proportional to the
acceleration, regardless of the direction of the applied shock.

Originally, Endevcohad promised delivery i0 weeks after receipt of order;
however, this turned out to be an overly optimistic schedule. Finally, in
August 1965, two Endevco2404-MI prototype accelerometers were delivered.
These were conditionally accepted, since they did not meet the isotropic
sensitivity specifications. At this point, Endevco indicated that a major
redesign had been executed to improve these deficiencies. The redesign
consisted of mounting the crystals in the base instead of in the cover to
eliminate output sensitivity caused by connector movement.

A large numberof the new design accelerometers were built with varying
results. It was obvious from the wide scatter of results that someproblems
still existed. Therefore, Endevcoinitiated an experimental program designed
to study the characteristics of size versus output of omnidirectional charac-
teristics. The program originally planned involved three sizes of acceler-
ometers to be designated 2404-MI (existing size) 2404-M2, and 2404-M3. Also,
various methodsof mounting, namely keeper mounting, ring mounting, and
encapsulation, were to be investigated for pressed crystal and machine
crystal configuration.

5.1.1 2404-MI DEVELOPMENT

The 2404-MI development continued with an Aeronutronic engineer on-site at
Endevco, Pasadena. His responsibility was to work with existing hardware
to determine what caused the wide variation of results. The problem was
divided as described in the following paragraphs.

a. Base Design. Experiments indicated that the slotted base provided

a nonuniform support for the crystal, thus resulting in non-omnidirectional

error signals. The new design eliminated the slots in the base.

b. Crystal Support - Keeper Design. Originally, the keeper was

designed with a slot on one side. The slot resulted in non-uniform support

similar to the base. The new design eliminated the slot. The slot was

functional, however, in that it provided a space for the internal wiring.

The new keeper design provides a hole for this purpose.

c. Crystal - Electrode Attachment. Experiments with conductive paint
were not successful. The standard method of solder is now used and later

data indicate that no adverse effects result because of a small amount of

solder at the junction.
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d. Crystal Selection. Early attempts to determine self-loading

sensitivity as a criteria for matching the crystal hemispheres was unsuc-

cessful. Recent techniques involve capacitance and size match in addition

to the self-loading characteristics.

e. Cover Effect. Studies were conducted to determine if the cover

contributed to the omnidirectional error. No design changes of the cover

were made; however, attachment techniques, such as weld, solder or epoxy

joints, were investigated.

f. Inner Cap. During the development program, it was determined

that the addition of an inner cap improved the support of the sensing

crystals.

In the span of 4 months, during which the Aeronutronic engineer was on-site

at Endevco, many experiments were conducted from a component level up to

the completed accelerometer. The results of these efforts produced accel-

erometer SN 50, shown in Figure 5-1. Sensitivity was 1.04 mv/g,

omnidirectional error +6 percent at i000 g and +7 percent at 6000 g shock

levels. Internal resistance, capacitance, and linearity were within the

required tolerances. The accelerometer was installed in the Penetrometer

Prototype No. 3 and performed satisfactorily.

5.1.2 2404-M2, 2404-M3 DEVELOPMENT

These experiments have been continuing as a parallel effort along with the

2404-MI. The results have indicated, in general, that larger size acceler-

ometers are easier to build and can meet the isotropic requirements.

However, as the size increases, the fragility level decreases, and this

was found to be unacceptable for the Penetrometer application. Further

experiments are continuing with designs that should solve the fragility

problem.

5.2 SIGNAL ELECTRONICS

5 .2 .i FUNCTIONAL REQUIREMENTS

The function of the penetrometer signal electronics circuits is to provide

required processing of the accelerometer output signal to a form suitable

for modulating an RF transmitter. In the penetrometer, this function is
three-fold:

(i) The signal electronics circuit must provide a

high input impedance for the accelerometer to

prevent offset errors associated with leakage

and charging the transducer capacitance and to

maintain a long-time constant to preserve low

frequency response.
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(2) The dynamic range of the acceleration data

must be compressed in a stable circuit to

prevent excessive communication link band-

width requirements and preserve accuracy of

low g-level signals.

(3) The data must be chopped to minimize the effect

of rf carrier frequency shift on data accuracy.

The Endevco piezoelectric omnidirectional accelerometer can be represented

electrically as a charge source, a capacitance, and a large resistance all

in parallel across the terminals of the device. Typical values are:

0.3 pico coulombs/g, 400 picofarads, and a resistance greater than I0 I0 ohms

resulting in accelerometer time constant of i0 seconds. Since the minimum

desired penetrometer time constant is 5 seconds, the accelerometer pre-
amplifier must have a high input resistance on the order of i0 II ohms.

Various amplifiers with high input impedance were thoroughly analyzed in
the State-of-the-Art Review. I This study resulted in the selection of an

extremely low leakage, low capacity, metal-oxide-semiconductor, field-

effect transistor (MOS-FET) as a differential input stage. Conventional

"charge-amplifier" techniques, commonly associated with accelerometer in-

strumentation, were discarded due to long settling times and instability
requiring "re-zeroing."

The MOS-FET was selected primarily for low leakage and low gate-to-drain

capacitance in order to prevent large turn-on errors associated with

charging the transducer capacitance. The MOS-FET equivalent circuit is
shown in Figure 5-2.

Turn-on transient errors for both MOS-FET's and junction FET's are covered

in pages 70 through 76 of the State-of-the-Art Review. I An equivalent

circuit is shown in Figure 5-3 for turn-on transient analysis. From this

analysis it can be seen that both the low gate-to-drain capacitance and

low leakage inherent in the MOS-FET reduce the turn-on error significantly

as summarized in the following paragraphs.

a. MOS-FET Turn-on Transient

_ acc + I -

Egt=° Rgd Cacc _2

acc +

Rgd Cac c

i TI

since _ _2 < < i

(i)

iState-of-The-Art Review, Aeronutronic Publication U-3132, June 1965.
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which for a 3N99MOS-FETwith a 20-volt supply:

C = 0.3 pfgd

1016R = 2 x ohms
gd

and:

R
acc

C
acc

= i0 I02 x ohms

= 400 x 10"12 farad

= 15 millivolts or 20 g.

Following a given time, the turn-on transient settles to a dc value

(20 microvolts) determined by the ratio of accelerometer internal resist-

ance Rac c to gate-drain resistance (Rdg) and the supply voltage (V):

R 010
= V ac_.___c= 20 x 2 x i = 20 x 10 -6 = 20 _ volts (0.03 g)

Egt = _ Rgd 2 x 1016 (2)

b. Junction FET Turn-On Transient. A simplified circuit for evalu-

ating junction FET turn-on transients is shown in Figure 5-4.

V Cgd 1.5 x 10 -12
Eg = = 20 x = 75 mv (i00 g)

Cacc 400 x 10 "16

(3)

In addition, the gate to-drain leakage current Ic provides a constantly

increasing error

eg = IC Rac e - e (4)

where

T I = Racc Cacc (accelerometer parameters)

E = FET gate voltage
g

V = 20 volts

de

IL = Eg + CR ace dt
ace

(5)
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For a typical junction, FET leakage current of i0 -I0 amps, operating with
a 20-volt supply, the gate voltage increases toward 2.0 volts with an
8-second time constant. The total error at any given time following turn-
on is the sumof the transient error and leakage error. At turn-on, a
transient of 75 millivolts exists, plus a constant increase given by

dE I C
dt C

acc

250 millivolts/sec = 333 g/sec (6)

Since the initial preamplifier design and MOS-FET selection, the input

circuit has been modified by inclusion of 2000 megohm shunt resistor and

a 3000 pf shunt capacitor. This was found necessary to prevent acceler-

ometer thermal gradient induced dc offset voltage from displacing the

quiescent point of the preamplifier beyond linear signal handling limits.

Unfortunately, additional capacitance does not allow replacement of the

MOS-FET by a conventional FET as the initial turn-on error is dependent

only upon the FET leakage current and the g-error is unaffected by input

capacitance.

5.2.3 MOS-FET RADIATION EFFECTS

Some hesitancy has been experienced in the industry to accept MOS-FET's

on the basis of instability of the oxide layer between gate and drain.

Devices fabricated by some manufacturers have definitely exhibited deteri-

oration of this oxide layer and an indication of this is evident in the

low gate-to-drain punch through ratings on some manufacturers' data sheets.

However, the GME devices used in the penetrometer have the highest voltage

ratings of this type device which reflects to some extent the stability of

their oxide layer. Appendix J reviews the mechanism of degradation in

MOS-FET devices. Recent work by Hughes 2 of NRL seems to indicate that

N-channel devices in a differential amplifier configuration provide ade-

quate immunity to 106 rads of gamma radiation. However, since the extent

of radiation damage is determined by bias and circuit configuration, the

actual GME MOS-FET's used in the penetrometer should be tested in the

actual circuit configuration to reliably evaluate radiation effects in a

penetrometer application.

5.2.4 METHODS OF DATA COMPRESSION

Because of the large dynamic range of accelerometer signals encountered in

the lunar penetrometer, some method of signal compression must be utilized

to preserve accuracy of low signal levels (50 g region) and minimize rf

2Hughes, H. L., and Girons, R. A., "Space Radiation versus MOS Devices and

Circuits," presented at the 12th East Coast Conference on Aerospace and

Navigational Electronics, 27-29 Oct, 1965, in Baltimore, Maryland.
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link bandwidths. A number of methods have been investigated and reported

in the State-of the Art Review (Reference i, pages 88 and 89). These
include:

(i) Compression by frequency shaping.

(2) Two-step linear compression.

(3) Switchable gain.

a. Amplitude Compression by Frequency Shaping (Integration_. A

comprehensive analysis of the use of a low-pass RC filter to provide fre-

quency shaping is given in Reference 3. This method of amplitude com-

pression utilized a priori information of anticipated accelerometer output

signals. Fast rise times are associated with short pulses with relatively

little frequency content.

This method of signal compression has the disadvantage of loss of data

accuracy by system noise generated in the stages following the integrator.

This includes the entire rf link and receiving system data processing

circuits. Also, the noise output of an FM discriminator (typical pene-

trometer modulation method) contains a parabolic portion predominant at

high signal-to-noise (SNR). Since the accelerometer signal has the opposite

frequency characteristic, it is unavoidable that the SNR at the discrimin-

ator output will be poorer than that at the input.

b. Two-Step Linear Compression. Most of the methods of compression

using nonlinear circuit elements (forward biased semiconductor junctions)

share a common problem associated with a forward biased diode temperature

characteristic and require elaborate temperature compensation. However,

Zener diodes in the 6-volt range possess a nearly zero temperature coeffi-

cient, especially if operating current can be selected. Tests at

Aeronutronic have shown that the temperature coefficient of randomly

selected 7.5 volt Zeners was negligible in the region of the knee with only

an 0.048 percent per degree C change above the knee. This insensitivity to

temperature variations was the primary factor that led to the choice of this

compression method for the prototype penetrometer. A Zener circuit, as

shown in Figure 5-5, provides 14.5 db compression over a signal range of

i000 to I0,000 g, as shown in Figure 5-6. Figure 5-7 shows the relatively

small temperature sensitivity of the compression characteristic.

c. Switchable Gain. Two-step linear compression utilizing the Zener

diode has the disadvantage of providing poor resolution for high level data

in the range beyond the knee of the transfer function characteristic. The

3
Pitts, F. L , Amplitude Compression of Penetrometer Data, Langley Research

Center, SlDS Technical Files, January 1965.
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circuit shown in Figure 5-8 provides much better resolution over the entire

range of anticipated accelerometer signal levels by dividing the 0 to

i0,000 g range into three ranges, 0 to I00, 0 to i000, and 0 to i0,000 g's,

with output scale factors of 0.150 volt/g, 0.0150 volt/g, and 0.00150 volt/g,

respectively, based on 15-volt full-scale output, as shown in Figure 5-9.

This provides better resolution than the presently used dual-slope com-

pression circuit with 0.02 volt/g from 0 to 500 g, and 0.001 volt/g from

500 to i0,000 g. This circuit consists of three stable gain amplifiers

with provisions to automatically select gain as a function of input level.

For example, fo_ _i_,_i levels up to iUU g, the accelerometer signal would

be amplified by the X2, XI0, and XI0 stages giving a full-scale reading of

15 volts to a i00 g (0.075 volt input) signal. Should the signal exceed

i00 g, the switch circuit in the output of the third amplifier (XI0) would

open, also removing a IK load termination from the first XI0 amplifier.

The output would then be 1.5 volts and increase at 0.0150 volt/g. For

pulses exceeding i000 g, the first XI0 amplifier output is disconnected,

producing a 0.150 volt signal with a 0.0150 volt/g scale factor.

Disadvantages of this approach to dynamic range reduction are:

(i) Possibility of generation of switching
transients.

(2) Additional data must be transmitted to define

overall amplifier gain.

(3) Data are received in nonconventional form

requiring processing to reconstruct actual

accelerometer signal. (Also true of Zener

diode compression techniques to a lesser

degree.)

(4) Data interpretation may be difficult under

conditions which produce an accelerometer

signal which "rings" in the region of amplifier

scale factor change.

5.2 5 DIFFERENTIAL INPUT STAGE

Two basic circuit configurations utilizing a MOS-FET can be used in the

penetrometer input stage. These are the ac coupled source follower and

the differential amplifier configurations.

a. AC Coupled Source Follower. A representative ac source follower

amplifier configuration is shown in Figure 5-10. AC coupling is used in an

attempt to minimize offset errors associated with bias and device instability.

The basic problem with this circuit is the difficulty associated with holding
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a stable source voltage on the source follower. The tolerance on this

voltage was estimated to be _0.5 volt in the State-of-the-Art Review

(Reference i, page 84). Coupling capacitor valves must be large to main-

tain a 5- to 10-second tlme constant resulting in a large settling error

necessitating turn-on prior to penetrometer launch on the order of several

minutes. This is highly undesirable because of additional power supply

capacity requirements.

b. Differential Amplifier a Direct Coupled. Figure 5-11 gives the

signal electronics modH1_ _¢bem_ti= for th_ final pLutocype configuration.

The direct coupled differentlal amplif±er circuit configuration shown in

the figure solves the time constant and offset problems associated with

the ac coupled source follower circuit. With a matched pair of MOS-FETS

(GME-1005) it is possible to establish the gate-source voltage of the

input transistor to a level corresponding to the allowable data offset

error. The GME-1005 consists of a matched pair of p-channel MOS field-

effect transistors diffused into a common monolithic chip. As a result

of the monolithic structure, this device has excellent thermal tracking

characteristics between the two devices. The gate-source thermal tracking

error over the anticipated operating range of 50°F to 90°F should not

exceed 5 millivolts. A MOS-FET current source is used for the differential

amplifier to ensure minimum common mode gain. The output of the MOS-FET

differential amplifier drives a Fairchild _702A integrated amplifier with

an output voltage swing of from 0 to +15 volts. The output is fed back to

a Zener diode "expander" to the differential input stage and back to the

noninverting input of the_702A. Selection of the values of the resistors

in the feedback circuit permits control of amplifier gain and the knee of

the overall compression characteristic.

5.2.6 2 KHz DATA BANDWIDTH FILTER

Initial performance specifications for the Endevco omnidirectional acceler-

ometer included a 2 KHz frequency response. Selection of the 40 KHz chopping

frequency was a compromise based upon minimum aliasing errors associated

with a 2 KHz data response and maximum allowable receiver bandwidth related

to a 40 KHz subcarrier. Penetrometer and receiver models were designed

and fabricated using the 40 KHz chopping frequency and 2 KHz data bandwidth.

However, frequency response tests on Endevco accelerometers received later

indicated that the response extended beyond 5 KHz. To prevent extensive

system design changes, a 2 KHz active filter was added in the signal elec-

tronics. This required additional active stages for impedance matching to

properly drive the filter. Since the MOS-FET differential amplifier and

_702A operational amplifier had successfully been impact tested, an identi-

cal stage was chosen for the input stage of the signal electronics. This

stage provided the high input impedance-low leakage required for acceler-

ometer signal processing and operated at unity gain. The MOS-FET differ-

ential amplifier was retained for the compressor amplifier because of

satisfactory operation during previous tests. The 2 KHz active filter is

described in paragraph 5.2.9.
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5.2.7 AC COUPLING

During the development of the penetrometer, it was found that the Endevco

omnidirectional accelerometer produced adc output voltage related to the

thermal gradient imposed upon the case. Since there was no convenient

way of evaluating the accelerometer under actual internal penetrometer

operating thermal environment, the signal electronics stages were ac

coupled to prevent large, full-scale offset errors. To prevent long-time

accelerometer charge buildup, which might possibly exceed the 21-volt

gate-source voltage r_t_ng _ e6o _ne_==m - _- _............. _, = _vuv m=gohm resistor, K31,

(see Figure 5-11) was added in parallel with the accelerometer. A 3000 pf

capacitor (C19) was also added across the accelerometer to maintain a

6-second time constant. Voltage divider network R8 and R9 is adjusted to

compensate for the added input signal attenuation.

5.2.8 SIGNAL ELECTRONICS CALIBRATION

Prototypes 2 and 3 penetrometers require ac calibration signals, since

the calibration injection point is at the input of the 2 kc KHz active

filter preceding the interstage coupling capacitor C-20 shown in the signal

electronics schematic, Figure 5-11. An attempt was made in Prototype 2

to provide dc calibration by providing external access to the drain of

Q3 (Pin i) but inadvertent shorting of this test point during calibration

destroyed the MOS-FET. Also, full-scale signals could not be simulated

because of the bias levels in the operational amplifier circuit.

5.2.9 SIGNAL ELECTRONICS, THEORY OF OPERATION

The accelerometer signal is applied to the gate of MOS-FET Q1 connected as

a differential amplifier. The MOS-FET provides the required high input

impedance and low leakage to minimize turn-on transient errors. The differ-

ential circuit configuration permits direct coupling to following stages

by minimizing the effect of operating point variations. R3 and C2 consti-

tute an input frequency compensation network for the _702A integrated

amplifier and provide a 2 KHz frequency cutoff. R 7 and C3 perform a

similar function in the output and are selected for a i0 KHz cutoff. A

two-stage RC response is provided in this manner which prevents oscillation

in the 30 MHz region _Jith inherent 180 degree phase shift.

The low impedance output of the _702A is attenuated by R7 and R8 which

provide scale factor adjustment. These values are also constrained to

provide a 1.5 K ohm impedance for proper RC low-pass filter response in

conjunction with C5.

The 2 KHz low-pass filter consists of the single section RC (R7, RS, and C5)

combined with a second order active Butterworth consisting of C6, C7, RII,

and C 8. Unity gain feedback is provided from the second section of Q3

to c6 and C7 .
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A single section RChigh-pass is also incorporated and consists of C20
and R38"

The second stage amplifiers in the signal electronics (Q3 and associated
_702A) is identical to the first stage with the exception of the Zener
diode compressor circuit.

The Zener diode located in the negative feedback path around A2 _702A)
Q3 does not conduct until signal levels exceed the Zener point. During
this time the overall amplifier gain is proportional to RI8, RI9, and R20.
After the Zener conducts, the gain is reduced (feedback increased) by the
ratio of the Zener impedanceto RI8.

The compressor amplifier also utilizes frequency compensator networks
(CI0 and RI4 and R21 and CII ) for stability.

The output of A2 is choppedby two MOS-FETswitches driven by a 40 KHz
multivibrator. MOS-FETchoppers were selected because of the very low and
stable offset voltage when turned on.

The 40 KHzmultivibrator is of conventional design. Steering or speed-up
diodes CR4and CR5provide more accurate timing by preventing collector
current from flowing in the RC timing circuit (C14-R26and C13-R23).
Latch-up during initial turn-on is prevented by CR6and CR7. CR2 and CR3
in the transistor emitter circuit prevent VBEbreakdown.

The amplitude modulated 40 KHzchopper output is attenuated by R35 and R36
which are selected to provide a voltage level compatible with transmitter
modulator characteristics. C15, C16, R28 and R29 form a 40 db/decade
active high-pass filter to minimize basebanddata frequency aliasing
errors. A low-pass filter section is provided by R31 and C17 in the
source follower (Q7) output.

5.3 TRANSMITTER

5.3.1 PRELIMINARYDESIGNCONCEPTS

The penetrometer system design was predicated upon performance at high
shock levels. An initial estimate of carrier frequency stability (45 KHz)
at 450 MHzwith a i0,000 g impact proved quite representative of various
transmitter configurations tested. This represents stability on the
order of 0.001 percent more closely associated normally with crystal con-
trol than an L-C oscillator. However, from previous experience with
impact survivable crystals (special CR-24design) the problems associated
with crystal control during impact were considered greater than those of
an L-C oscillator. Later in the program special impact resistant crystals,
developed by Valpey-Fisher and JPL, becameavailable for evaluation. Pre-
liminary tests indicated that the crystals were quite stable and perhaps
could be used.
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Initial oscillator frequency selection of 220 MHz was based upon the

highest frequency at which realizable lumped-constant tank circuit com-

ponents could be practically used. A parallel effort utilizing strip-
line oscillator techniques was followed. This effort was discontinued

early in the program because of poor shock stability, poor form factor

for penetrometer application, and difficulty of adjustment.

During development testing preceding fabrication of Prototype No. 2, the

decision to lower the oscillator frequency to the 112 MHz range was made.
This _h_ng_ was b °=_a ..... +_^ _ ...........r ......= =_v=LLL=_== ±unerenE in the lower frequency
operation, including:

(i) Use of higher capacity tank circuit which

effectively swamps the effects of stray cir-

cuit and encapsulation capacity, thereby

reducing thermal instability and the effects

of structural displacements.

(2) Lower frequencies allow use of a slightly

larger value of inductance (when capacity

has also been increased as in (i) above)

which is easier to trim to center frequency.

Lowering the oscillator frequency from the 220 MHz range to the 112 MHz

range required the use of an additional frequency doubler stage. The

addition of this stage was made possible by elimination of the original

parallel (redundant) output stages and use of a single antenna feed loop.

5.3.2 TRANSMITTER PERFORMANCE REQUIREMENTS

The performance of the penetrometer transmitter is shown in Table 5.1

TABLE 5.1

ELECTRICAL PERFORMANCE REQUIREMENTS

Output Frequency, fo

Channel i

Channel 2

Channel 3

Channel 4

Channel 5

Channel 6

Channel 7

Channel 8

Supply Voltage

(a) Oscillator-Buffer

(b) Doublers

432 MHz

435 MHz

438 MHz

441MHz

444 MHz

447 MHz

450 MHz

453 MHz

17 V +1% at 62 ma nominal

22 to 30 V at 114 ma nominal
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TABLE5. i (Continued)

Data Modulation Deviation, _fo(D) !160 KHz, max at 432 - 453 MHz

Modulation Sensitivity

Modulation Linearity

+80 KHz/volt at 432 - 453 MHz

i percent

Impact Induced Deviation, Af o (i) !80 KHz, max at 7000 g

Thermal Induced Deviation, Af o (t) !66 KHz, max

RF Power Output, P
out

500 mw min (into 50 ohm resistive

load) at 30 volts

DC to rf Efficiency, N i0 percent min

Spurious rf Power Output

Thermal Frequency Coefficient

Thermal Range

30 db below carrier

6.6 KHz/°F at 432 453 MHz

_T _20 ° within the range of
+60°F to +lO0°F

Long Term Center Frequency Drift

(i year storage O°F to 100°F)

+250 KHz

Output Impedance 50 ohms nominal

Modulation Input Impedance 5 K ohms resistive shunted by

300 mmf

5.3.3 PRELIMINARY TRANSMITTER DEVELOPMENT

a. Oscillator. During the preliminary design phase, two low-level

225 MHz oscillators, shown in Figures 5-12 and 5-13, were constructed,

encapsulated, and impact tested to evaluate the lumped-element method of

construction. The first oscillator used Rexollte coil forms and was

mounted on fiberglass reinforced epoxy board prior to encapsulation. At

an impact level of 5000 g, the peak deviation was approximately 5 KHz.

Unfortunately, at higher impact levels, deformation of the mounting

arrangement occurred, and the frequency deviation was very large. A
second oscillator was constructed without coil forms or mounting board

and encapsulated into a well, machined into an aluminum block, for assur-

ance that mounting deformation was indeed responsible for the large fre-

quency deviations previously observed. This oscillator exhibited a

deviation of only 14 KHz at 12,500 g in the worst impact orientation,

transverse to the coil. After impact, the encapsulated oscillator was

removed from the aluminum block and cracks were observed in the epoxy.

5-24

I

I

I
I

I
I

I
I

I

I
I
I

I

I
I
I

I

I



5-25 

vl 
0 

w 
d 
3 
c3 
fa 
H 



Although no deterioration in performance caused by the cracks was observed,

later encapsulations included fiberglass reinforcement. The impact test

instrumentation is shown in Figure 5-14.

A push-pull oscillator with two outputs 180 degrees out of phase for driv-

ing push-push doublers was constructed using two 2N2369 transistors as

shown in Figure 5-15. The oscillator provides two outputs of 90 milli-

watts each with a circuit efficiency of approximately 25 percent. The

amplitude balance is adjustable over a wide range. With suitable matching,

the oscillator is capable of driving two push-push doublers.

A higher power single-ended oscillator was constructed to use in driving

push-push doublers with resistive padding for load isolation. This

oscillator used a TA2658 in a grounded collector Colpitts circuit and

delivered 300 milliwatts with 33 percent efficiency. Adjustments in bias

and tuning (without replacing components) provided an output of over

1/2 watt. The FM modulator consists of a varactor placed across part of

the tank circuit. A deviation of !150 KHz with good linearity is achieved

over a 7.5-volt input range. These three types of oscillators had one

common problem, that of frequency stability at high shock levels. Also,

in each case, frequency stability was very sensitive to load impedance.

Two solutions to the loading problem were investigated. The obvious

solution was the addition of a buffer amplifier. An amplifier was bread-

boarded which yielded an output of 220 milliwatts at an efficiency of

greater than 50 percent and gain of 7 db. This output power allowed the

use of a 3 db resistive pad for additional isolation. The 2N2369 trans-

istor which had previously been qualified to the required g level by

Aeronutronic was used in this circuit.

The second approach to the problem was the construction of a "load i
independent" oscillator as described in the State-of-the Art Review and

literature referenced therein. This is a grounded-collector Hartley

circuit employing varactor modulation; the frequency changes i00 KHz with

a 2:1 change in load resistance. The magnitude of the change in the input

impedance of the push-push doubler with shorted output is Not known because

of the difficulty in making large signal impedance measurements on Class C

circuits. Further testin_ indicated the advisability of utilizin_ a

buffer amplifier in conjunction with a 112 MI1z Colpitts oscillator.

b. Doubler Stages. A push-push doubler was constructed using two

sample TA2658 RCA power transistors (Figure 5-16). This unit exceeded

the 5 db power gain requirements, _ delivering a 500 milliwatt output with

a drive power of only 125 milliwatts (6 db gain), with 37 percent collector

efficiency using a coaxial output filter. The fundamental frequency com-

ponent of the output was only 7 db down without the coaxial output filter,

due probably to the use of unmatched transistors. A new socket was con-

structed for use with the General Radio Immitance Bridge, and measurements

confirmed the fact that the input impedances of the sample transistors are

significantly different.
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A number of RCA 2N3866 (TA2658) transistors were checked for input and out-

put impedance to allow selection of matched pairs for push-push doubler

application. The sample TA2658 transistors were replaced with the 2N3866

and this resulted in a power gain of I0 db with over 40 percent efficiency

compared to the 6 db, 37 percent efficiency previously obtained. The

fundamental component in the output was still evident with matched tran-

sisters and was traced to a ground current problem in the base bypass

arrangement. A new common base, grounded collector circuit, was constructed

which achieved the same efficiency and gain of previous circuits and mini-

mized fundnm_n_1 ..........._h ....v-g_... _w_..........._ L,i= _u_ TA2658 transistors were

opened and encapsulated with Shell 828 epoxy; no discernible difference in

performance was noted after only slight retuning. This test proved that

encapsulation of the device could be utilized to prevent lead bond problems

at high g levels without sacrificing rf performance.

c. Transmitter Breadboard. An electrical breadboard of a complete

transmitter consisting of a modulated power oscillator, resistive isolator-

power driver, and two push-push doublers was constructed and tested. This

unit delivered 0.5 watt to each of two 50-ohm loads with an overall

efficiency of greater than 30 percent. The circuit configuration employed

in the transmitter breadboard and in the engineering model is depicted in

the block diagram shown in Figure 5-17. This circuit was chosen to allow

the greatest possible isolation between the oscillator and the antennas.

The forward gain of each buffer stage is +I0 db while the reverse gain is

-15 db. The doubler stages when tuned for broadband operation have a

forward gain of +9 db and a reverse gain of -12 db. Thus, the isolation

between the oscillator and a mismatch at either antenna terminal is 33 db,

including the two 3 db interstage pads.

A test of frequency shift versus doubler output mismatch was performed

which indicates the merit of this configuration. The output of one

doubler was terminated by an rf power meter while the output of the other

doubler was mismatched through all phase angles to a VSWR in excess of

20:1. Performance characteristics of the properly terminated doubler

were monitored, including power output, frequency_ and phase shift rela-

tive to the mismatched doubler. The change in output power was less than

0.3 db, the maximum total frequency shift was less than 20 KHz at the

output frequency of 450 MHz, and the maximum total phase shift was 47 de-

grees. It should be noted that these shifts occur only at the complete

limits of load mismatches resulting in the 20:1VSWR noted above.

An antenna matching hybrid was designed to limit the maximum VSWR to less

than 2.0:1, at which time frequency and phase shift caused by mismatch

become extremely low. A model of one of these hybrid units was tested

in conjunction with one of the output stages in the engineering proto-

type transmitter. The output of one hybrid leg was monitored for power

output, phase change, and wave shape distortion; while the other leg was
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terminated in a short circuit, a matched load, and an open circuit.

Negligible changes occurred in transmitter output characteristics as a

result of these mismatches. Smith charts indicating the range of load

mismatching are shown in Figures 5-18 and 5-19.

A major problem was uncovered during initial tune-up of the various

transmitter stages. The materials selected for the component supporting

boards proved to have too high a dielectric constant combined with a

istics, the potted rf circuits could not be properly tuned because of

excessive lossy stray capacities. Another material has since been
selected which has a dielectric constant of 2.9 and a loss tangent of

only 0.0015. The new material is manufactured by General Electric Co.,

under specification number AI9B22AI Grade 11556.

Two stripline oscillators were constructed and impact tested. The first

was a 450 MHz grounded base Colpitts circuit using Teflon-fiberglass

dielectric board. The frequency shift was greater than 400 KHz at 8000 g

because of a combination of dielectric resilience and proximity effects

caused by the "hot" transistor case which is internally connected to the

collector• A new oscillator using Rexolite dielectric board and a

grounded collector Colpitts circuit exhibited a frequency shift of 25 KHz

at 8000 g. The stripline construction technique has not proved superior

to the lumped element construction and is inferior in the respect that

design modifications are difficult and time consuming. Further stripline

investigation was not done because of these test results.

During transmitter breadboard testing, emphasis was placed on evaluation

of frequency dependency on supply voltage and temperature variations. A

plot of frequency as a function of temperature for a 225 MHz Hartley bread-

board (Figure 5-20) shows a slope of approximately 5.7 KHz/°F. This

represents a total frequency excursion of about 114 KHz at the oscillator

frequency over a 20°F temperature range, or 228 KHz at the output fre-

quency• This is far in excess of the design limit of ±66 KHz and

indicated temperature compensation was necessary. See Table 5.2 for

revised transmitter performance requirements.

Frequency and output power as a function of supply voltage are plotted

on Figure 5-21. This shows a frequency sensitivity of approximately

25 KHz/volt. Since the voltage regulator stabilizes the +17 volt supply

within approximately 0.25 volt, the resulting transmitter output

frequency could vary by 12.5 KHz. Further design effort was required

to minimize the voltage sensitivity with an output frequency sensitivity

of i0 KHz/volt as a design goal.
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1 = 50 _ NO STUB

NO. 2 = 25 _ NO STUB
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TEST INTO 25-OHM LOAD
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TABLE 5.2

REVISED TRANSMITTER PERFORMANCE REQUIREMENTS

Old New

Modulation Deviation +160 KHz +160 KHz

Thermal Range +40°F to +lO0°F At _< 20° within the range

I UV _" tO T.l. 12U

Thermal Coefficient 833 cps/°F 6.6 KHz/°F

Total Thermal Drift +25 KHz [+__0.000557o] +66 KHz [+__0.015=/o]

Shock-Induced Af +__45KHz [+_0.017o] +80 KHz [+0.0175=/o]

Total _f at 450 MHz

Receiver Drift

Receiver Disc BW

460 KHz p-p 612 KHz p-p

!10 KHz [±_0.002270] if0 KHz

700 KHz 700 KHz
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5.3.4 FIRST PROTOTYPE TRANSMITTER

After construction of modules to be used in the first prototype unit, a

number of electrical and impact tests were conducted. The results of

these tests indicated two major problem areas:

(i) Frequency instability at high g levels.

(2) Frequency instability as a function of temperature.

Measures taken to improve oscillator stability included use of a steel

chassis with a stiff milled steel cover with multiple hold-down screws.

Improved temperature performance was attained with negative temperature

coefficient capacitors. The decision was made to utilize a fuzed-quartz
coil form with a deposited platinum winding. This measure was taken to

minimize the thermal and shock sensitivity problems.

a. Oscillator-Buffer. The frequency versus temperature character-

istics of an uncompensated and compensated oscillator-buffer module are

shown in Figure 5-22. The slope is approximately 29 KHz/°F at the

higher temperatures for the uncompensated oscillator. This is reduced

to i KHz/°F by the use of a -750 ppm temperature compensating capacitor

across the oscillator tank circuit and by adjusting oscillator output

level. Figure 5-23 shows the oscillator-buffer module power output as

a function/of temperature. These data represent overall module perform-

ance including both oscillator and buffer power-temperature sensitivity.

Figure 5-22 indicates that the frequency stability of a temperature com-

pensated oscillator is well within transmitter performance requirements

of 6.66 KHz/°F, with 2 KHz/0F measured over a temperature range of 40°F to

100°F. Figure 5-23 indicates that the transmitter power output varies

only about 7 milliwatts over the same temperature range (i db), which

is within the allowable tolerance on output power.

b. Frequency Doubler-Amplifier. The frequency response of the

frequency doubler-amplifier at various supply voltages is shown in

Figure 5-24. These curves indicate acceptable tuned circuit stability

for a push-push doubler output stage. The relative phase shift between

output signals was monitored over the voltage range of +22 to +29 vdc.

Variations did not exceed 5 degrees, which is well within an acceptable
range.

c. HyRe Impact Tests. Hyge impact tests were conducted on the

doubler-amplifier described above. Performance parameters monitored

during impact included carrier power level and relative phase angle be-

tween the two outputs. The output power change was acceptable (less

than 3 percent) and no phase shift was noted. (See Figures 5-25 and 5-26.)
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Table 5.3 is a summary of doubler module Hyge tests. The first proto-

type oscillator-buffer module was also Hyge-tested. The results are

summarized in Table 5.4. Figure 5-27 is a test record of one of the

impact tests.

Following these tests, the test ball containing the prototype oscillator

buffer module was disassembled. Large cracks in the unfilled 828-985 epoxy

were noted which extended through the output coaxial jacks and to components

in the modulation circuit. Because of the high carrier frequency shifts,

...... _ _^_..i ..... ___-___^_ _......... •.......... = fiberglass --_

form and added structure to minimize deflections. In addition, JFD ceramic

trimmers used for oscillator output matching were deleted as was a small

2-56 threaded brass slug used for oscillator fine tuning. The results

for the second unit indicated excessive structural deflections accompanied

by large frequency excursions when impacted on the polar axis. A new

steel structure was incorporated into the third oscillator-buffer module.

Initial test results were poor but, upon disassembly, a broken ceramic

capacitor was found.

The mechanical configuration of the three oscillator-buffer modules shock-

tested on the Hyge machine are:

Module Pottin_ Chassis Cover Circuit

Oscillator 828-985 0.027 Brass 0.027 Brass

Buffer (Not used

No. i for test)

No. 2
0.027 Brass Brass

828- 985
with added Not used

and Micro

Balloons support for test
structure

Nonground fiberglass

coil form. Ceramic

JFD trimmers.

Tuning s lug.

Grooved fiberglass

coil form. Removed

trimmers and slug.

No. 3 828-985 Steel Steel with

and Micro Chassis 31 0-80

Balloons screws

No trimmers.

Grooved fiberglass

coil form.

In all these tests, three significant parameters were monitored during

shock. These were (i) oscillator frequency monitored at the output of

a Nems-Clark 1302A receiver, (2) oscillator amplitude monitored with a

Hewlett-Packard 432A detector in conjunction with a Boonton 230A power

amplifier, and (3) 40 KHz AM signal amplitude monitored at the outputs

were hard lined from the test ball to the instrumentation through about

75 feet of low noise instrumentation coaxial cable. This cable has a

measured insertion loss of 20 db/37 feet and necessitated the use of the

230A power amplifier for amplitude detection.
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TABLE 5.3

SUMMARY OF DOUBLER MODULE HYGE TESTS

Amplitude Change

Test g-Level Plane No. i No. 2

i. Captive 1,600 Polar "A" -I db* -i db*

2. Captive 1,450 Equator -I db* -i db*

3. Captiv e 1,500 Polar "B" -0.5 db* -0.7 db*

4. Golf-tee 9,200 Equator None -i db

5. Golf-tee 9,300 Equator None -0.5 db

6. Golf-tee 10,500 Polar "A" Lost cables

Phase Change

Less than 5 °

Less than 5 °

Less than 5 °

Less than 5 °

Less than 5 °

Less than 5 °

Note: Polar "A" axis, acceleration toward hollow dome.

These amplitude deviations are not believed to be attributable to shock as they are more

representative of long-term drift. There is no time correlation with the accelerometer

trace.

Type

Run of

No. Test

1 Captive

2 Captive

3 Captive

4 Captive

5 Ram

Impact

6 Ram

Impact

7 Ram

Impact

8 Ram

Impact

TABLE 5.4

IMPACT TEST SUMMARY FOR OSCILLATOR-BUFFER MODULE

Axis Peak Maximum

of Accel Velocity Frequency

Force (g) <ft/sec) Deviation (kc)

Polar A 2,200 228 7.3

Polar B 1,180 228 11.9

45 ° off 1,430 230 i0.0

Polar A

Polar A Cable 228 12.5

broke

Polar A 12,600 244 197.0

Polar A 10,900 236 261.0

Equator 9,620 225 23.5

Polar A 10,700 225 225.0
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Remarks

No perceptible change in

40 KHz level.

No perceptible change in

40 KHz level.

No perceptible change in

40 KHz level.

No perceptible change in

40 KHz level.

Shift in 40 KHz attributable

to impact = 15.7 g = 0.13%

data error. Carrier fre-

quency shift assumed due to

cracked epoxy evident during

disassembly.

High carrier frequency shift

due to cracked epoxy. Result-

ant data error less than 1%.

Apparently favored axis for

best carrier stability.

Indicates structural deflec-

tions present in polar axis.

Carrier shift near design

goal specification of !22.5 KHz

at 7000 g.

Repeat of No. 7. Similar

results indicating structural

deficiencies and cracked

epoxy.

Reversal of polarity of disc

output reflects reversal of

impact direction. 40 KHz

deflection may be caused by

carrier excursion beyond

FM discriminator range. Data

error less than 1%.
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TEST M572, RUN NO, 3, 9/15/65

PENETROMETER OSCILLATOR-BUFFER

MODULE CAPTIVE HYGE ACCELERATION

TEST
T IME ---------I_

_--Io MS--_
_'__''_'_''_'__'_i_'__'_'_'_'__

SPEED TRAP _L4.34 MS

i I VELOCITY = 230 PT/SEC

CALIBRATION = 40 KC SHIFT

GALVO ZERO = "O" V

40 KC AM OUTPUT

i

il

_"_+i.0 V CALIBRATION = 1.0 V

240 MC AM OUTPUT

CALIBRATION = 0,5 V

" -_go v/
_-0.392 V

GALVO ZERO - "O" V

:4

!I

il

FIGURE 5-27.

FORCE _

ACCELEROMETER

MOUNTED ON FIXTURE

RUN NO. 3

(CAPTIVE ON RAM)

HYGE TEST RECORD FOR,PROTOTYPE NO.

OSCILLATOR BUFFER MODULE
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By modulating the oscillator with a 1-volt peak-to-peak square wave,
simulating a lO00g signal input, shock-induced variations in modulation
sensitivity, corresponding to incidental signal error, could be evaluated.
This did not exceed i percent in any test data reduced.

Prototype oscillator-buffer and doubler modules are shownin Figures 5-28
and 5-29. Becauseof lack of success in the area of oscillator shock
stability, investigation continued in the areas of stable components,
and ruggedized packaging techniques. Particular attention was directed
towards methods of adjusting the oscillator frequency after potting.
Possible solutions include varactor tuning, slug tuning the oscillator
coil, or the employmentof a very small piston trimmer capacitor (JMC4702)
madeby the JohansonManufacturing Company.

5.3.5 STABLEOSCILLATORDEVELOPMENT

Becauseof the frequency instability noted in Prototype No. I transmitter,
a rugged housing was designed to reduce structural deflections.

A series of hammershock tests were performed on a Hartley oscillator
in a steel housing. Three basic tuning methods were employed for compari-
son of frequency stability during impact. The tuning methods were:
(i) fixed tuning capacitors, (2) variable Johanson 0.3 to 3.5 pf trimmer,
and (3) PSI PCII6 varicap. Short duration impact forces of i0,000 g
were applied to the three configurations and at no time was a frequency
shift of more than +5 KHz observed. After these preliminary hammertests,
this oscillator was further tested in the Hyge facility. Two such tests
indicated a frequency deviation of approximately 20 KHzwith i0,000 g
impact of 3 milliseconds duration. This 20 KHzdeviation is at oscillator
frequency at 235 MHzcorresponding to a deviation of 40 KHz at the output
frequency. This deviation approaches an acceptable stability as per
transmitter performance requirements (Table 5.1).

The oscilloscope photos in Figures 5-30 and 5-31 show frequency stability
of this oscillator when tested with the hand-swunghammer.

Although frequency stability during impact was good, a wide frequency
shift caused by temperature was noted, requiring excessively large values
of temperature-compensating components. Repeatability of operating
characteristics caused by the high oscillator frequency, as well as
structural deflections was questioned.

5.3.6 FINALTRANSMITTERCONFIGURATION

A major redesign effort was initiated following impact testing of
Prototype No. I which yielded several important advantages over the
original parallel redundant buffer amplifier/frequency doubler concept.
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FIGURE 5-29 .  TWO VIEWS OF THE AMPLIFIER-DOUBLER 
MODULE, PROTOTYPE NO. 1 
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A Ai 
TOP TRACE: ACCELEROMETER OUTPUT 

5000 g/cm 
BOTTOM TRACE: FM DISCRIMINATOR OUTPUT 

5 KC/m 
G LEVEL: > 10 KG 
A F: 9 KC 
TIME SCALE: 50 ps/cm 

TOP TRACE: ACCELEROMETER OUTPUT 
5000 g/cm 

10 KC/cm 
BOTTOM TRACE: FM DISCRIMINATOR OUTPUT 

G LEVEL: 8 KG 

A F: 6 KC 

TIME SCALE: 50 ps/cm 

B 16 

TOP TRACE: ACCELEROMETER OUTPUT 
5000 g/cm 

BOTTOM TRACE: FM DISCRIMINATOR OUTPUT 
5 KC/cm 

G LEVEL: 10 KG 
A F: 8 KC 
TIME SCALE: 50 ps/cm 

TOP TRACE: ACCELEROMETER OUTPUT 
5000 g/ cm 

BOTTOM TRACE: FM DISCRIMINATOR OUTPUT 
5 KC/cm 

G LEVEL: 8 KG 
A F: 9 KC 
TIME SCALE: 50 ps/cm 

F00686 U 

FIGURE 5-30. OSCILLATOR WITH PC +116 VARICAP TUNING ELEMENT 
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TOP TRACE: 

BOTTOM TRACE: 

G LEVEL: 

A F: 

TIME SCALE: 

B 4 A 

ACCELEROMETER OUTPUT 
5000 g/cm 
FM DISCRIMINATOR OUTPUT 
10 KC/cm 

5 KG 

30 KC 
50 ps/cm 

TOP TRACE: 

BOTTOM TRACE: 

G LEVEL: 

A F: 
TIME SCALE: 

FIGURE 5-31. OSCILLATOR WITH FIXED TUNED TANK 
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These advantages include increased frequency stability and smaller size.

A block diagram of the transmitter is shown in Figure 5-32. Utilization

of this design approach permits packaging the complete transmitter into

one common module as opposed to the two separate modules previously

employed. The old package contained four mating pairs of coaxial con-

nectors to interconnect the two separate "decks" to each other and to

the antenna hybrids. The new package contains only one coaxial connector

for the rf output.

o _11_+_ h 110 _'LT-- _^I--_==- • i_................... _o oscillato_ w_ d_ n_d to re-

place the 225 MHz Hartley oscillator configuration. Consideration was

given to this type oscillator operating on both the original frequency

of 225 MHz and on half frequency of 112 MHz. The Colpitts offers several

advantages, including (i) the elimination of the critical tap point on

the tank coil by using a capacitive tap, and (2) increased value of the

tank capacitors, reducing the frequency sensitivity caused by stray

capacitance. The Colpitts oscillator is modulated by a varactor con-

nected in parallel with the tank circuit. The varactor is also used to

set the desired carrier frequency within !400KHz after final potting.

This method of modulation was selected because of its good modulation

sensitivity stability as a function of temperature. To further improve

the frequency stability at impact, this oscillator-buffer module is con-

structed in a steel housing with a wall thickness of 0.i inch and employs

multiple cover attachment screws.

Figure 5-33 shows a typical circuit of this type of Colpitts oscillator.

A preliminary test on the Colpitts circuit indicated a greatly reduced

frequency sensitivity with temperature variations, typically on the order

of 2.5 KHz/°F, as shown in Figure 5-34. This test was conducted on a

breadboard oscillator using components proposed for prototype hardware.

Further testing of this oscillator, encapsulated in a rugged steel housing

properly packaged, indicated a frequency drift as a function of temper-

ature to be on the order of 4 KHz/°F.

b. Buffer. Early transmitter designs incorporated tuned buffer

amplifiers between the oscillator and multiplier stages. Detuning of

these buffers, resulting from shock-induced coil deformation, had a

significant frequency pulling effect on the oscillator. To eliminate

this problem, direct-coupled untuned amplifiers were evaluated as replace-

ments for the tuned buffers.

During transmitter development it became evident that a buffer

amplifier would be required. The three transistor connections (common

collector, common base, and common emitter) were evaluated. Unlike the

cathode follower, the emitter follower does not provide load isolation,

as the input impedance is approximately _ times the load impedance. For
this reason, only the common base and common emitter connections were

considered. The common emitter connection was chosen, based upon the

analysis presented in Appendix K.
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1.0W

+16 db

60 % MIN

SRD

FREQUENCY

QUADRUPLER

432 MHz

600 MW MIN

-2 db MAX

63 %

POWER H PUSH-PUSH
AMPLIFIER TRANSISTOR

QUADRUPIER

108 MHz 432 MHz

250MW 500MW

+i0 db +3 db

50 % 40 %

TRANSMITTER CONFIGURATION

+17 V

_ OUTPUT

TO

ANTENNA

HYBRIDS

F00685 U

I

I
I
I

I
I

I
I

F00689 U I

FIGURE 5-33. 112 MHz COLPITTS OSCILLATOR AND BUFFER
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It is shown that the load isolation offered by the common emitter tran-

sistor connection is the same as that of the common base connection and

greater than that of the common collector connection. In addition, cas-

caded common emitter amplifiers provide gain without the use of trans-

formers or tuned circuits. The untuned buffer amplifier, therefore, uses

common emitter stages throughout.

Both two-stage and three-stage buffer amplifiers have been tested. A

schematic of a three-stage buffer is shown in Figure 5-35. These are

direct-coupled amplifiers with a power output of 50 milliwatts and 17 db

of gain at 112 megacycles. In both amplifiers, the voltage gain of the

first stage was reduced using emitter degeneration to reduce the load-

dependent Miller capacitance, while degeneration in the output transistor

was small to obtain the required voltage gain and power output. Emitter

degeneration, rather than collector loading, was used to lower the voltage

gain to reduce the sensitivity of the circuit to changes in transistor

parameters ; the increase in load isolation may be achieved by either

method.

The current drawn by the amplifiers is determined by the required output

power and is approximately 75 milliamperes in both cases. The sensitiv-

ity of the two-stage amplifier to changes in load reactance is roughly

double that of the three-stage amplifier. The three-stage amplifier

requires an additional transistor, four resistors, and a bypass capacitor,

but the increase in load isolation far outweighs the small increase in

volume requirements.

c. Frequency Multipliers. The three methods of frequency multf-

plication which are in common usage utilize either transistor, varactor,

or step-recovery diode circuits. The transistor circuits may be further

divided into two classes: balanced push-push doubler circuits of the

type employed in the original LPS system, and a single device configura-
tion wherein the collector-base diode serves as a varactor. This latter

version, like the standard varactor multiplier, is of a parametric nature

and as a result is prone to problems, such as hard starting, parametric

oscillation, and noise generation.

Parametric mode frequency multiplication, in general, requires complex

circuitry to ensure proper operation at the desired harmonic while pro-

viding current flow at the harmonically related frequencies with idler

circuits. This complex circuitry makes tune-up extremely difficult and

requires many additional components which not only require considerable

chassis volume but will, because of their number, also lower the overall

system reliability.
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The step-recovery diode (SRD) multiplier, by comparison, requires very

simple circuits. Idler or other harmonic traps are not required, since

parametric mixing does not occur within the device. Figure 5-36 indicates

the simplicity to be found in a typical SRD quadrupler. The input pi

matching section, LI, CI, and C2, is actually the output circuitry of the

1-watt, 108 Mc power amplifier. C 3 is a coupling capacitor. L 2 matches

the 108 Mc, input to the diode, while C4 matches the diode to the 432 Mc

output filter formed by L3, C5, and C 6. The low order of frequency

multiplication required in this application should permit use of this

simple output filter. The HPA type 0241SRD operating at this frequency,

power level, and multiplication order will show a minimum efficiency of

60 percent with a typical conversion efficiency of 70 percent, resulting

in appriximately 700 mw of power at 432 Mc.

The reduction in available multiplier packaging volume and the requirement

for an X4 multiplication prompted the deletion of the original redundant

output stages and initiated investigation of an X4 multiplier which could

be packaged in the available volume. A step recovery diode X4 multiplier

was designed and breadboarded. Performance was exceptional with 70 per-

cent conversion efficiency (700 mw at 480 Mc with one watt drive at

120 Mc) and all spurious outputs 30 db below the output. However, diffi-

culty was experienced in packaging the output filter consisting of nine

reactive elements in the allocated volume. Some difficulty was also ex-

perienced in obtaining operation over a nominal frequency band without

severe parasitic oscillation.

An alternate design, consisting of two cascaded push-push doublers, was

also packaged in final configuration. The hairpin type of input coupling

inductor used in earlier doubler designs was replaced with a conventional

3/16 inch diameter coil supported on a fiberglass form. The circuit is

capable of providing 500 mw output at 480 Mc with 50 mw drive at 120 Mc

at about 25 percent efficiency. Although this is lower than the 35 percent

efficiency provided by the alternate output stage (1-watt amplifier -

SRD quadrupler), the ease of construction and tune-up, spurious rejection,

and stability justify its present use. Also, only previously shock-

qualified parts are used in this approach.

Hyge impact tests were conducted on a transistor amplifier-doubler module.

This unit is similar to the one shown in Figure 5-29 with the exception

that this module was constructed in a reinforced steel chassis. The

circuitry was totally potted with an unfilled Shell 828 epoxy and Furane 985

hardener. Each of the two doublers is tuned with three Johanson type 4335

piston trimmer capacitors. All six of the trimmers were oriented in the

same plane which would have emphasized detuning effects during an equator-

ial impact. No serious amplitude deviations were noted during Hyge

testing and, therefore, the Johanson trimmers can be used in this circuit

application.
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Performance parameters monitored during impact included dc supply voltage

level, carrier power level out of each doubler, and the relative phase

angle between the two doubler outputs. The relative carrier phase angle

was displayed on a Tektronix type 661 sampling scope. No measurable

change in phase angle between the two outputs was noted during impact.

A change in output power of less than 3 percent was noted during impact.

Laboratory measurements of power gain, power output, relative phase,

bandwidth, and efficiency were made after the various Hyge tests, and in

all cases doubler performance showed no measurable change. On the basis

of these tests, the electrical and mechanical design of this type of

doubler is considered to be shock qualified.
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5.3.7 PROTOTYPE NO. 2 AND NO. 3 TRANSMITTER

Prior to building the oscillator module for the second prototype, a brass

development model had been built and tested with good results (Figure 5-37).

See Figure 5-38 for shock test results. The initial oscillator for the

second prototype was similar in design except a steel chassis was used,

some components were relocated, and air-gaps were left on three sides of

the oscillator walls. However, this initial oscillator gave disappointing

_==..I+_ .._=n _,,==_A _n _ v_ _ ,_h_n h_,_,_ _hnr_-tP_rp_ The so-called

"improved" steel module had worse shock characteristics than the prior

brass module. A rather involved investigation, including perhaps 50 shock

tests, was made to determine the reasons for the differences. The follow-

ing conclusions were reached:

(1) The internal height of the oscillator cavity had

been decreased which increased the capacitance

effects by deflecting walls.

(2) The oscillator coil had been placed too close to

the outer wall.

(3)

(4)

In providing an air-gap under the oscillator

cavity, the bottom wall had been left poorly

supported at the edges.

The components in the circuit had been coated

heavily with epoxy rather than given a light

freeze coat.

Therefore, another oscillator module was built to alleviate these short-

comings as much as possible with available hardware. The oscillator coil

was located inward near stiffer walls. Less encapsulating epoxy was used.

A metal shim was placed under the bottom wall of the cavity. This last

oscillator module did give improved frequency stability when sequeezed or

hammer shocked and was chosen for use in the second penetrometer prototype.

Further tests were conducted on this oscillator as well as the doubler

fabricated to be used in Prototype No. 2. Figure 5-39 shows photograph of

the complete transmitter module, ready for dry assembly into Prototype

No. 2. Figure 5-40 is a schematic for oscillator, buffer, and output

stabes as used in Prototype No. 2. This configuration was also used in

Prototype No. 3. Hyge test results with this transmitter configuration

are described in Section 7.
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FIGURE 5-37. 112 MHz COLPITTS OSCILLATOR MODULE 
AFTER REMOVAL FROM TESTING BALL 
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5.4 ANTENNAS

5.4.1 INTRODUCTION

The antenna system consists of two orthogonal loops centered around the

ball structure with approximately 0.5 inch spacing between the loop

radiators and the ball. The two loops are fed in phase-quadrature to

produce a quasi-isotropic field pattern. The loop radiators are self-

resonant slow wave structures photo-etched on a flexible fiberglass base

and supported by polypropylene rings.

The antenna feed consists of two orthogonal feed loops which inductively

couple power into the radiating structures. Power is delivered to the

feed loops by means of a transmission line hybrid network which divides

the total transmitter power into two phase-quadrature components and also

provides a large degree of load isolation. Tuning is controlled princi-

pally by the detail geometry of the slow wave radiating structure.

5.4.2 GENERAL DESIGN CONSIDERATIONS

In addition to the general problem of providing an efficient 450 Mc

antenna on a 3.5 inch sphere, the difficulty of the antenna design was

greatly increased by lack of published technical information in several

problem areas.

(i) Although any antenna to be considered for use may

be of a standard design type, such as an electri-

cally small loop or dipole, its properties are

considerably altered when in proximity to a

metallic sphere.

(2) The antenna is to function when buried in a near-

pure dielectric material and also in a material

containing 5 percent magnetite.

(3) The balsa limiter is of a size such that the

interface of the balsa and the burial material

occurs in an intermediate region between the

near field and the far field.

(4) The use of transistor output stages imposed a

requirement for very low VSWR under both free-

space and burial conditions to prevent reduction

of incident power from the output stages as well

as conventional reflection losses caused by

antenna mismatch.
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(5) The requirement for isotropic pattern coverage

with redundant feed system imposed severe

design restrictions.

In addition to these design problem areas, a number of difficult design

constraints were imposed by the mechanical packaging.

(1) The limited space inside the structure prohibited

the use of a conventional matching system of

acceptable efficiency.

(2) All possible radiator, feed, and matching system

designs were severely constrained by the high

shock transients, as well as mechanical survivability.

5.4.3 INITIAL DEVELOPMENT

Initial tests were conducted on three antenna models representing three

possible design types.

(I) Dual-feed loop.

(2) Circumferential dipole.

(3) Radial dipole.

A dipole pattern was desired from each of these configurations. It was

intended that the final design would consist of two identical and

orthogonally oriented elements of the chosen design type, fed in phase-

quadrature to produce a total-field pattern which is quasi-isotropic.

The characteristics of special interest were:

(i) Minimum tuning sensitivity to presence of soil

samples electrically representative of the

lunar ground.

(2) Minimum tuning sensitivity to physical distortion

of the antenna structure from impact.

a. Breadboard Models. The sketch, Figure 5-41, illustrates the

three antenna types.

A photo of the dual-feed loop model is shown in Figure 5-42. The zigzag

construction of the loop provides the necessary distributed capacity and

inductance to resonate the structure at the design frequency. The feed

and tuning system consists of two single-turn conductors diametrically

located and coupled to the loop structure. A dipole-type pattern was
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FIGURE 5 - 4 2 .  MODEL OF DUAL-FEED LOOP ANTENNA 
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achieved through use of the dual feed phased to provide currents as

indicated in Figure 5-41. Patterns are shown in Figure 5-43. A band-

width curve is shown in Figure 5-44 and an additional curve is included

which shows the effect of proximity to a sample of medium grain quartz

sand. For this test, 0.4 inch clearance was provided between the antenna

structure and the sand. This separation corresponds to 80 percent

crushing of the impact limiter and the antenna model was oriented for

maximum effect. Appreciable detuning is noted, possibly because the

loop, which is tuned by means of circuit elements on the radiating struc-

ture, does not have the sought-after low impedance properties of a non-

resonant loop tuned at the base by means of a shielded network. Also,

the loop is approximately 0.17 wavelength in diameter and generally not

within the dimensional limits of electrically small loops.

The circumferential dipole model is shown in Figure 5-45. This system

was impedance-matched by use of a commercial double-stub tuner. The

VSWR of this combination is shown in Figure 5-46. The pattern is shown

in Figure 5-47. Note that no pattern distortion results from the presence

of the ball because of the electrically small diameter of the ball. Since

the ball does not have the effect of a ground plane, it was predicted that

impedance properties and efficiency would not be largely degraded by the

presence of the ball. Results of a test of detuning caused by proximity

to the sand sample are included in Figure 5-46. Again, 0.4 inch clearance

and worst-case orientation was provided. No appreciable proximity effect

is seen. It should be noted that these tests were of a preliminary nature,

since the antenna models were mockups primarily intended for pattern

investigation.

A photo of the radial dipole is shown in Figure 5-48. This system pro-

vided radiating elements 0.33 wavelength in length, tip to tip, since the

elements extend to the outer surface of the impact limiter. In a final

design the elements would be fabricated from a flexible steel braid and

(in a complete system) phased for turnstile operation. Note that with a

feed system, as shown in Figure 5-49, quasi-isotropic pattern coverage is

provided even in the event of loss of one of the transmitter output stages

or any one of the 4 elements. The bandwidth is indicated in Figure 5-50

along with results of the soil proximity test, as described for the other

two models. To date, this model was impedance-matched only with a

commercial double-stub tuner. The pattern is shown in Figure 5-51.

A series of burial tests were carried out on the three test models to

indicate their relative impedance sensitivity to burial. Burial material

was medium grain quartz sand (i00 percent silicon dioxide) and results are

shown in Figure 5-52. For these measurements the two dipole models were

externally matched with a commercial double-stub tuner. The dual-feed

loop has nearly matched input impedance and does not require external

matching. For the dipole models, the amount of frequency shift under

burial is reduced by loss in the matching system. The degree to which
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the antenna detuning is masked by the matching network in a final system

would depend on the efficiency of the matching network, which in turn is

largely dependent on its physical size.

Since the three antenna types all exhibit essentially a dipole pattern,

the relative efficiency of the three models is indicated by a relative

gain measurement. In order to discriminate against reflections, the

gain tests were made at a range distance of approximately 3 feet, which

is well beyond the near field. The test set-up is shown in Figure 5-53.

Again, £or this measurement, the two dipoie models were externally matched

with a commercial double-stub tuner and the dual-feed loop which has a

nearly matched input impedance did not require external matching. Results

were as follows:

Antenna Model Relative Gain

Dual-feed loop 0 db (reference)

Radial dipole -4 db

Circumferential dipole -12 db

b. Design Choice

(i) Antenna. Upon completion of these tests, it was decided to

adopt the dual-feed loop design for the engineering model. The decision

included the following considerations:

(a) Use of the circumferential dipole was considered

to be prohibitive on the basis of its low efficiency.

The efficiency of its radiating elements can be im-

proved by means of increased conductivity and in-

creased conducting area; however, this would tend

to be offset by relatively large losses in the

flight matching system which would necessarily be

physically small and, thus, considerably less

efficient than the laboratory double-stub tuner

used in the gain measurement.

(b) The dual-feed loop is a self-resonant structure

and is matched simply by adjusting the size and

spacing of the coupling loop and thus requires

no external matching network.

(c) From the standpoint of survivability under shock,

the dual-feed loop has the advantage of requiring
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FIGURE 5 -5 3 .  MEASUREMENT OF ANTENNA RELATIVE GAIN 
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no mechanical connection to its feed system,

since coupling is provided by the magnetic field

from the primary feed loops.

(d) It had been experimentally determined that, contrary

to earlier indications, the dual-feed loop provides

a satisfactory dipole type pattern with excitation

to only one of the dual feeds. This allows the use

of the feed system shown in Figure 5-54 in which a

redundancy is provided which protects against loss

of quasi-isotropic pattern coverage in the event of

the failure of one of the two transmitter output

stages.

(e) The radial dipole design has a possible advantage

in the area of redundancy, in that redundant

radiators are provided without excessive complexity.

In the loop design antenna, redundancy is provided in

the feed loops but not in the radiating structure.

However, the loop structure is relatively simple,

inherently rugged and has a wide latitude of mechan-

ical design. Thus, it is in less need of redundancy,

especially considering that the radial dipole elements

would extend through the balsa limiter and be highly

subject to partial damage.

(2) Feed System. An antenna feed system was devised which provides

a large measure of isolation between transmitter and antenna, especially

under conditions of burial where the impedance mismatch tends to be equal

for the two crossed loops. The system is a result of a brief consulting

effort by Dr. J. D. Dyson and was partially derived from a paper 4 by

R. W. Masters.

The system is shown schematically in Figure 5-55 and its operation is

explained as follows. The incident wave produces a like-polarity across

RI with no resultant current flow. The reflected component in the lower

branch of the circuit sketch is delayed 180 degrees relative to the

reflected component in the upper branch, resulting in a plus-minus polarity

across RI. The resultant current flow in RI represents the dissipation of

the reflected components.

Performance of the system is shown in Figure 5-56. It is seen that the

input VSWR is nearly unity for equal mismatch of any value. For the case

where one antenna is matched and the other open or short, (VSWR =_) the

4"A Power Equalizing Network for Antennas_' R. W. Masters, Proceedings of

the IRE, July 1949.

5-77



4.0

3.0

>

2.0

1.0

INPUT O--"

Z =75_o 9_---_--_ZLI

_Z ° = 50gZ

Z = 75_ fOOl2 Z
o o

k
= 4 _i-- _ + %.4

= 50_

R14252 U

FIGURE 5-55. LOAD ISOLATION NETWORK

I I

X ZLI = ZL2

O VSWR I = i:i, VSWR 2 AS INDICATED

O VSWR 2 = i:i, VSWR I AS INDICATED
I

1.0 2.0 3.0 4.0

VSWR 1 AND/OR VSWR 2

_c--<_C--_
5.0 6.0

R14253 U

FIGURE 5-56. PERFORMANCE OF LOAD ISOLATION NETWORK

5-78

l

I
!
t
!
t
t
t
I

!
!

l
!

l
I

J
I



|

0

I

!

!
!

!
II

!

II

|

input VSWR is 2.8. A photo of the feed assembly is shown in Figure 5-57.

Two such assemblies are required to provide excitation to four feed

loops.

Experimental tests on the feed system indicated that the feed loops can

provide a satisfactory input VSWR without coaxial connectors at the base,

i.e., when fed by means of a coaxial cable and a simple dielectric supported

feed-through. A VSWR of 1.2 was achieved for the engineering antenna

model. VSWR measurements were made using the test setup shown in

Figure 5-58 in which the input VSWR can be measured with or without

coherent excitation to the opposite feed loop. In this way it was

possible to measure the effect of failure of one output stage on the

input impedance to the system. It was found that loss of excitation .

to one feed loop causes 0.2 db mismatch loss in the opposite feed loop.

5.4.4 ENGINEERING MODEL

The engineering model of the antenna system included both quadrature

radiating loops, each with dual feeds. It is shown in Figures 5-59 and

5-60. Following initial impedance measurements, it was found necessary

to position the feed loops to the configuration shown in Figures 5-61

and 5-62 to minimize coupling between the quadrature systems. Following

this change, the measured isolation was 20 db. A plot of VSWR of one of

the feed loops is shown in Figure 5-63. It was measured with excitation

to its diametrically opposite redundant feed and with the quadrature system

in place. It should be noted that the load isolation feed network (hybrid)

was not in place for the VSWR measurements, since it largely reduces input

VSWR because of load mismatch.

A field pattern is shown in Figure 5-64. The fine grain variations are

generated by rotating the illuminating dipole to indicate polarization

axial ratio. The pattern is seen to be essentially the sought-after

turnstile which provides quasi-isotropic total field coverage with

varying polarization, including all possible polarization states.

A gain measurement was made, yielding a gain value of -2.8 db along the

axis which passes through the feed loops.

A test was performed to determine the sensitivity of the antenna zig zag

structure to physical deformation from impact. A 1/2 inch portion of

the zigzag conductor was depressed toward the ball in increments up to

3/16-inch with results as shown plotted in Figure 5-65. These results

indicate a minimal sensitivity to deformation and this is attributable

to the fact that the ball structure is small in terms of wavelengths and

does not function as an electrical ground plane, as further evidenced by

field pattern experiments earlier in the development program.
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A series of pattern tests were run to indicate the effect of a change of

relative phase between the transmitter output stages. Phase shifts of

45 and 90 degrees were introduced by insertion of appropriate lengths of

transmission line at the input to the hybrid feeds. Except for the

expected overall amplitude decrease (3 db for 90 degrees) no pattern

degradation was noted. The lack of sensitivity to phase change of the

two output stages is an inherent property of the redundant feed system

in which each feed loop is driven by half of the power from each of the

two multipliers. Thus, any phase change in a multiplier stage has an

equal effect on each of the two radiating loops and the desired phase

quadrature is maintained.

a. Engineering Model Burial Tests. Signal loss caused by buria%

can be separated into three separate loss components.

(i) Loss caused by impedance mismatch.

(2) Dielectric loss in the burial material.

(3) Reflection at the surface interface.

Burial attenuation measurements were made in which an rf signal from the

antenna model was measured at a remote distance, at normal incidence,

before, and after introduction of soil sample material around the antenna

model. These measurements constitute a direct measurement of the sum of

the three loss components noted. Measurements were taken with two soil

samples, Nevada 120, a medium grain quartz sand representing a nearly

pure dielectrical soil material, and basalt silt containing 5 percent

magnetite which represents a maximum loss soil.

The total signal loss w_n buried to the center of a cubic yard of Nevada

120 test material was 4.5 db. Earlier burial tests indicated approxi-

mately 0.25 db mismatch loss caused by detuning. This leaves 4.25 db

caused by soil attenuation and reflection at the surface interface. The

burial test setup is shown in Figures 5-66 and 5-67.

It should be noted that under conditions of burial the transmission line

hybrid functions as a load isolator and prevents a decrease of incident

power from the transmitter under conditions of mismatch. Thus, the mis-

match losses are limited to the value given by

db = I0 log (P + 17
4P

where P = load VSWR
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The curve shown in Figure 5-68 shows the total signal loss at normal

incidence for burial in the basalt silt test material. On the basis of

the estimated maximum penetration of 5 inches for this material, a total

signal loss of 4 db is indicated. These tests were made with the feed

isolation networks in place and an additional test series was run to

determine the VSWR at the feed loop-terminals (without the isolation

networks). Results are shown in Figure 5-69 and it is seen that for all

conditions of burial the antenna VSWR remained below 2:1, corresponding

........... _......LL _v_. _,u_, LLI_ _Um of Lhc di_i_cL_ic loss and loss

caused by reflection at the interface is indicated to be 3.5 db.

b. Power Reference Measurement. A measuring system was set up to

establish a rf power output reference and a means to determine relative

power output before and after system test intervals. It consists of an

rf absorbing enclosure to house the penetrometer and a dipole receiving

antenna, a bolometer mount to detect the rf signal and a tuned amplifier

to indicate relative power output, plus the associated modulation equip-

ment. It is shown schematically in Figure 5-70. The system also provided

a means of determining the relative power outputs of the three prototype

models.

5.4.5 PROTOTYPE ANTENNAS

Prototype No. I antenna is shown in the photographs, Figure 5-71

and 5-72. The slow wave loop radiators are photo-etched out of 0.015 inch

copper on 0.005 inch fiberglass and supported by Teflon rings. The system

includes two crossed feed assemblies diametrically located on the equa-

torial center section of the structure. The four feed loops are fed by

two transmission line hybrids. Each hybrid is driven by one of the two

redundant transmitter output stages.

The field pattern of Prototype No. I was measured after the 200 ft/sec

test impact. No significant pattern change was noted (Figure 5-73). Also,

no physical damage to the antenna system was found in the post-test

inspection. The dashed lines in the pattern plot show the total field

which is the vector sum of the orthogonal field components as measured by

the rotating illuminator antenna. The pattern was also measured at

various stages of the penetrometer assembly and at one intermediate point

some degration of the pattern was noted. There is some evidence that the

problem was due to extremely sharp bends in the miniature coaxial feed

cables. The sharp bends were eliminated in the final configuration with

good pattern results as shown.

In accordance with the change to a single transmitter output stage,

Prototype No. 2 antenna system had a single feed system and, thus, only

one hybrid feed assembly. With this circuit configuration, it was

possible to feed both radiating loops with a single crossed-feed assembly
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FIGURE 5-71. ANTENNA RADIATING LOOPS 
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or alternately, to use to separate and orthogonal feeds at diametrically

opposite ends of the ball. The latter arrangement, however, produces a

considerably degraded pattern probably caused by a traveling wave effect

which reduces current on the radiating loop with increased distance from

the feed point. Under this condition, a phase error is introduced by the

separation of the phase centers associated with the radiating loops with

consequent degradation of the pattern and polarization axial ratio. Thus,

it was elected to use the single cross-feed assembly on one side of the

ball.

Two additional antenna changes were introduced in the Prototype No. 2.

The feed loops were made slightly larger to improve the impedance match.

This was required because of the increased density of the prototype balsa

limiters relative to the engineering model limiter. Also, a new material

was substituted for the Teflon used in the antenna spacers. It is a

polypropylene having a dielectric constant of 2.2 and loss tangent of

approximately 0.002. It is 43 percent lighter in weight and has superior

structural properties relative to Teflon.

Following Hyge impact tests, the Prototype No. 2 was fitted with a

replacement printed circuit radiator. Since it was not possible to gain

access to the feed loop input terminals, the new antenna could not be

tuned in the usual manner but rather was made physically as identical

to the original antenna as possible. The resulting antenna pattern was

somewhat degraded but provided adequate coverage for subsequent system

tests.

The Prototype No. 3 antenna was installed, tuned, and tested in the

normal manner with good results.

5.4.6 RECOMMENDATIONS

With the elimination of the redundant feeds in the Prototype No. 2, the

total coupling to the radiating loops was reduced and the input VSWR at

the feed loops could not be tuned to a value lower than 2.8. Although

this effect is isolated from the transmitter by the transmission line

hybrid, a mismatch loss of approximately i db is incurred. It is

recommended that the feed loop be redesigned to eliminate this loss.

It has been previously noted that an appreciable variation in the field

pattern has occurred between various assembly steps. These effects

should be investigated and corrected to guard against possible serious

tolerance problems in the future.
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5.5 BATTERY

5.5. i REQUIREMENTS

The penetrometer battery is required to supply a nominal current of 175 ma
at +22 to 27 volts, and 130 maat -4.4 to 6.0 volts. The operating time
need not be over 2 minutes for the flight battery as deployed by the Lunar
Survey Probe System, and operates for only 15 seconds per launch in the
prototype test model penetrometers. The prototype test model battery
must be capable of recharge or of supplying manyoperating periods to
allow repeated testing. In the flight application, the operational life
of the penetrometer is only a single 2-minute discharge but the battery
should be capable of supplying several times this energy or preferably be
capable of recharge to allow for test and checkout, and for recovery from
inadvertent discharge. The requirements for the flight battery are de-
tailed by Aeronutronic Specification 21526. A battery meeting this spec-
ification will serve the requirements for test model batteries, as well.
The most unusual requirement upon the battery is that it must continue to
supply its load without large transients (_1.5 volts) during a shock of
i0,000 g peak and half-sine shape of 1.2 milliseconds duration. The
battery is limited in weight to 200 grams. A prototype battery is seen
in Figure 5-74 with the timer-regulator module installed on top.

A source for small, high-energy chemical batteries is the hearing aid
battery industry which has developed an extensive line of sizes and
types. Types which were examinedas potentially suitable to the penetrom-
eter are listed in Table 5.5. These batteries have been developed for
low-drain rate, long-life application, and for the most part are not speci-
fied in terms directly related to the short operating life of the pene-
trometer. Oneexception is the Jupiter B-80 cell which the manufacturer
states can be discharge__at 200 ma for i to 2 minutes with no detrimental
effects.

While the energy required for a single operating cycle of the penetrometer
is approximately 6 milliampere-hours, it is necessary to use a battery
rated by conventional standards at 50 milliampere-hours, or more, to pro-
vide the required power. This occurs because the power of a battery is a
function of the ion diffusion rate and the plate area. The diffusion rate
is essentially constant; therefore, the area has to be large enoughto
provide the required power.
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These cells are similar in construction and utilize a button-shaped con-

tainer with disc-shaped plates. They are available in the following cell

types:

Materials Type

Nickel-Cadmium Secondary

OJl..^_--_--_--J.*--
Ot:_I.JULLU_.L y

Silver-Zinc Primary and Secondary

Mercury-Zinc Primary

The construction of the cells consists of a shallow steel or nickel cylin-

drical container approximately 1/2 inch in diameter into which the disc-

shaped plates and separators are assembled. A cover of the same material

as the container is placed over the contents and a flange is formed on

the container edge which retains the cover. A neoprene or plastic gasket

is placed between the cover and container which seals and insulates the

two electrically and permits them to serve as the battery terminals. A

significant difference between the construction of the primary and second-

ary type is an air space provided in the secondary batteries to allow a

small amount of gas emission without generating excessive pressure during

charge. This air space is not necessary and not usually present in the

primary cells; however, there is a means provided to relieve pressure.

In the case of the ni-cad secondary cell, it is important to contain the

gas in order to preserve the recharge capability of the battery and, thus,

a void must be provided rather than a vent.

These cells inherently are rugged devices generally capable of withstand-

ing large impacts. The plate materials are relatively strong, being

formed of metallic ribbon, wire mesh, or sintered metals separated with

fiberglass cloth. The primary difficulty encountered in operation during

impact is maintenance of electrical contact between the plate materials
and the external terminals.

The maintenance of the contact is complicated in the secondary types by

the fact that an open space must also be provided which leaves some of the

material of the battery nonuniformly supported and consequently subject to

deformation or dislocation of contact surfaces during impact. A spring is

used to maintain contact. Batteries made up of at least one type of

nickel-cadmium cell and mercury-zinc primary cell have demonstrated an
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ability to function during impacts approaching 200,000 g.5,6 However,

these were ballistic projectile applications, and the batteries may have

been oriented in a preferred direction.

The requirement for repeated load application suggests a rechargeable

secondary battery. However, it may be desirable to use primary cells

because of their superior impact resistance. Two possibilities exist

for doing this. One possibility stems from the fact that it is difficult

to discharge even a small amount of a battery's total energy in one pene-

trometer operating cycle, the battery capacity having been established

to supply a power requirement. Consequently, the battery will be capable

of supplying as many as i0 cycles of operation provided that sufficient

time is allowed for its recovery between cycles. A second possibility

is to actually recharge the primary cell. Certain primary cells can be

recharged if the charge-discharge cycle is limited to between 50 and 80

percent and the charge rate is carefully controlled.

Another type which has been used in high-impact applications is the ther-

mal battery. Advantages of the thermal battery are its demonstrated high

reliability, ruggedness, immunity to operating temperature extremes, and

long storage life. Disadvantages of the thermal battery for this appli-

cation are its size and weight and its one-shot nature. To obtain equiv-

alent performance from a thermal battery, the same quantity of active

battery materials must be provided as is used in conventional batteries,

plus additional pyrotechnic material for activation.

Undoubtedly, batteries capable of meeting the penetrometer requirements

could be developed. A large 1200 watt-hour battery w_e developed for

the Ranger hard-landing lunar-capsule. 7 The development carried out by

the Missile Battery Division of Electric Storage Battery Company yielded

a 70 watt-hour per pound sealed, sterile, secondary Ag-Zn battery quali-

fied to survive a 3000 g, ll-millisecond impact.

5.5.2 BUTTON CELL TESTS

a. Nickel-Cadmium Cells. It was originally planned to utilize the

Gould-National (GN) model 50B nickel-cadmium (ni-cad) button cells

because these cells had been used in several ballistic projectile appli-

cations. Also, preliminary high rate discharge tests, as seen in

.

.

.

Letarte, M., Moir, L. E., A High-G Telemetry System for Gun and Rocket

Firing, Document No. AD 244 158, Defense Documentation Center, 1960.

Kingery, M. K., Choate, R. H., and Young, R. P., Progress Report on

Development of Telemetry for a Hypervelocity Range, AEDC-TN-60-214,

December 1960.

Lunar Rough Landing Capsule Development, Aeronutronic Publication

No. U-2007, February 1963.

5-96

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



|

t

I

I

I
I
i
|

g

i

1

Figure 5-75, indicated that a dual string of these battery cells would

readily supply the required current in a reasonably compact battery. The

ni-cad cell is attractive from the standpoint of long shelf life and

almost limitless charge-discharge cycle capability. Preliminary shock

tests were performed on GN type 50B cells already on hand. Four cells

were bonded to a hand-held hammer instrumented with an Endevco 2215C

accelerometer. The hammer was impacted against a block of wood. Shock

levels as high as 13,000 g were obtained with a total impact pulse width

were impacted in a direction parallel to the diameter of the cell. The

cells under test were supplying a load of current of approximately I00 ma.

The cells were further tested under impact in a direction perpendicular

to the diameter. A ripple of approximately 30 millivolts was detected

when the cell was impacted with the negative terminal nearest the impact

point. Voltage drop was also detected when the cell was impacted with

positive terminal nearest the impact point. The first significant drop-

out occurred on the eighth impact. The dropout was thought to be caused

by failure of the spring contact inside the cell, as the cells were opened

and the springs were shattered. The electrodes and separator appeared to

be undamaged. A sample test quantity of i00 type 50B (50 mah) nickel-
cadmium button cells was obtained from Gould-National. Seven of the new

cells were opened prior to any testing. All seven of the cells

had broken spring contacts. A photograph of one of the opened cells is

shown in Figure 5-76 which displays the individual internal parts. The

spring which is normally a cruciform was found in five pieces in this

cell. An attempt was made to examine other cells by X ray so they could

subsequently be tested. However, the state of the springs could not be

detected with X-ray photographs, since the materials inside the cells are

approximately the same density as the spring. Representatives of Gould

National were contacted. However, no definite explanation or promise of

correction was obtained. These cells are manufactured in West Germany.

As a result of this problem, quantities of small button cells of all

types were placed on order for test. Also, inquiries were begun for the

development of a special battery as described in Paragraph 5.5.4.

Nickel cadmium button cells from General Electric (VBI0) and Gulton (VB080)

were hammer tested. These cells are similar in construction. They con-

tain spring contacts which caused voltage discontinuity during impacts

of i0,000 g. The cell voltages dropped to zero during impact.

Eveready Type N24T cells were received and it was found that they were

made in West Germany. They appear identical to the Gould National

Type 50B. Six of these were opened and found to have broken springs. Of

ten Eveready Type N22T cells, six were found to have holes punched in

their cases by the tab welding action. They were nearly at 0 volts and

would not accept a charge. The other four dropped to near 0 volts when

loaded.
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b. Jupiter Silver-Zinc Cells. The Jupiter silver-zinc button cells

were of particular interest as the only small silver-zinc button cell

rated as secondary (rechargeable) by the manufacturer who claims approxi-

mately 50 charge/discharge cycles. The manufacturer also rates these

cells for high drain (to 200 ma) applications and claims that complete

discharge by short circuiting the cell will not cause damage. These

cells are manufactured in Hungary and available through Epic, Inc., a

New York distributor. A quantity of the Jupiter B80 cell was ordered and

preliminary testing established that these cells were unique in their

electrical properties and shock resistance. Repeated impacts of i0,000

to 12,000 g in three orthogonal directions with the hammer typically re-

suited in voltage transients of 5 mv or less per cell loaded at I00 ma.

Four cells were impacted i0 to 14 times each and displayed slowly in-

creasing transients to 20 to 50 mv. There were no failures.

A discharge test at 150 ma was run on one cell with the results shown in

Figure 5-77. The open circuit voltage was 1.6 volts. At turn-on, the

voltage dropped to 1.29 volts. The voltage decreased slowly to i.i volts

in 8 minutes. The voltage began to decrease rapidly after 8 minutes

under the constant load to 0.9 volt in 9 minutes, 40 seconds. The load

on the cell was removed at this time. The open circuit voltage returned

to 1.45 volts and steadily increased to 1.56 volts after i0 minutes. The

cell was again loaded at 150 ma. The cell voltage dropped to 0.9 volt

after 3 minutes, 20 seconds.

Based on these encouraging results, a more complete evaluation was begun.

Since loading of the power supply was to occur at approximate 1-minute

intervals during penetrometer impact testing, a longer cell life between

charges is expected than under the continuous load conditions of the

first cell test. Therefore, discharge tests were conducted on a 20-cell

battery with a discharge interval of one minute.

The test results are shown in Figure 5-78. This graph shows the open

circuit voltage and load voltage for each discharge period. A discharge

run consisted of alternate 1-minute cycles with and without load until

the cells were discharged below 1.0 volt. The runs varied from 18 to

20 one-minute discharge periods. Between runs the battery was recharged

at 20 ma for 4 hours. The results show that as many as 12 minutes of

discharge time are available at 120 ma or more before the minimum penetrom-

eter battery voltage of 24 volts (1.2 volt/cell) is reached. It is also

seen that the battery is capable of repeated recharge at accelerated rates.

The discharge characteristics of a 20-cell battery with Jupiter B80 cells

is shown in Figure 5-79 for a constant resistive load of 150 ohms at

different temperatures. The performance at +50°F is satisfactory for the

penetrometer as presently designed, which requires a minimum of 22 volts

for proper operation of the +17 volt regulator. The loading on the
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battery was increased from 200 ohms to 150 ohms as the expected penetrom-

eter drain had increased during this time because of additional signal

electronics circuits.

Two 5-cell batteries were made up of Jupiter B80 cells with welded nickel

ribbon connections. The battery formed a cylindrical configuration which

was totally encapsulated in a 4-inch diameter sphere made of Epon 828 and

Shell 871. Load voltage (load = 36 ohms) was recorded on a recording

oscillograph.

A sensitivity of 1-1/2 inches per volt was used. Additionally, the

battery voltage was recorded on magnetic tape (FM) at 60 inches per sec-

ond. A nominal i0,000 g shock, 250 feet per second velocity change, was

applied along each of the two directions parallel to the battery's cylin-

drical axis and one in transverse axis.

The data are summarized in Table 5.6. No transient as large as 70 mv

(the limiting resolution on two tests) was observed.

The Jupiter B80 cells have been used in all the penetrometers fabricated

so far and much additional information has been gained in the fabrication

and test of these batteries. This information is described in

Paragraph 5.3.1d.

c. Domestic Silver-Zinc Cells. A potential domestic source for the

Penetrometer battery may be derived from the small silver-zinc button

cells currently produced in this country for the hearing aid industry.

The largest of these cells are capable of supplying approximately half

of the current required for the Penetrometer but they are small enough

to permit a parallel series string to be packaged into the available

space. The cells tested are not intended for rechargeable service but

are designed to deliver 115 to 175 mah each, or roughly twice the rated

energy of the Jupiter B80 cells (80 mah). With this amount of primary

energy available from a parallel string, it may be possible to complete

the mission without the recharge capability. Recharging is also a

possibility as discussed later. A test series has been conducted which

indicated the various characteristics of these cells at high drain rates.

Cells from three manufacturers have been tested. The cell types and

their characteristics are listed in Table 5.7.
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These cells all have a nominal 90 percent rated yield after 1 year shelf

life when stored at room temperature. This is accomplished by forming the

cells from the more stable monovalent silver oxide instead of the peroxide

silver which is used in the rechargeable types.

Three different types of tests were performed on these cells. First the

cells were continuously discharged at various fixed loads to determine

the usable power available during the required discharge times for the
Penctr_mctcr m_ ....... I ........• _ ...... u_= at= _IuLL_U _n Figures 5-_u through 5-84 to

show cell voltage as a function of the energy delivered per discharge in

milliampere hours. This gives a convenient means of directly comparing

the relative energy capacity, independent of time, which varies consider-

ably with the load value. These data are representative of 20 cells. The

results indicate that the Eveready $76E has the highest energy density of
the cells tested.

A second test series was made to determine the recharge capability of

these cells. Although the cell labels stated that these cells are not to

be recharged, it was determined from conversations with the manufacturer's

applications engineers that some success could be expected in recharging

these cells if they were not deeply discharged and if they were recharged

at one or two milliamperes. The results are shown in Figures 5-85 through

5-88. Figures 5-85, 5-86, and 5-87 show the results of the Ray-O-Vac

cells when recharged, indicating that they are not capable of recharging

without numerous failures. Figure 5-88 shows the results of a Mallory

cell that was recharged four times successfully even though it was deeply

discharged. Figure 5-89 shows a more realistic discharge of a similar

Mallory cell because it was not subjected to deep discharge and was

recharged more slowly. It is interesting to note that in Figure 5-88 the

recharged performance was better than the initial performance because of

the peroxide reaction induced by the recharge. Attempts at recharging

deeply discharged Eveready cells were not successful. They may be

rechargeable if the depth of discharge is controlled.

A third set of tests was made to give discharge data which were more

directly relatable to the actual penetrometer load. This is important

because the penetrometer loads are short duration discharge periods

which are separated by no load periods during which the batteries can

recover some of their power capability. The high discharge currents

polarize the plates and increase the internal resistance of the cells.

When disconnected, the cells recover from this condition in a few minutes.

This is clearly indicated by the sawtoothed voltage plot of the test

results shown in Figures 5-90, 5-91, and 5-92. Figure 5-90 shows room

temperature performance of the Everready $76E type cell, and Figure 5-91

shows similar cell performance at 50°F. Tests on the Mallory 6MS76H cells
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yielded similar results as shown in Figure 5-92. These tests were not

performed on the Ray-O-Vac cells as their performance was significantly

below that of the other types, as seen in Figures 5-81 and 5-82. Shock

tests were performed on Mallory 6MS76H and Eveready $76E cells as the

electrical tests showed them to be the most suitable for the penetrometer

application.

Shock tests on the Mallory and Eveready cells were performed using the

instrumented hammer. The Mallory cells, which have an internal cup

cathode structure_ show a tendency to open up on the negative overshoots

on the shock waveform. The cathode cup structure appears to be the cause

of this, since it is conceivable that it may lose contact with the outer

shell during the negative going waveforms. The Eveready cells have a

cathode which is directly deposited in its outer shell and its shock

test results showed no tendency to develop open circuits.

Four Union Carbide Eveready type $76E cells and four Mallory type MS76H

cells were tested on the Hyge facility. Each group of four series-con-

nected cells was impacted in three directions. During impact, a constant

resistive load of 75 ohms was applied across the battery. The results of

these tests are summarized in Table 5.8. The Eveready $76E cells appeared

to be more shock resistant than the Mallory MS-76H cells, confirming the

hammer test results. Approximately i volt deviation was noted on run No.

3 of the Mallory cells. This was the direction of weakness noted in the

hammer tests.

d. Development of Prototype Test Model Battery. As discussed

earlier, it was first planned to fabricate the penetrometer battery

using Gould-National 50B button cells. The current requirements would

have necessitated the use of a dual string of approximately 20 cells in

each and two diodes to prevent self-discharge between the strings. The

battery was to be designed so that one string of cells was oriented at

90 degrees to the other string for shock protection. Since the various

cells typically exhibited one poor direction for shock, if one string

failed in a hard impact, the other string would likely remain operative

and would be able to supply the entire load current as the duration of

a destructive impact would be only a few milliseconds at most. Use of the

GN 50B cells was discouraged by the discovery of a broken internal spring

in all cells examined in the two lots received. It was therefore

decided to use the Jupiter B80 cell, although it is of Hungarian manufacture,

until a reliable domestic source could be found.

The early model battery pack shown in Figure 5-93 used the Jupiter B80

cells and retained the orthogonally mounted dual string for shock

reliability. However, the energy and power capabilities of the B80 cell
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are such that a dual string is not needed electrically. Therefore, as

shock testing data demonstrated the reliability of the B80 cell and the

volume requirements of the electronic modules grew, the redundant string

was abandoned. The battery in the engineering model used 4 cells for

the negative supply and 16 cells for the positive supply. The prototype

batteries were increased to 20 cells in the positive supply and 5 in the

negative supply for prototypes 2 and 3 to gain more operating time before

recharging as sufficient space was available.

After Hyge of Prototype No. I, the battery would not accept a full charge.

The accelerometer or signal electronics had apparently also failed and

the penetrometer was disassembled for autopsy. The findings are detailed

on the Prototype No. i test report, Appendix A. It was found that one

of the cells was leaking electrolyte, 3 had reversed polarity, one cell

showed distinct swelling symptomatic of excessive outgasing, and it is

likely that the battery was destructively overcharged. A commercial

charger which had been used was found to have an excessive ripple in its

output with voltage sensing of the average value. This would have caused

overcharging of high-capacity cells. Cells of marginal capacity could

have become reverse polarized during discharge. It appears discharge

was complete because of leaking electrolyte entering the cabling and

connector. To prevent recurrence of these problems in Prototype No. 2,

an investigation into individual cell characteristics was conducted in

order to determine representative values of charge capacity, retention,

and discharge capacity. Results of these tests clearly indicate that

there is a considerable spread in cell performance characteristics and a

battery must be composed of selected cells with closely matched mah

capacity.

The swellin_ of battery packs on Prototype No. 1 was probably caused by

gasing caused by overcharge. Swelling has been evident on individual

cells deliberately overcharged during cell evaluation tests. To minimize

the possibility of overcharge henceforth, no cell was to be charged beyond

the first voltage plateau which represents about 30 percent of rated

mah capacity. In order to provide sufficient resolution in the charging

voltage characteristic to determine the first plateau of a single cell,

batteries are charged in short strings (5 four-cell strings, I five-cell

string). This requires an additional seven-pin umpilical plug and

additional wiring.

A sample lot of Jupiter B80 silver-zinc button cells was tested to

evaluate the spread in mah capacity and the feasibility of matching cells

of equivalent capacity. Cells in the condition received from the

distributor were initially discharged at an 8 milliampere rate to a i volt

end-of-life (EOL) level. This allowed monitoring the charge cycle voltage
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and capacity to obtain comparison data on individual cells. Figures 5-94A

and 5-95 show charging voltage versus time for six cells. From these

data, it appears that limiting the charging time to that required to

reach the first plateau limits mah capacity to about 30 mah instead of

the rated 80 mah. The first plateau is easily recognizable even with

series set of four cells and provides a definite control indication to

prevent overcharge.

Discharge characteristics of the same group of cells are shown in

Figures 5-96 and 5-97 Cell No. 7, which terminated charging shortly

after reaching the first plateau (43 mah total charge), was able to

deliver 30 mah at a 1-volt EOL. The recoverable mah capacity is expected

to be somewhat less at the 180 ma penetrometer drain rate. Cell No. 8

reached the first plateau at a 27 mah capacity and supplied 25 mah at

the 8 ma drain rate. Cell No. 9 accepted 42 mah charge and was able to

deliver 34 mah at EOL. Other cells were charged for a longer time to

obtain an 80 mah capacity. Discharge tests at an eight ma rate indicate

that 80 mah can be recovered from typical cells. Discontinuities in

Figures 5-96 and 5-97 result from termination of the discharge tests at

night and show recovery capability of thecei1 when unloaded.

It is expected that a battery of cells, selected for at least a 30 mah

capacity near the first plateau, can provide four to five 15-second

operating cycles. This assumes a 30 mah charge capacity, and a I0 percent

recovery at a 200 milliampere load which provides 54 seconds of continuous

operation. Operation at well-spaced 15-second intervals should extend

this operating time appreciably. Selection of cells and controlled

limited charging should reduce problems associated with overcharging,

gasing, and swelling to an absolute minimum.

Seventy-eight remaining cells were tested for charge-discharge character-

istics following the procedure described above. The cells were matched

in sets of four (and five) for use in Prototype Number 2 and 3 batteries.

Selection was on the basis of charging time (mah capacity) required to

achieve the first voltage plateau. This time ranged from 3 to 5 hours

for the group tested at an eight milliampere rate with the large majority

of cells falling within the range of 4.2 to 4.7 hours.

After completion of Penetrometer Prototype Numbers 2 and 3, both

unaccountably developed a low voltage in one 4-cell string (not the same

string) as though one cell had failed. Both penetrometers have since

been through much testing with one 200 fps impact onto a steel plate for

each and repeated battery recharging with no further evidence of battery

deterioration. The batteries were also subjected to repeated harmner

tests before being assembled into the prototype penetrometers.
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The battery for Prototype No. 2, with timer installed, was shown in

Figure 5-74. The battery is made up of three layers of cells. Each

layer contains cells recessed in a machined fiberglass epoxy disc. Nickel
ribbon leads are electric welded to both terminals of each cell and the

leads are soldered together. Milar insulation is used between the battery

layers.

e. Flight Model Battery Procurement. Two approaches have been

explored to obtain a domestic source for the flight-type battery. These

efforts were begun early in the program when use of the previously

favored Gould-National 50B cells became questionable. It is clearly

advantageous to have an American source for the battery and an early

establishment would have allowed maximum development test experience.

The first approach was to find a small cell with which batteries could be

fabricated. These efforts were described in Paragraph 5.5.2c. A

battery is feasible using a dual string of either the Eveready $76E or

the Mallory 6MS76H cells. However, these batteries would not give the

performance in the small size of the prototype battery which used the

Jupiter (Hungarian) BSO cells.

In order to obtain a battery of equivalent performance to the prototype

unit, a specification SK21526, was written describing its performance.

A purchase information request (PIR), No. 208045 was submitted, with

the specification, to various battery manufacturers soliciting fixed-price

bids for the development of a battery and delivery of i0 units for
evaluation. The vendors solicited were:

(i) Sonotone Corporation

(2) Yardney Electric Corporation

(3) Electric Storage Battery Company

(4) Ray-O-Vac

(5) Electrochemica Corporation

(6) Catalyst Research Corporation

(7) Mallory Battery Company

(8) Gulton Industries

(9) Union Carbide Consumer Products

The specification SK21526 required a minimum battery capacity to

supply i0 minutes operation between charge cycles. This was to allow

sufficient time to obtain antenna pattern measurements on the completed

penetrometer.
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Enough is now known about the antenna system that its pattern can be

determined in much less time. Therefore, when no responsive bids were

received, the specification was revised to require only 2 minutes

operating time, a reduction in energy by a factor of 5. At the same

time, the allowed volume was reduced by 40 percent in accord with the

volume achieved in the final prototype battery design. This specification

was included with PIR No. 208046 requesting new quotations.

There were sciii no bids ordered to supply the battery, the consensus

being that the revised specification was more difficult to meet than the

previous one, although the energy requirement was reduced by a factor of

5 and the battery specification was based on requirements which have been

adequately satisfied by the existing foreign-made Jupiter B80 cells.

Table 5.9 is a summary of the bidding.

Discussion with several of the vendors revealed that there are several

problems in obtaining bids to supply the penetrometer battery. Most

sealed button cells are designed for low-current drain and use at room

temperatures. The manufacturers themselves do not know the performance

characteristics at high drain rates, from 50 to lO0°F, and during a

i0,000 g shock. Further, the battery vendors are reluctant to bid

fixed-price on a development program which contains unknown problems

and offers no large-quantity production possibilities.

While no satisfactory bids have yet been received, it is apparent that

there would be responses if the risk of loss were reduced by some form

of pricing other than straight fixed price. At least four companies are

interested in developing an Ag-Zn cell equivalent to the Jupiter B80, and

two or more others may bid on cells or batteries or both. The effort so

far has identified the potential vendors and some of their individual

capabilities and interests have been determined.
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The following table summarizes this information:

Vendor Potentialities

Electric Storage Battery

Missile Battery Division

Raleigh, North Carolina

A. M. Chrietzberg indicates interest and has

experience in impact technology but has no

button cell components. He could get them

from Ray-O-Vac.

Electric Storage Battery

Ray-O-Vac Division

Madison, Wisconsin

They have declined to bid on previous

requests for development but are still

interested. They are heavily production

oriented.

Electric Storage Battery

Research Laboratory

Yardley, Pennsylvania

They have developed Ray-O-Vac Ag-Zn hearing

aid cells and have button cell facilities.

No contact has been made.

Electrochemica

Menlo Park, California

They have Ag-Cd cells which do not have

high enough power density. Dr. Eisenberg

estimates that Ag-Zn would require $30,000

and 6 months to develop. They are com-

mercially oriented.

Mallory Battery Company

Tarrytown, New York

They No Bid initial requests but have cells

which have potential (limited recharge) and

would be interested in development. Produc-

tion oriented.

Union Carbide (Eveready)

New York City

They No Bid original requests but subsequent

communications have revealed that they have

cells very nearly usable and are interested.

Their research people have been identified

but not contacted.

Burgess Battery

Freeport, lllinois

H. J. Strauss, Research Director, has

investigated and built cells similar to

the Epic B-80 and definitely is interested

in development.

Gulton Industries They have declined to bid on a previous

request but have mentioned an interest in

development and do have Ag-Cd button cells

available.
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5.6 TIMER-REGULATOR

5.6.1 TIMER

A nominal 15-second timer was incorporated in the prototype penetrometer
design to minimize battery discharge during qualification testing. The
timer has the following performance characteristics:

(i) Capable of being triggered on by a momentary
external connection.

(2)

(3)

Provide less than I0 microamperes battery drain

during "off" time.

Switch up to 200 milliamperes of current in the

+17 and -3 volt outputs.

Because of the low standby or off time battery drain requirements a

MOS-FET was used in a one-shot circuit, shown in Figure 5-98. QIA is

normally biased "ON" and QIB is "OFF." Capacitor CI charges to appro_imately

20 volts. During the time QIB is off, the source voltage at pin 7 is zero

which holds the series switch Q2 "OFF" Series switch Q4 in the negative

supply is also held "OFF" by maintaining a zero base to emitter voltage.

When external short is applied to the battery activate contacts, CI is

discharged and QIB is turned "ON," turning QIA "OFF." This condition ex-

ists until the external short is removed. Following removal of the external

short, CI charges until the gate voltage of QIB reaches out-off. QIA then

turns "ON" and the timing cycle is completed. During the time QIB is "ON,"

the current through the device develops a positive voltage across R3 which

turns "ON" the series switch Q2. This in turn drives the base of Q4 posi-

tive turning it "ON."

CR5 prevents _an_age to the gate of QIB in the event a high positive voltage

is inadvertently applied to the external activate terminal.

5.6.2 REGULATOR

A voltage regulator Ls required in t_e penetrometer because of the wide

latitude (22 to 36 volts) of battery voltage. Both the LC oscillator and

integrated circuit amplifiers (_ 702A) require well-regulated supplies for

stable operation. A 17-volt supply level was selected for compatibility

with both the oscillator and integrated amplifiers. Since the _ 702A's al-

so required a negative bias, a -3 volt regulator was also included. The

+17 volt supply current requirements approach 150 milliamperes necessitat-

ing the use of a series regulator transistor as the regulating element.

A stable 17 volt reference voltage is furnished by a zener diode. Since

the current requirements for the -3 volt supply are very small with cor-

responding small battery voltage excursion, a zener diode provides satis-

factory regulation.
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5.6.3 ENGINEERING MODEL

The regulator and timer circuit for the engineering model is shown in

Figure 5-98. The breadboard layout is shown in Figure 5-99. Power is

applied to the penetrometer circuits in 15-second intervals by the I timer

by momentarily shorting the turn-on terminals. An umbilical plug provides

external, access to activate the timer, to provide continuous operation for

test purposes and to allow battery recharge. The regulator circuit pro-

vides +17 volts _ 3 p_rcent and -3.3 volts _ 5 percent. Unregulated

+25 volts referenced to -4 volts is also supplied. The tolerances are
m

based upon a minimum 26-celi battery and a minimum cell voltage of 1.2 volts.

The engineering model used 1/4 watt carbon composition resistors because

of their availability instead of metal film resistors which exhibit superior

shock sensitivity. Bourns metal film resistors have been incorporated in

the prototype models. These resistors (Series 4200) proved very shock

resistant in tests at Aeronutronic. The recommended IRC MMF resistors are

no longer manufactured and the MCC type have a delivery of 8 weeks. The

SCE type of American Component, Inc, evaluated by Carde, and Type 6928-FRP
by P. R. Maliory are leadless cylindrical type. Such resistors require an

additional process to attach leads for the penetrometer application. The

Mallory units and type CE metal film resistors manufactured by American

Component, Inc., are not presently available.

Evaluation of tests on the engineering model power supply indicate that

20 of the Jupiter battery cells should be used for the positive voltage

supply. The 16 cells which were used in the engineering model did not

provide sufficient voltage for the +17 volt regulator to operate within its

regulation range. The additional cells, however, caused more power to be

dissipated in the +17 volt regulator transistor (Q3) and therefore another

transistor (Q4) was added in parallel for increased dissipation at high

battery voltages. The regulator circuit is shown in Figure 5-100.

The regulated output voltages are shown in Figures 5-101 and 5-102 for the

expected battery operating range of 22 to 28 volts for the positive supply

and -4.4 to 6.0 volts for the negative supply. The +17 volt regulated out-

put varies by 0.5 volt at a fixed temperature over a 22 to 28 volt input

range. The -3.3 regulated output varies approximately 0.64 volt over the

input range of -4.4 to -6.0 volts. The change in the -3.3 volt output is

due to the poorly defined zener characteristics of the low voltage zener

diode IN703A, which is typical for zeners in this voltage range. The

change in the +17 volt output is due mainly to the zener diode character-

istic and to a small extent the heating of the base-emitter junction of

the output transistors Q3 and Q4. (VBE decreases with temperature.)

Regulator characteristics with simulated battery transients were investi-

gated after further discussions with Electrochimica. They could promise

only a minimum of 1.38 volt drop for a 23 cell battery for I0 Kg impact.
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R1 R2
CRI

CR4

0R5

-- 4 CELLS

R7:_ R8 I

_+17 v
75MA

I
_-3.3 v

!

RI, R2 = (SELECTED FOR "ON" TIME)

R4, R6 = 1 MEG
R5 = 100n

R3 z IK

R7 = 3.6K

R8 = 130

CI, C2, C3 = 2.2_f (SEMCOR TSI-20-225) (20v)

C4 = l_f, CSI3AF010K

(35v)

NOTES:

i.

2.

3.

UNLESS SPECIFIED

ALL DIODES IN459

ALL TRANSISTORS 2N2222A

ALL RESISTORS % WATT

I

II
II
I

QI = GMEI005

CR2 = UZ718

CR5 = IN703A

CR6 = IN4104

RI5282U

FIGURE 5-100. POWER SUPPLY AND TIMER SCHEMATIC,

ENGINEERING MODEL
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A 0.5 volt transient applied to the positive battery terminal causes a

maximum transient of 30 millivolts at the +17 volt regulated output. The

output recovers to normal within 0.4 second. A 0.5 volt transient applied

to the negative battery terminal causes a transient at the -3.3 volt out-

put of 0.25 volt. The output recovers within 0.4 second. These transients

are shown in Figure 5-103. Additional testing with a 1.5 volt input tran-

sient characteristic of Electrochimica batteries produced a 70 mv output

transient in the +17 volt regulated supply. This amplitude variation

produces only 0.7 percent error at 50 g in the signal electronics. A

...... t_=L,o_=L_ U,L=L,_= "L, load current on the -3.3 volt causes a

transient of 45 millivolts at the output which returns to normal after

0.3 second. These transients are shown in Figure 5-104.

5.6.4 PROTOTYPE NO. i

The regulator and timer circuit shown in Figure 5-99 was used through

Prototype No. 2 with no major changes.

Prototype No. i regulator timer operated erratically for a period of time.

This was caused by leaking battery electrolyte resulting in low resistance
shorts in the umbilical connector. When the unit was disassembled there

was no evidence of power regulator/timer failure except for visible cracks

in the glass diodes after the disassembly. These cracks could have been

caused by the disassembly actions or by the epoxy shrinking. Recommended

preventive action included coating all glass diodes w_th silicone rubber

or covering diodes with shrink-fit sleeving.

The battery pack and timer-regulator module was assembled, inspected and

potted. After completion, the unit was functionally tested to assure

proper performance. A view of the completed unit and its protective dome
was shown.

The battery-timer regulator module was mounted on the laboratory hammer

and subjected to several blows of 4000 to 6000 g. The two critical

regulated voltages (+17 and -3) were monitored for change during the

shock interval along with the acceleration pulse. Figure 5-105 is the

record of a typical impact test. The upper trace is the 4000 g shock

pulse record and the lower that of the change in the +17 volt regulated

supply. The sensitivity of supply voltage channel is 50 mv/cm. There

was no detectable transient change in the supply voltage during the shock

interval. Instrumentation problems resulted in the loss of data on this

particular test for the -3.3 volt channel which was being monitored by a

different oscilloscope and camera. Because the battery was almost com-

pletely discharged following eight impact tests, testing was discontinued
and no additional -3 volt shock data was taken. Previous test data on the

-3 volt channel were good.
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+17 V LOAD TRANSIENTS

INPUT SET AT +25 V

-3.3 LOAD TRANSIENT

INPUT SET AT -5 V

FIGURE 5-104.

__._o.3sEc__ I

f ,
45 NV i

330

REG SW R15293 U

REGULATOR RESPONSE TO LOAD TRANSIENT
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UPPER TRACE: SHOCK PULSE, 2000 g / D I V  

LOWER TRACE: REGULATED +17 VOLTS, 50 MTIDIV 

TIME SCALE: 100 IUSECIDIV 

FIGURE 5-105. BATTERY-TIMER MODULE SHOCK TEST RECORD 
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After signal electronics in Prototype No. 2 becamedefective the battery-
regulator timer module was removedto permit accelerometer removal and
test. The regulator-timer board was damagedduring disassembly and a
modified regulator circuit was installed. No further problems in the
regulator-timer were noted during extensive impact testing of Prototype
No. 2 penetrometer.

5.6.6 PROTOTYPENO. 3

Twominor problems were discovered during harmmertesting of the power
supply for Prototype No. 3.

(I) Solder points punctured the thin mylar insulator

that separates the bottom of the battery from

the center structural section. The mylar was

replaced by a 0.015-inch thick sheet of fiber-

glass board.

(2) The +17 volt supply did not turn off at the

end of the 15-second period because of a

shorted 2N2222 series regulator. The timer

regulator board was replaced with a spare

board. No permanent damage was done to the

battery time-regulator circuit by these prob-
lems.

The +17 volt regulator circuit for Prototype No. 3 was changed to allevi-

ate a major problem encountered in previous prototypes. In the initial

design at high input voltages, the power dissipation in the series reg-

ulating transistors (02 and Q3) could exceed the maximum 500 mw rating.
The two transistors must divide the load almost equally to stay within

their power ratings. This problem is most dangerous when attempting to

test the Penetrometer on external power because the external voltage is

required to exceed the battery open circuit voltage.

This high voltage causes power dissipation beyond that normally encountered

on battery power. The external power voltage must exceed the open circuit

battery voltage which is in the range of 31 to 36 volts. The addition of

a resistor in shunt across the series transistor shifts the power dissipa-

tion from the transistor to the resistor as the input voltagesiincrease.

In Prototype No. 3, this resistor consists of 3-1/4 watt resistors in

parallel. Q3 in the new circuit acts as a switch to keep power from being

applied to the load through these resistors when the regulator is turned off.

Required power dissipation is limited, since it is almost saturated during

operation. This circuit change was evaluated on the breadboard regulator.

The regulation observed was equal to or better than the engineering model

circuit. Transient response tests were also conducted and the results

were identical to those of engineering model circuit. Hammer tests of the
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reworked battery-timer-regulator module are shown in Figure 5-106. The

top trace (a) shows the +17 volt regulated output at 50 millivolts per cm.

sensitivity. The lower trace is the accelerometer output at 2000 gs per

cm. No transient is observable in the +17 volt regulated output. Similar

results were observed on a 7000 g impact.

Figure 5-I06c shows the battery open circuit voltage at impact. The

Prototype No. 3 battery-regulator-timer module operated correctly through

the entire series of drop and impact tests as well as many calibration

runs.

The final prototype timer regulator circuit configuration is shown in

Figure 5-107.

5.7 STRUCTURE

The primary structure for the Lunar Penetrometer is a 3-1/2 inch diameter

hollow aluminum shell provided with a center web in the equatorial plane

for mounting of the omnidirectional accelerometer. The structure is fabri-

cated in three sections to allow easy access to the electronics during as-

sembly and checkout. The center webbed structure provides the primary

chassis upon which the omnidirectional accelerometer is centrally mounted;

the telemetry assembly and power supply is built up; and the peripheral

antenna feeds are installed. An upper hemispherical dome threaded to this

center structure houses the telemetry electronics. A lower dome, which is

retained to the center structure by a threaded equatorial coupling nut,

houses the power supply and timer/regulator assembly. An exploded view

of the structural components is given in Figure 5-108. Figure 5-109 shows

the assembled penetrometer structure.

The deceleration force seen by the sphere during impact is equal to the

reaction force imposed by the crushing balsa wood limiter. It is sym-

metric and is assumed to be of the form Po_COS _ (where _ varies

to + _/2). For design purposes the total magnitude of the integrated

vertical force was taken as i0,000 times a net inner payload weight of

2.7 pounds, resulting in a total imposed load of 27,000 pounds. The

meridional membrane loads across a plane parallel to the plane of impact

are pure compression and are not controlling. The critical design load

occurs in a plane through the polar axis (direction of impact) where the

circumferential membrane load varies from pure compression at the point

of impact to tension at 16 degrees below the equator and back to compres-

sion at 38 degrees above the equator. Hence, for an impact in the plane

of the equatorial threaded joint there is a tensile load of approximately

1300 pounds imposed over a 54 degree section of that joint. For loads of

this magnitude any consideration of fastening by means other than the

selected continuous threaded joint (e.g., individual fasteners) results in

the consumption of an excessive amount of inner payload volume.
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TEST A 

UPPER TRACE: 

LOWER TRACE: 

TIME SCALE: 

TEST B 

UPPER TRACE: 

LOWER TRACE: 

TIME SCALE: 

REGULATED +17 V OUTPUT 
50 MV/DIV 

ACCELERATION, 2000 g /DIV 

500 p SEC/DIV 

REGULATED - 3 . 3  V OUTPUT, 
50 MV/DIV 

ACCELERATION, 5000 g/DIV 

50 J.L SEC/DIV 

OPEN CIRCUIT BATTERY VOLTAGE, 
50 MVfDIV 

ACCELERATION, 5000 g/DIV 

100 p SEC/DIV 

F02188 U 

FIGURE 5-106. PROTOTYPE NO. 3 BATTERY AND REGULATOR 
HAMMER TEST RECORDS 
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A secondary matter of interest is the natural resonant frequency of the

structure and the effect of its noise upon measured impact deceleration

data. In a configuration of this size, a natural frequency in the range

of 1600 to 2000 cps is inevitable. If a 2.5 percent of critical damping

is assumed, the time to damp that vibration to one-half its initial ampli-

tude is 2.5 ms and the time to damp it to one-tenth its initial amplitude

is 8.5 ms. For these reasons the encapsulation around the pressure sensi-

tive accelerometer case has been eliminated to minimize coupling of the

latter with its surrounding medium. In addition circuit modifications

have been instigated to effect electronic filtering of the troublesome

frequencies.

Tests conducted on the structural assembly at levels up to 7000 g have

revealed no structural deficiencies in the design.

5.8 IMPACT LIMITER

It is the function of the impact limiter to impart a sufficient degree of

protection to the penetrometer instrument to ensure that a meaningful

_signal is obtained and transmitted even under the severest impact condi-

tions, i.e., a 200 ft/sec impact upon a hard unyielding surface. In the

Lunar Penetrometer, this protection is provided by a 2-inch layer of

balsawood which surrounds the 4-1/2 inch diameter inner payload to bring

the total sphere diameter to 8-1/2 inches.

Balsawood was selected on the basis of its two outstanding physical char-

acteristics; first, it yields at a substantially constant stress level

through 80 percent of its initial thickness providing maximum energy absorp-

tion for a minimum imposed deceleration; second_ it absorbs more energy

per pound of material than any other known substance, thereby minimizing

penetrometer weight.

5.8.1 ANALYTICAL MODEL

The analytical model used to predict the dynamic performance of the

penetrometer impact limiter is presented in Figure 5-110. In this model,

the balsa grain is assumed to be radially oriented and account is taken

for its compression both parallel and perpendicular to the grain. The

impacted surface is assumed to be hard and unyielding; that is, it is pre-

sumed to have infinite modulus of elasticity, yield stress and mass.

The three basic equations used to predict the performance of the spherical

impact limiter are:

(i) A geometrical relationship which equates the

total penetrometer weight to the sum of pay-

load size and density and limiter size and

density.
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(2) A force equation which expresses the total verti-

cal resisting force of the limiter as a function

of its total radius, parallel and cross grain

yield strengths, and stroke.

(3) An energy relationship which equates the integral

of vertical force times stroke to the kinetic

energy of the penetrometer at impact.

Based on these relationships and an equation expressing the axial and

cross grain yield strengths of balsa as a function of its density, one

can solve for the impact limiter density required to survive a 200 ft/sec

impact. A value of 10.6 Ib/ft 3 was found adequate to allow survival of

a 3.2 pound penetrometer payload (including resin and outer cover) at a

peak impact deceleration level of 7000 g.

5.8.2 MANUFACTURE

The spherical balsa wood limiter is fabricated in two hemispheres from 20

tetrahedral segments. Manufacture of these pieces is accomplished by

installing the raw balsa block in a holding fixture which rotates the

part about the axis of a right circular cone inscribed in the defined

segment. The selection of this axis of rotation dictates that the

dihedral angle of each side relative to the base is identical. Thus, the

cutting of each segment is accomplished by tilting the blade of a radial

arm saw at the dihedral angle and proceeding through three successive cuts

and rotational indexing operations of the part; the latter is accomplished

about an axis normal to the saw table. The completed parts are then as-

sembled into i0 pairs of doublets and finally into i twenty-sided poly-

hedron. This icosahedron is next parted along an equatorial plane of

symmetry and the two identical halves are machined into hemispheres. The

inner contour of each is machined to accept the 3-1/2 inch diameter pay-

load and provided with two, 3/4-inch grooves for protrusion of the an-

tenna spacers. Note that the balsa material between the antenna spacers

was not assumed to be present in the limiter design analysis and hence

represents positive design margin. A view of the balsa limiter is given

in Figure 5-111.

5.8.3 TEST

Three tests of the impact limiter on the prototype test spheres revealed

no measurable damage to either the payload atructure or its peripheral

antennas following impact at velocities up to 202 ft/sec against rigid
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steel plates. Balsa wood crush occurred through a distance within 5 per-

cent of its predicted value (1.7 inches). Unfortunately, however, no

impact deceleration values were obtained due to malfunctions of the

accelerometer and/or the telemetry electronics and power supply.

The results of addition_l tests conducted into various materials with
7 ib/ft J and 10.6 Ib/ft _ impact limiters in the course of the impact

research program are presented in Table 4.8 of Paragraph 4.2.3. The

materials are listed in terms of increasing compliancy.
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SECTION 6

COMMUNICATION LINK PRELIMINARY DESIGN AND TEST

6.1 COMMUNICATION STUDIES AND ANALYSIS

6.1.1 MODULATION METHODS

a. General. Earlier penetrometer communications development have
been carried out at Langley Research Centerl, 2 and at Aeronutronic.3, 4

Mission requirements were found to dictate the use of multiple, small

penetrometers deployed against the Lunar surface. In addition, real time

data transmission via a relay communication system has been identified as

a preferred mode of operation between the Lunar surface and Earth. This

approach utilizes a hovering relay from which the penetrometers are

iMcCarty, J. L., Beswick, A. G., and Brooks, G. W., Applications of

Penetrometers to the Stud_ of Physical Properties of Lunar and Planetar_

Surfaces, NASA TN D-2413, Langley Research Center.

2McCarty, J. L., Beswick, A. G. and Brooks, G. W., Penetrometer Techniques

for Lunar Surface Evaluation, NASA TM X-890, 1963, pp 123-130.

3A Lunar Surface Measurin_ Capsule, Aeronutronic Publication No. U-5109,

8 January 1962.

4Lending Aids for the Lunar Excursion Module, Aeronutror_ic Publication

No. U-2065, April 1963.
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launched. Signals received from multiple impacting penetrometers are
further combinedand relayed to the assumedparent vehicle, the Apollo CSM,
for subsequent transmission to Earth over the standard Unified S-Band
Telecommunication Link. The communication studies and analysis reported
in this section (and Appendices), therefore, pertain to the establishment
of the following elements of a penetrometer communication system: Pene-
trometer-to-Data Relay Link, the Data Relay-to-CSM Link, and the basic
CSMInterface Study.

b. Modulation Considerations. In the initial phase of the penetro-

meter program, a state-of-the-art review was conducted and varied aspects

of applicable communication system designs were examined. An account of

the salient features is presented in the following two paragraphs.

(i) Penetrometer. For Penetrometer data transmission, only frequen-

cy modulation (FM) of the carrier was considered. Phase modulation (PM)

and amplitude modulation (AM) had been ruled out because of shock tran-

sients expected in these parameters. Figure 6-1 depicts four methods

which received consideration. Method I, termed the simplest, has the ana-

log data signal modulate the carrier directly. A high modulation index

(wide deviation) would be employed to discriminate against the undesired

shock modulation of the carrier. Being a wide-band system, penetrometer

transmitter power requirements were typically more demanding than the

other methods examined. Moreover, adc signal handling capability through

the FM modulator and in the relay receiver discriminator would be required.

Method II involves halfwave chopping of the signal, with narrower band-

width requirements than in Method I, permitting a reduction in penetrom-

eter transmitter power. A simple synchronous demodulator as noted would

be required in the relay for data detection.

As an extension of Method II, Method III employs full wave chopping. Data

is sampled with alternate phases of the chopping signal, resulting in the

sampled data as sidebands on the AM (chopper) subcarrier. As denoted in

Figure 6-1, translation of data to a subcarrier minimizes the shock

modulation effects. In the relay, the data is recovered by means of a

bandpass filter and full wave rectifier. This consititutes the selected

approach and exhibits the best overall stability, since only ac signals

are handled after the differential preamplifier, and (chopper) subcarrier

frequency stability is not important.

Method IV employs the use of an FM subcarrier. Here (similar to Method I),

dc signal handling capability through the subcarrier oscillator (SCO) and

relay is required, thus calling for a shock stable SCO. This method was

adjudged as requiring more complexity in the penetrometer and relay, par-

ticularly with regard to the SCO shock insensitivity constraint.

6-2
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(2) Data Relay. Data acquisition and transmission methods for use

in the data relay also received consideration in the state-of-the-art

review. The principal techniques studied (involving IR_ reception and VHF

retransmission schemes) are shown in Figure 6-2. Relay reception criteria

was based upon the premise that eight penetrometers with separately spaced

carrier frequencies are salvoed at once. Polarization diversity

reception was required in the relay system design to avoid possible

reception nulls. Some form of recombination in the relay was desired

because it halved the number of channels requiring retransmission. The

FM/FM relay of Method I depicts an independent signal handling method

which affords a partial system redundancy. Complete redundancy would be

achieved using an alternating recombination scheme. Subcarrier demodula-

tion is employed to recover data signals for subsequent remodulation onto

the FM subcarrier channels which are applied as a composite modulation on

the rf carrier. This method, modified to include an antenna switching

polarization diversity capability, thus halving the basic receiver require-

ment, was selected to receive development and functional testing during

this program. The selection was based upon the highly developed status

and excellent availability of FM/FM hardware and performance characteris-

tics that are well known. Use of the analog system is consistent with the

overall data accuracy requirement and affords the desired simplicity with

attendant improved reliability.

Method II represents an alternative to the demodulation of the subcarriers.

This scheme employs frequency translation to facilitate retransmission of

the received subcarrier data signals. Considerable complexity in the relay

is required, however, to provide mixers, filters, and the generation of a

set of stable mixer injection signals. Also required would be the

attendant frequency stability constraints placed on the penetrometer data

subcarrier frequency.

Method III, or the wideband rf relay, received consideration because it

presents a minimum hardware demand. Acting as a single wideband trans-

ponder channel, it accommodates all eight incoming penetrometer signals in

each polarization. The principal drawbacks are increased power require-

ments in both the penetrometer and relay transmitters. Diversity combina-

tion is not possible in this scheme. A variation of Method III is seen in

Method IV, where operation is similar to Method III except that individual

channel receivers are employed. This eliminates the two of the drawbacks

cited for Method III, but the increased relay transmitter power (8 to 20 db)

requirement would remain.

c. Comparison of Modulation Methods. The penetrometer-to-data relay

communications link demanded the major attention in the communication

studies and analysis performed during the penetrometer program. Environ-

mental constraints, particularly the shock sensitivity characteristic,

represented a significant weighting factor influencing the choice of a

modulation method to employ in the Lunar Penetrometer prototype design.
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The combination of considerations resulted in the selection of an AM/FM

design approach early in the program. Effort was continued during the

program, however, to extend the earlier modulation methods investigation
and consider alternate modulation schemes. The results of these studies

are reported in Appendices G and H of this report with a brief summary
included herein.

A study of modulation methods was completed, based on sinusoidal modula-

tion, resulting in expressions depicting penetrometer-to-data relay

cormnunication system performance above threshold. Mean output signal-to-

noise power ratios (SNR) were obtained for AM, FM, AM/FM and FM/FM sys-

tems, based upon the following assumptions:

(i) Signal power much greater than noise power.

(2) Single frequency sinusoidal modulation of full

scale signal amplitude.

(3) Signal power assessed with noise assumed absent

and noise power in absence of signal (unmodu-

lated carrier present).

(4) Identical input carrier power and noise spectral

density applied to each system.

(5) All powers derived relative to unity loads.

The following table depicts the resulting expressions in normalized form.

Modulation

Method SNRo Explanation

AM SNR. _f
i c

3Vm/ fm

AM/_ I Af

kfscl SNRi sc

carrier frequency

deviation

maximum data base-

band frequency

subcarrier fre-

quency deviation

2 2FM/FM 3 _subcarrier
_% SC_ k fm / SNR. fi sc _frequency

Numerical link calculations based upon further parametric studies are

required before results may be applied to the penetrometer application.
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6.1.2 CSMINTERFACESTUDY

A study was conducted to define the telecommunication equipment character-
istics of the Apollo Block II Commandand Service Module (CSM)and recom-
mend the best CSM/LPSinterface. The detailed study results are given in
Appendix F.

The results of the study indicate that use of the operational C_Mrpr_v-
ing and re_uLding equipments, with the exception of the VHFantennas and
multiplexer, is not feasible for the Lunar penetrometer system application.
Neither the operational VHF/AMreceivers or the Data Storage Equipment has
the necessary frequency response to handle the eight channels of penetro-
meter data received via the Data Relay. The Service-Module mounted
VHFantennas and the VHF3-port multiplexer can be used, however. The
Block II CSMVHFmultiplexer has a spare port tuned to 228.2 MHzand re-
served for scientific or R&Dpurposes. Hence, it is probably desirable
to change the operating frequency of the Data Relay transmitter to this
frequency from the present 260 MHz.

The study of the CSMUnified S-Band transmission system, used for CSM-to-
MSFN(MannedSpaceFlight Network) communications, indicates that the re-
ceived LPS data can easily be transmitted to Earth via the 2272.5 MHz
FMtransmitter. This transmitter is normally used for transmission of
television, recorded operational data playback, or real-time transmission
of three analog channels of scientific data. The transmitter has suffi-
cient bandwidth to accommodatethe eight constant-bandwidth subcarrier
channels received from the data relay.

The appendix summarizesthe functional performance requirements of the
necessary additional equipment required for the lunar penetrometer system.
This equipment encompassesa 228.2 MHzwide-band FMreceiver and a wide-
band analog tape recorder with playback capability.

6. i. 3 PENETROMETER-TO-DATARELAYLINK ANALYSIS

The communications analysis for the penetrometer-to-data relay link was
originally completed and reported in the LPSFourth Monthly Progress
Report. Since then several of the parameters, notably the transmitter
and receiver instabilities, have becomebetter defined or established.
updating of the previous analysis is, therefore, presented herein.

AN

The communications system utilizes AM/FM as the modulation method. To

simplify the analysis, as before, a continuous sinusoidal modulation is

assumed. A listing of the key parameters, including those revised, is

presented as follows:

(i) Carrier frequency deviation, _f =.+160 KHz
C
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(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9)

AM subcarrier frequency f = 40 KHz
sc

Maximum data frequency f = 2 KHz
m

Transmitter frequency stability,

+66 KHz (+0.015%), [was +25 KHz (+_0.0055%)]

Transmitter shock-induced Af, +80 KHz (+_0.0175%)

[was +45 KHz (+0.01%)_

Receiving system stability, +I0 KHz (+--0.002.2%)

+_25KHz (+O.0055 ?]-

RMS value of stabilities,

[items (4), (5), and _)1 = +108 KHz (+0.024%)

_.as +60 KHz (+_0.0137o)3-

Receiver bandwidth required for

(Af^/fm of 4) = 480 KHz if criterion is that

sid_bands of amplitude less than 0.05 of the

unmodulated carrier are neglected; [was 580 KHz

based upon a criterion that sideband amplitudes

less than i per cent of the unmodulated carrier

are neglected].

Total receiver bandwidth

[items (7) + (8)], Bif_700 KHz

The left half of Table 6.1 shows the resulting penetrometer-to-data relay

UHF link design control table which includes other important parameters

not cited above. The threshold SNR is that required to overcome a fluc-

tuation noise voltage error of ! 6.7 percent in the llnk while simulta-

neously providing the carrier improvement threshold requirement of 12 db.

The output SNR for full-scale input data signal (i.e., 7000 g) is obtained

from:

(Table 6.1)

2

i IAfc)Bif
SNRo = 7 -f--_c- _m SNRif" (i)

The SNR o for the minimum value of input signali(i.e., 50 g) is taken as

-26.0 db less, which is the smallest increment of the slgnal dynamic range

following compression. The resulting performance data, including margins,

are denoted in the referenced table. It should be noted that the results

cited are derived from the preceding equation which represents an idealized

expression based upon certain simplifying assumptions (e.g., rectangular
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filter passbands, sinusoidal modulation, etc., also see Appendix G).

Actual performance may be several db poorer. In any case, an excess mar-

gin of about I0 db is seen to result in the data channel after allowance

has been made for the -5.5 db, worst case sum of the negative link

tolerances. This quantity may also be referred to as a burial margin.

It must be further noted that final mission geometry and detailed opera-

tional constraints of a particular lunar penetrometer system measurement

application will necessitate a re-evaluation and updating of the present

analysis, which was based upon current penetrometer prototype hardware

design and certain assumed data relay concepts.

6.1.4 DATA RELAY-TO-CSM LINK ANALYSIS

The communications analysis for the data relay-to-CSM link is presented

to document the basic relay system concept employed for a lunar survey

probe (LSP) mission. The data relay performs a real-time analog data

acquisition and transmission function taking AM/FM UHF signals from the

eight (salvoed) individual penetrometers and retransmitting them as an

eight-channel FM/FM VHF link to the orbiting CSM. The choice of an analog

system here is appropriate to the overall accuracy desired and represents

a simple and reliable approach. The VHF link employed, therefore, is

basically a standard FM/FM link operated in an eight (constant bandwidth)

subcarrier channel configuration. The right half of Table 6.1 shows the

various data link parameters involved and the resulting performance

characteristics. The principal observation to be made is that there

exists a large uncertainty in the CSM receiving antenna system gain

which consequently dictates the need for relatively high power (40 watts)

in the relay transmitter. Any further clarification or better definition

of this and other receiving system characteristics will obviously have a

significant effect on the relay transmitter power requirement. At present

a basic 2.1 db excess margin is seen to exist in the link design. If

CSM attitude constraints can be used, with an attendant significant

increase in antenna gain, the relay transmitter power output can be

reduced to approximately i0 watts and still retain a positive link margin.
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6.2 DATA RELAY

6.2. i PENETROMETER DATA RELAY RECEIVING SYSTEM

The purpose of the penetrometer data relay receiving system is to receive

and demodulate the data from eight simultaneously-fired penetrometers

operating on eight different carrier frequencies. The present functional

model receiving system is shown in block diagram form in Figure 6-3. The

__ -----_ --j ................ _LL 6 WLL_IL _ _O&ULL W_ ill_ LO

change the modulation method of the penetrometer carrier from very wide

band direct FM to a narrower bandwidth AM-FM system. The receiver design

was adapted to the changed requirements and its performance is not optimum

for the flight model. The desirable changes are incorporated in the per-

formance specification and described later in this section. Figure 6-3

also gives the typical gains and noise figures of the various blocks.

For a receiving system having a bandwidth of 700 KHz, a noise figure of

6 db, and operating at room temperature, the equivalent receiving system

noise power (KTBF) is -109.5 dbm (see Paragraph 6.1.3). Using the gains

of the preamplifier, power divider, and receiver, as shown on Figure 6-3,

this noise power referred to the receiver IF output is of the order of

23 dbm. This is the level at which the limiter becomes operative, i.e.,

the limiter limits on noise which maximizes the useful receiver input

amplitude range. From the communications system analysis of Paragraph

6.1.3, the nominal received power is -86 dbm. This, then, provides an SNR

in the IF of nominally +23.5 db for good receiving system quieting.

a. RF Preamplifier. A low-noise preamplifier is required in the

system to overcome the loss in the eight-way power divider. Since the

eight input frequencies cover the range from 432 MHz to 453 MHz, this pre-

amplifier should have a bandwidth greater than 21MHz. The actual

preamplifier used consists of two cascaded commercial units (C-COR Model

3584). This configuration provided 34 db of gain with a 3 db bandwidth of

45 MHz centered around 442.5 MHz and a noise figure of 5.5 db. These

particular amplifier units were chosen mainly because they were readily

available. The performance specifications define the requirements for a

preamplifier contained in one sealed unit meeting or exceeding the

specifications of the units now in use.

b. Power Divider (8-way). The rf preamplifier drives an 8-way power

divider. This unit, available commercially (Adams-Russell Number 8U-50),

exhibits an isolation between outputs of 30 db with only I db insertion

loss over the straight power division (9 db) for a maximum overall inser-

tion loss of I0 db. This unit is referred to as a distributive parameter

device. It buys only about i db in overall system noise figure over that

obtained with a conventional unit but, by virtue of its balanced configura-

tion, provides considerably more isolation between output ports.
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G = 66DB
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RECEIVER NO. 5
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. RECEIVER NO, 6

L
450 MHz
|

_I RECEIVER NO. 7

453 MHz
RECEIVER NO. 8
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The power divider performance specification defines the requirements of a

power divider similar to the one used. Another type of power divider, re-

ferred to as a frequency selective unit, is of interest. Its configura-

tion would be more like a comb filter with considerably less insertion

loss. This could lessen the effects of a "hung-up" ball overdriving the

present preamplifier, rendering the entire receiving system useless. The

approach, however, would require separate preamplifiers for each receiver

(possibly incorporated in the preselector, making it an active rather than

a passive preselector). Outside bids have been requested for a frequency

==_=_L_v= _uw_L ulvlaer. _ne specification ior this is found in Table 6.2.

The low insertion loss requirements are necessary to keep the system noise

figure down since in this case, with no amplification between the antenna

and power divider, the loss of the power divider adds directly to the sys-

tem noise figure. A few bids have been received to date (more are expected)

with most bidders requesting more insertion loss allowance. Once all bids

are received, they will be weighed for merit against the present power

divider. Perhaps it would be more advisable to devise a positive scheme

whereby a "hung-up" ball never gets turned on, which would remove the need

for a frequency selective power divider.

c. Receiver. The block diagram of the receiver is shown in Figure

6-4, which shows gains, noise figures, and bandwidths of the individual

blocks. A schematic of the receiver is shown in Figure 6-5. Figure 6-6

is a photograph of the rf and dc compartment of two of the functional model

receiver units.

(i) Preselector. The function of the preselector is to provide a

large amount of attenuation at the image and local oscillator frequencies

with minimum attenuation to the incoming desired signal. In addition,

large attenuation must be provided to adjacent receiver local oscillators,

as shown in Appendix E. To accomplish this, a double-tuned circuit was

employed as a completely passive preselector. Typical performance of this

preselector shows attenuation of the receiver's local oscillator frequency

of 40 db or more. The attenuation required of the local oscillator fre-

quency at the relay antenna is 70 db minimum, which is based on a 2 milli-

watt (+3 dbm) local oscillator drive at the first mixer, and on MIL-I-6181,

which states that the local oscillator power at the input shall not exceed

200 x 10 -12 watts (-67 dbm) 0 Such attenuation is readily obtainable

through the skirt selectivity of the preselector, plus the isolation of

the power divider and the unilateral attenuation of the preamplifier.

(2) First Mixer. The first mixer uses both signal and local oscil-

lator injection at the emitter with base at rf ground. Reasonable gain

and stability requirements are easily met with this configuration. A

crystal-controlled oscillator driving a frequency tripler is used as the

first local oscillator. Provision is made for disabling the power to this

local oscillator and applying an external local oscillator for variable

frequency operation.
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TABLE 6.2

SPECIFICATIONS FOR

8-WAY FREQUENCY SELECTIVE POWER DIVIDER

I. Channel Center Frequencies

2. Channel Bandwidths

432 MHz (Channel i)

435 MHz (Channel 2)

438 MHz (Channel 3)

441MHz (Channel 4)

444 MHz (Channel 5)

447 MHz (Channel 6)

450 MHz (Channel 7)

453 MHz (Channel 8)

3. Insertion Loss

(-3 db) 2 MHz

(-15 db) 6 MHz maximum

(-60 db) 60 MHz maximum

.

5.

6.

7.

8.

9.

2 db Maximum at Channel

Center Frequency

Input Impedance 50 ohms

Output Impedance 50 ohms

VSWR 1.5:1 maximum

RF Output Power

Size and Weight

i watt maximum

Minimum (specify)

Input/Output Connectors BNC
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I. F.

NO. i

5
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D ISCR IM INATOR
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VIDEO
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(3) First IF. The first IF is similar to the preselector in that it

is completely passive and made up of a critically coupled, double-tuned

circuit. Its center frequency is 60 MBz with a 3 db bandwidth of 2 MHz.

It has greater than 35 db attenuation at 72 MHz, which is the nearest spur,

as described in Appendix E. This attenuation, coupled with the fact that

the spur is eleventh order, provides more than adequate spur rejection.

(4) Second Mixer. The second mixer differs from the first in that

the signal is fed at the base while local oscillator is fed in at the

emitter. At these lower frequencies, this configuration proves to be

most efficient. The second local oscillator is simply a crystal-controlled

unit operating at 51 MHz to provide the second IF of 9 MHz.

(5) Second IF. The second IF consists of input and output double-

tuned circuits (to establish the bandwidth) and three wide-band amplifier

stages. The configuration used was chosen mainly due to the ease with

which it could become integrated. The back-to-back diodes within each

stage provide distributed limiting and also provide a means whereby the

signal level may be monitored.

(6) Detector. Further limiting is provided by the amplifier/limiter

unit following the second IF. Coupled with the distributed limiting in

the IF, this provides sufficient limiting for good FM detection. The de-

tector is a conventional Foster-Seeley FM discriminator. Its peak-to-peak

bandwidth is set at approximately i MHz to provide essentially linear

response over the 700 KHz +'50 KHz) range. This discriminator is then

followed by a video filter_ a low-pass cutting off at 350 KHz, to remove

any carrier component remaining. An output emitter-follower completes the

design.

A number of shortcomings in this functional model receiver design have

been recognized and were taken into account in the performance specifica-

tion for the flight model receiving system.

The specific items, their causes and remedies, are itemized as follows:

(i) Harmonics of the crystal oscillator in the first

local oscillator (LO) can cause internal spurs.

For example, the LO required in Channel I is

432 - 60 = 372 MHz. The crystal oscillator runs

at one-third that frequency, or 124 MHz. The

fourth harmonic of this is 496 MHz. An external

spur could result if an input frequency of

496 - 60 = 436 MHz is present. This is close to

6-18
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Channel 2 which operates on 435 MHz. This

problem can be eliminated by increasing the first

IF and by then using a doubler rather than a

trippler in the first local oscillator. Such an

approach is used in the performance specification

with a first IF of 120 M}{z.

(2) The present receiver design utilizes a second IF

of 9 MHz. With a bandwidth reouirement of 700 KNz;

and taking bandwidth shrinkage due to cascaded

tuned circuits into account, the loaded Q ok the

IF tuned circuits and discriminator becomes quite

low and difficult to implement. The performance

specification will allow more practical Q values
to be maintained.

(3) The present receiver utilizes no AGC. Therefore,

it is possible for a very strong signal to

completely block the receiver front end and IF's.

The performance specification defines a receiver

using AGC which will provide AGC in the second IF

and, if necessary, could be added into the pre-

amplifier as well. This would eliminate the

overload problem and make the receiver operational

over a considerably wider dynamic input range.

d. Auxiliary Pulse Count Discriminator. A pulse-count type of dis-

criminator was designed and four units were fabricated for use in the

functional model relay. The pulse-count type of discriminator has a much

wider linear bandwidth than the Foster-Seeley type described above. It was

intended to be used if penetrometer ball frequencies would end up, after

potting, outside the design frequency tolerances. The input to this dis-

criminator comes from the receiver's IF test point. Each pulse-count

discriminator contains its own limiter, followed by a divide-by-eight

integrated circuit ripple-carry binary counter, a precise one-shot pulse

generator, video filter, and amplification to the desired output level.

This system bases its use on the fact that the average value of a pulse

train with constant amplitude and pulse width, but with varying period, is

proportional to the frequency. The one-shot, driven by the divide-by-

eight circuit, provides the constant pulse amplitude and pulse width while

the video filter provides the averaging function. Since the incremental

changes in the output of this type of system are relatively small, consid-

erable amplification is required to bring the output up to a reasonable

level. Operating this discriminator, using the data relay power supply

converter, resulted in intolerable noisy channel operation. The data

relay power supply converter switching transient was apparently a major

problem. Additional power supply decoupling was done but noisy perform-
ance was still evident. A schematic of this discriminator is found in

Figure 6-7.
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6.2.2 PENETROMETER DATA PROCESSING EQUIPMENT

The data processing equipment accepts the amplitude modulated output from

the receiver discriminator and performs envelope detection. This envelope,

being a function of received frequency deviation, represents the acceler-

ation function and is used to control the frequency of an FM subcarrier

oscillator. This oscillator, one of a set of eight, modulates the trans-

mitter. A block diagram of the eight-channel unit is shown in Figure 6-8.

a. AM Subcarrier Demodulator. A precision full-wave receiver was

developed which performs AM subcarrier demodulation. A block diagram is

shown in Figure 6-9 and a schematic in Figure 6-10. The band-pass filter

was designed to pass 40 _ 2.5 KHz with less than 0. I db ripple over that

band. The precision full wave rectifier was designed to have a threshold

of less than 5 mv rms input. This was accomplished by utilizing an oper-

ational type amplifier with diodes in its feedback loop. The configuration

is shown in Figure 6-11. Amplifier AI acts as a half-wave rectifier. The

conduction threshold of diodes DI and D2 is reduced by the gain of the

amplifier AI. The resulting half-wave rectified signal is inverted,

amplified by two, and then added to the original signal at the input to

A2. The result is full wave rectification at the output of A2. This

rectified signal is then passed through an active RC filter with a cut-

off frequency at 2 kc. This stage can also provide gain which can be

adjusted to any desired output signal level. Components used include

integrated operational amplifiers and a dual metal oxide field effect

transistor as used in the penetrometer signal electronics.

The demodulator transfer characteristics indicate that the demodulator is

essentially linear over the entire range of input levels from approximately

5 millivolts to 5 volts. The performance of the units developed is quite

adequate for the flight model hardware.

b. Subcarrier Oscillator. Eight subcarrier oscillators were pur-

chased with a dc/dc converter and mounting chassis as an integral unit.

Condensed specifications for these oscillators are given in Table 6.3.

The dc/dc converter was required due to the negative relay power supply

not being compatible with the positive voltage requirement typical of

available subcarrier oscillators. The dc/dc converter will not be required

in the flight model as a positive power supply is planned and a power

regulator/converter is specified which will supply the required voltages and

regulation for all other units.
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TABLE 6.3

SUBCARRIER OSCILLATOR SPECIFICATIONS

Electrical Specifications

(I) Subcarrler Frequencies

Channel No.

Center Frequency

(KHz)

Deviat ion

(_z)

i 12.5 +2

2 20.8 +2

3 29.2 +2

4 37.5 +2

5 45.8 +2

6 54.2 +2

7 62.5 +2

8 70.8 +2

(2) Input Voltage: 0 to +5 volts

(3) Input Impedance: I00 kilohms minimum

(4) Intelligence Response: Within +0.5 db from dc to

2 KHz with +2 KHz deviation.

(5) Linearlty: +0.25% or better with +2 KHz deviation.

(6) Output Voltage: At each subcarrier frequency adjustable
0 to 0.4 volt rms or more across a

common load of 500 kilohms resistance

and i00 pf capacitance in parallel.

(7) Amplitude Modulation: _0.5 db or less for _2 kcps
deviation.

(8) Subcarrler Distortion: Total rms harmonic distortion in

the subcarrier output 1% or less.

(9) Frequency Stability: The subcarrier frequency shall remain

stable within _80 Hz anywhere within

the input voltage range of 0 to

-5 volts after a 5-minute warmup,

includingeffects of power supply

variation and temperature within the

range +50°F to +150°F.

(i0) Power Input: (a) Supply Voltage: +28 vdc + 5%

(b) Current: 50 ma maximum
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Mechanical Specifications

TABLE6.3 (Continued)

(i) Size: 35 cubic inches maximum.

(2) Weight: 1.40 poundsmaximum.

(3) Controls: Sensitivity, frequency, and output level of
each subcarrier, all accessible at top of unit.

(4) Test Points: Individual subcarrier output signals all
accessible at top of unit.

6.2.3 TRANSMITTER

The transmitter for the data relay was designed to meet the following
performance criteria:

Output Frequency 260 MHz

Frequency Stability +0.01 percent

PowerOutput 40 watts nominal

Spurious Output 66 db below output

Modulation FMor PM,+125 KHz deviation
w

Modulation Response i KHz to 500 KHz

Modulation Linearity +I db from best straight line

Harmonic Distortion 2% maximum

DC Input Power, Max -28 vdc at 6 amps maximum

Initial communications link design resulted in a 10-watt output power

requirement. However, information on the CSM antenna resulting from con-

tacting NAA personnel indicated that nulls of up to 6 db greater than

initially expected might be encountered. Consequently, the power require-

ment was increased to 40 watts.

Since solid state transmitters suitable for battery operation were not

commercially available in this power range, the decision was made to

develop a 40-watt feasibility breadboard transmitter.
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Initial design concepts included use of a VXCO (Voltage Controlled Crystal

Oscillator) which is a frequency modulated oscillator with near-crystal

control stability. However, commercially avilable units had long lead

time delivery and did not have the deviation capability required. In

addition, modulation response was typically limited to 20 KHz which was

not suitable for the high frequency constant bandwidth subcarrier

oscillators selected for use in the relay system. Therefore, a phase

modulator was incorporated as a temporary expedient providing modulation
characteristics compatible with _M rp_,_n_ _,,_.m_n_ _n _h_ _m,,1_

_ --r ...........................

CSM data processing equipment and fulfilling the requirement for a func-

tional test breadboard. A schematic of the 40-watt transmitter is shown

in Figure 6-12. The transmitter consists of a 10-watt exciter module and a

40-watt 260 MHz power amplifier. The lO-watt exciter consists of a phase

modulated crystal oscillator-buffer, four cascaded frequency doubler stages,
and a lO-watt amplifier.

The series mode 16.278 MHz crystal oscillator QI is followed by a phase

modulated class A buffer Q2" The 16.278 MHz frequency was selected for

the following reasons:

(i) VXCO operation was contemplated requiring a

fundamental mode crystal. Sixteen MHz is near

the higher frequency limit of stability at cut

fundamental crystals.

(2) A spurious analysis of the data relay receivers

indicated that the exact oscillator frequency of

16.278 MHz would not produce harmonically related

spurious signals in the data relay receivers.

A voltage variable capacitor, CR2, is effectively in parallel with the

collector tank circuit of Q2. CR3, a forward biased diode, provides tem-

perature compensation for the voltage variable capacitor CR 2. The phase

modulated buffer output is fed to a class C amplifier, Q3, which provides

approximately i00 milliwatts of drive at 16.278 MHz for the following

multiplier stages.
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The data relay transmitter utilizes four cascaded push-push transistor

doubler-multipliers to provide the times 16 multiplication factor to trans-

late the 16 MHz oscillator frequency to 260 MHz. The push-push doubler

configuration is ideal for this application in that fundamental and odd

order frequency components are rejected by circuit symmetry and power gain

is provided, eliminating intermediate gain stages.

The times 16 push-push doubler stages provide about 2 watts output at

260 MHz. The final doubler employs 2N3375 stud-mounted lO-watt _ower

transistors because of the high power dissipation and high ft"

The final stage in the 10-watt exciter module consists of a 10-watt push-

pull Class C power amplifier with about 8 to i0 db power gain. Neutrali-
zation has not been found to be necessary but cross-coupled neutralization

could easily be implemented.

The 40-watt amplifier presented the greatest design challenge because of

the lack of commercially available rf power transistors which would provide

the required power output. The amplifier was required to provide a 40-watt

output at 260 MHz with a minimum 6 db power gain and a 40 percent minimum

collector efficiency.

Many transistors were evaluated for use at 260 MHz. Since no 20-watt

devices were available, four 10-watt devices were required. A push-pull

parallel circuit configuration was selected for use rather than a more

common parallel-devlce circuit because of the problems associated with

the total output capacity of four paralleled devices. This would approach

80 pf with typical devices resulting in a tank circuit inductance of

5 nanohenries which is not easily implemented.

Preliminary common emitter and common base test circuits were constructed

and used for device evaluation. These Circuits are shown in Figures 6-13

and 6-14. Test data taken with the common base circuit are listed in

Table 6.4. By adjusting the input and output stubs for optimum power gain,

power output, and efficiency, devices could be selected with matching

input and output impedances and power gains. Approximate Class C input

and output device impedance can be found by removing the device from the

test circuit and measuring the network impedance. The transistor input

and output impedances are the conjugate of the measured network impedances.

Table 6.5 summarizes available device characteristics for 40-watt amplifier

use. Of the ITT devices, only the 3TE440 could be used in a 2-device

40-watt amplifier. The 3TE440's were received late in the program. Power

outputs from i0 to 15 watts were obtained at 260 MHz. Two devices were

destroyed by parasitic oscillations during higher power testing. The

device has a grounded emitter, making a positive supply a necessity. The

devices are otherwise well packaged with a very wide ribbon leads for the

base and collector terminals.
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The RCA 2N3733 did not meet manufacturer's ratings and better performance

was obtained with the 2N3632 with about half the rated 2N3773 power gain.

This apparent discrepancy in rated performance was confirmed by the RCA

sales engineer and was evidentally characteristic of the prototype lot

available at the time.

Two TA2675 samples were received too late in the program for evaluation

but seem to be ideal for a two-transistor 40-watt amplifier.

TRW recommended use of four TR4690 devices with some reservation about an

overall 40-watt output from 4 devices. The PT5690 was not recommended

because of low power gain and high Cob. A 40-watt amplifier was constructed

utilizing four 2N3632 devices in a push-pull parallel configuration. A

power output of 32 watts was obtained at 28 volts collector supply. Increas-

ing the collector supply to 34 volts brought the output power up to 40 watts

with i0 watts drive, and 43 percent efficiency. The transistor stud tem-

perature was a measured l15°F at a 32 watt level with a large heat sink

partially simulating the data relay structure. No difference in stud tem-

perature was noted between the four devices. Further performance improve-

ment can be made by optimizing bias and tank coil configuration. The pres-

ent tank capacitors cannot handle the high rf currents and heat excessively.

Input and output matching is very good with VSWR's measured around 1.2:1.

A more optimum circuit configuration would provide individual adjustable
bias to each device. This would minimize the extent of parameter match

now required and ensure more stable and equal power distribution between

the four devices.
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6.2.4 TRANSMITTING AND RECEIVING ANTENNAS

The design and configuration of the relay antennas are dependent upon

knowledge of the vehicle on which they mount, the required geometric cov-

erage and the polarization of the external antennas with which they are

to operate. Much of this information was lacking in the early part of the

program and firm definition of the delivery system and the CSM receiving

antenna system is not yet available. Therefore, antenna parameters were

specified which would serve the needs of the functional test model with

coverage and placement which appeared reasonable for the flight require-

ments also. The coverage and placement factors were deemed important to

assessment of potential rf interference in the relay between its trans-

mitter and receiving complex.

a. Transmittin_ Antenna. The requirements for the functional model

relay transmitting antenna were defined as follows:

Frequency: 260 ! i0 MHz

Power: 40 watts

Polarization: vertical linear

Gain: +2 db

Pattern: Nominal omnidirectional, upward, null

overhead acceptable

VSWR: 1.2:1 at midband

2.0:1 at band edges

Usage: for ground tests only

The functional model transmitting antenna consists of a quarter-wavelength

monopole over a ground plane (Figure 6-15.) This configuration satisfied

all of the electrical requirements and is of a suitable geometry to be

situated at the upper end of the relay vehicle. The radiating monopole is

10.8 inches in length and the ground plane is 21.6 inches in diameter. The

ground plane shown was used for antenna test purposes only. In the func-

tional test model data relay the housing top plate, 26 inches in diameter,

forms the ground plane for the centered vertical stub. The polarization

was chosen to suit the receiving antenna, also a vertical stub, at the

Aeronutronic ground station which was used to simulate the CSM receivers

and recording capability.
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FIGURE 6-16 TURNSTILE POLARIZATION CHARACTERISTICS
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b. Receiving Antenna. The polarization of the radiated field from

the penetrometer varies around the sphere and includes all possible states

and varying orientation of the polarization ellipse. Therefore, a polari-

zation diversity receiving antenna is required to avoid nulls in reception.

It can be shown that any field of any given state of polarization can be

resolved into two components having mutually conjugate polarization states.

Thus, the receiving antenna system could consist of, for example, two

orthogonal linear elements or, alternately, a rlght-circular and a left-

circular antenna. The choice was made partly on the basis of minimum

switching in the receiver system (assuming antenna Switching diversity

combination) and included the following considerations.

The penetrometer antenna yields a pattern nearly identical to that of a

standard turnstile and it is convenient to examine the polarization of the

penetrometer signal in terms of the signal from a turnstile. Referring

to the diagram, Figure 6-16, note that the polarlzatlon received by a

receiving system located on the forward Y axis would initially be RHC.

If the turnstile were then rotated about the Z axis, the polarization

would change from RHC to vertical linear, to LHC, again to vertical linear

and return to RHC. Between the states of circular and linear, polariza-

tion would be elliptical. If the diversity receiving system employed RHC

and LHC antennas, switching would need to occur twice per spin revolution.

If, however, the receiving system employed a vertical and a horizontal

linear antenna, the system would remain switched to the vertical linear

antenna during this mode of spin rotation. If we consider all of the pos-

sible combinations of major axis receiving station locations and choice

of major spin axis, the following table results.

Location Axis

of Receiving Axis of

Station Rotation

Diversity Antenna

Type for Minimum

Swltchin_

Y Z

X Z

Z Z

Y Y

X Y

Z Y

Y X

X X

Z X

Linear

Linear

Circular

Circular* or Linear

Linear* or Circular

Linear* or Circular

Linear

Circular

Linear

* 3 db advantage relative to alternate choice.
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Note that the diversity system employing linear antennas results in a dis-
advantage in only two out of nine cases and the disadvantage is incurred
only if the spin axis lies within an approximate 45 degree cone centered
about the X or Z axis. Additionally, considering the modeof deployment,
it is relatively unlikely that the angle between the spin axis and the
axis on which the receiving station is located will be small, i.e., less
than 45 degrees. Thus the choice of dual crossed-linear elements is indi-
cated. This is also a simple configuration with half the hardware required
for dual turnstiles, for instance, which could be used to obtain left and
right-hand circular polarization.

The exact requirements for the functional model receivingantenna are
defined as follows:

Frequency: 432 MHzto 453 MHz

Polarization: Dual linear

Gain: +4 db on axis

Pattern: Unidirectional, 3 db down
approximately _60° downward.

VSWR: Not to exceed 2.0:1

Usage: For field tests only

The actual antenna consists of two crossed dipoles, each 12.5 inches long
and spaced 5.25 inches above 15.7-inch diameter circular ground plane.

A photo of the antenna is included in Figure 6-15. The dipole elements
are flat copper strips bonded onto a fiberglass disk. The aluminum ground
plane is separated from the dipole elements by four dielectric rod spacers.
A half wave coax balum wasused to feed each dipole.

c. Flight Model Antennas. Although the final requirements for the

flight model antennas have not been defined in detail, the current design

concept is defined in Specifications LPS-201 and LPS-209, included in the

Program Plan. Because of restrictions in the flight model system, as now

configured, the antennas will have different locations on the vehicle,

relative to the functional model antennas and, consequently, will be of a

different design type. The transmitter antenna will consist primarily of

two orthogonal quarter-wavelength monopoles mounted parallel to the vehicle

roll plane. The elements will be interconnected through a hybrid junction

to provide circular polarization. Additional driven or parasitic elements

will be included to provide pattern directivity as reqired by systems

considerations. The receiving antenna will be of the same design type

except that the orthogonal elements will provide separate inputs to the

diversity combiner.
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6.2.5 DATA RELAY POWER SUPPLY

a. Functional Test Model. The present functional test model power

supply is shown in the block diagram of Figure 6-17. Sealed lead acid

batteries were used to obtain reasonable operating times for testing. The

operative time between charges is approximately 1.5 hours with 40 watts rf

output, or 3 hours with i0 watts rf output. The negative side of the bat-

tery is off ground as this was convenient for the functional model receiver

and transmitter. A positive Voltage is required and is Drovided bv a

dc/dc converter. Three regulators are required to provide -28V, -12V, and

+I0 volts. Schematics of these units are shown in Figures 6-18 and 6-19.

The regulators are of conventional design utilizing a transistor series

regulating element. They provide E1 percent regulation worst case against
llne and load variations at room ambient.

The dc/dc converter utilizes a 20 KHz transistor power oscillator and

diode bridge rectifier to obtain a positive dc voltage. The +i0 volt

converter-regulator is packaged in an aluminum housing with output llne

filtering to remove the switching transients generated by the converter.

The -12 and -28V regulators are packaged in a separate housing. All the

circuits are at essentially the breadboard level of construction.

!b. Flight Model. The power supply for the data relay will consist

of a sealed silver-zinc battery and a converter/reguiator unit to supply

the various requirements. The turn-on action for operation will be pro-

vided by the Payload Delivery System (PDS). An interface discussion con-

cerning the Penetrometer Data Relay System (DRS) and the PDS was held at

MSC Houston on 11/5/65. The desirability of a co_mnon power supply for the

DRS and the PDS was discussed but no conclusions could be reached. For

maximum flexibility, a separate battery is assumed for the DRS. It will

be of +28 volts potential with respect to ground, the same as presently
conceived for the PDS.

(i) Relay Power Requirements. A dc-dc converter/pre-regulator is

shown in Figure 6-20 which is suitable for the LPS relay application. This

type unit with a switching input regulator can efficiently supply multiple

outputs to constant loads from a widely varying source. The principle of

operation is to vary the duty factor of an input current switch which.

avoids the losses inherent in resistive series regulating elements. The

+12 volt and -6 volt outputs require the highest regulation of _I percent,

and also +12 volts is a convenient potential to feed back for reference

comparison as shown. A regulation of _i percent of the referenced output

is readily obtained. The same regulation is obtained for the other outputs

when low internal impedance is maintained and the load is constant as in

this application. The regulation of the outputs which supply the trans-

mitter, +28V and especially +36V, is least critical.
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The transmitter takes over 80 percent of the total power. The 40-watt

figure used for rf output power is intended to be conservative (based upon

a CSM receiving antenna gain of -9 db) and should be re-examined when the

CSM receiving antenna gain is more accurately defined.

Although the operation period of i0 minutes shown in Table 6.6 is intended

to include brief status checks, additional battery capacity must be avail-

able, depending upon various considerations. If the battery is charged

_L_vL LU _U,_LL, _&_d-ti_e Io_ of _uuuL1..... I _=L_LLL _L day _guLa_

at room temperature must be allowed for. This loss is accelerated at ele-

vated temperature as might arise during pad storage and lunar transit.

Added reserve will be required if the penetrometer batteries are to be

charged by the relay power supply, or if the penetrometers are to be opera-

ted prior to launch for warm-up (stabilization). Also, battery capacity

for the types of interest is typically quoted as the basis of a l-hour

discharge. A 10-minute discharge will be less efficient because of

loss in the internal cell resistance. If a i00 percent capacity loss is

allowed for the various factors above, a nominal battery capacity of twice

that shown in Table 6.1, or 69.2 watt-hours resuIts. If fully redundant

transmission is utilized, the required capacity may (conservatively) be
doubled.

(2) Power Source Selection. The energy requirements for the flight

model data relay are best supplied by an electrochemical secondary

(rechargeable) battery. Sealed chemical batteries are highly developed

for space applications and have the features of ruggedness, compactness,

efficiency, availability, and reliability. Two types are in general use

in space and missile applications. These are the nlckel-cadmium and

silver-zinc types, referring to the electrode materials; both use KOH

electrolyte. Silver-cadmium batteries are under development and have seen

limited use, but this type is not yet readily available. These three types

are inherently rugged, efficient, sealable, rechargeable (secondary design),

and can supply high peak loads.

For the penetrometer relay, the silver-zinc battery is preferred because

it has the highest energy density and drain rate for chemical batteries;

typical figures are 60-watt-hours per pound, a drain rate of I00 watts

per pound. Based on these figures, it is seen that the relay battery is

sized by the required drain rate rather than the nominal capacity. The

silver-zinc battery is typically capable of the order of i0 charge-discharge

cycles, The other battery types are capable of more cycles but the energy

density for silver-cadmium is about one-half that for silver-zinc, and,

for nickel-cadmium, about one-fourth that of silver-zinc. If necessary,

the silver-zinc battery can be designed for longer cycle life at a sacrifice

in energy density.
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TABLE6.6

FLIGHTMODELDATARELAYPOWERREQUIREMENTS

Item

Preamplifier (2)

Receiver Complex
(16 channels)

Transmitter
(40 watts)

Data Processing
Diversity Control
Circuit (8)

AMSubcarrier
Demodulators (8)

FMSubcarrier
Oscillators (8)
and Mixer

Voltage

+12 v reg
-6 v reg

+12 v reg

+36 v reg
+28 v reg

+12 v reg
-6 v reg

+12 v reg
-6 v reg

+28 v reg

Subtotal Power and Energy

Power Converter/
Regulator (70%
Efficiency)

+28 v +4 v

Current

32 ma
32 ma

800 ma

3.0 amp
400 ma

400 ma
400 ma

400 ma
400 ma

50 ma

7.4 amp

Power
(watts,)

0.4
0.2

9.6

108.0
11.2

4.8
2.4

4.8
2.4

1.4

145.2

62.2

Watt-Hours (for
10-minute Oper_

0.06
0.03

1.6

18.0
1.9

0.8
0.4

0.8
0.4

0.2

24.2

10.4

Total Powerand Energy 207.4 34.6
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(3) Vendor Survey. A survey of battery vendors shows that two types

of battery construction have applicability to this requirement. The more

conventional approach is to use the readily available prismatic cells in

a sealed metal case. Such a battery could be made from the cells from

various manufacturers as typified by those listed in Table 6.7. The

resulting battery constructed from 20 such cells would weigh approximately

5 pounds if an allowance of 30 percent of the basic cell weight is made

for the case, cover, connector, and pressure relief valve.

The second approach is to use the pile-type batteries which are manufac-

tured in an encapsulated block. Typically, less choice of sizes is avail-

able. However, two standard sizes near our requirement are shown in

Table 6.8. The Eagle-Picher 1045 battery utilizes the pile construction

to obtain high-power density, but is currently unsealed and limited to

primary applications because of the method of fabrication and filling.

The ESB/MBD 181 battery has been designed for rechargeable applications

and is completely sealed. It has a rated life of 30 deep discharge cycles.

The type 181 battery has a mean voltage of 9 volts and three of these,

totaling 3.3 pounds plus added wiring, connectors, and housing, would be

required for the relay application.

Thus, it is seen that battery cells and pile batteries are presently avail-

able which would appear to meet all requirements imposed by the LPS relay

application in a unit of 4 to 5 pounds weight. Alternately, it should be

possible to effect some saving in weight if a battery is developed specifi-
cally for the relay application..

The dc-dc converter/pre-regulator would likely be designed to the specific

relay requirements. This is of conventional design and any of several spec-

ialty manufacturers can carry out such a design in a short period. A unit

recently developed has very nearly the required performance for the relay

application and can be used for preliminary design information. This unit

supplies 160 watts at 5 different voltages from a 30 to 40 volt input and

an average efficiency of 74 percent. It weighs 16 ounces and occupies a

volume 3 by 5.5 inches by I inch.
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TABLE6.7

TYPICALPRISMATICBATTERYCELLS

Manufacturer

Eagle-Picher

Power Sources

Yardney

ESB/MBD**

Rated

Capacity

A-H

3

3

Part

No.

1515

SC-3

HR-3

S-4

1.58

1.76

1.72

1.58

2.63

2.94

2.86

2.84

Th

(in.)

0.64

0.71

0.59

0.64

Vol

(in. 3)

2.7

3.7

2.9

2.9

Wet Wt

(oz)

3.2

3.4

3.2

2.9

TABLE 6.8

PILE-CONSTRUCTION BATTERIES

Manufacturer

Eagle-Picher

ESB/MBD**

Part

No.

1045

181

Capacity
A-H

4

4

Voltage

30

W L H

(in.) (in.) (in.)

4.05 2.87 4.18

3.0 3.0 1.5

Vol

_in. 3) Wt

55 62 oz

13.5 i.i ib

Includes terminals

**
The Electric Storage Battery Company, Missile Battery Division.
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6.2.6 DIVERSITY

Diversity reception of the signal from an impacting penetrometer may be

necessary for any or all of the following reasons:

(i) A variety of signal polarizations are present

(2) There can be signal nulls due to reflections
from the lunar surface.

(3) There can be a combination of amplitude and

phase modulation of the received signals due

to spinning of the penetrometer as it impacts.

There are four main types of diversity systems in practical use which could

be used to combine two received penetrometer signals. These four can be
defined as follows:

a. Scanning Diversity. In this method, either signal is chosen and

kept as long as the S/N ratio remains above some arbitrary threshold.

Should the chosen signal drop below the threshold, the output is then

switched to the alternate signal. Antenna switching falls into this diver-

sity category.

b. Selection Diversity. The two signals are continuously compared to
see which has the better characteristics and this one is selected to furnish

the output signal. IF switching falls into this diversity category.

c. Maximal-Ratio Diversity. The two signals are added together in
proportion to the square of their S/N ratios.

d. Equal Gain Diversity. The two signals which have passed through

exactly-equal-galn receivers are added coherently.

The first two types listed are of the switching types, while the last two

types actually combine the two signals. All but the first type (antenna

switching) require two receivers. A more complete discussion and analysis

of these four types of diversity systems are found in the State-of-the-Art
Review. I

On the present penetrometer program two channels of antenna switching

diversity were implemented. This system was chosen due to its relative

simplicity and to the fact that only one receiver was required.

In order to determine the transient effects of antenna switching, an experi-

ment was performed as shown in Figure 6-21. The input to an FM receiver was

alternately switched over different cable lengths Ji and _2 from an FM

signal generator. The different cable lengths result in different phases of
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FIGURE 6-22. ANTENNA SWITCHING DIVERSITY SYSTEM BLOCK DIAGRAM
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signals to the receiver. Also shown on the figure are waveforms correspond-

ing to the transient at the receiver output, which were eliminated by the

low-pass filter. The duration of the transients is a function of the rf

switching time and receiver bandwidth, and in this case is quite narrow with

little energy at the switching frequency. This test suggested pursuit of

antenna switching as a possible solution to diversity reception with hard-

ware simplicity. Later tests were performed using the subcarrier demodulator

at the receiver output with a 40 KHz modulating frequency at the FM signal

generator, and a 200 Hz square wave frequency. For approximately equal large

signals at the rf switch, the transient amplitude was about _+25 millivolts at

the demodulator output, with a duration of about 400 microseconds. This

transient was about _i0 percent relative to a 50 g signal value. At 7000 g,

the transient was about _+0.5 percent relative to signal value.

A block diagram of the functional model antenna switching diversity system

is shown in Figure 6-22. The schematic of the diversity switchdriver cir-

cuitry is shown on Figure 6-23, while the schematic for the rf switch is

shown in Figure 6-24.

The output of the receiver discriminator is fed to the high-pass filter

which eliminates the signal frequency (40 KHz), but passes broadband noise.

This noise level is rectified, filtered and amplified to provide a dc level

which is a function of the noise level of the discriminator output. Thus

a "quiet" receiver with a strong received signal would provide a very low

dc level, while a receiver channel with weak signal would be noisy and pro-

vide a higher dc level out. This dc level is compared to a reference level.

If this predetermined reference level is reached the AND gate is enabled,

thus allowing the free running pulse generator pulse to toggle the flipflop,

which in turn selects the other rf switch. This causes a new noise level to

occur at the discriminator output. If this level is sufficient, switching

again occurs. In this way, if no signal is present from either antenna, the

system will switch from one to the other continuously, and once a signal

above threshold is found the system will allow it to remain. The individual

circuits in this diversity scheme were checked out but time did not allow

for complete system checks.

The need for diversity reception should be re-examined, especially if the

operating range drops appreciably under the 2 nautical mile figure now

designed for. In the various tests carried out so far with actual pene-

trometers, there have been no signal dropouts nor antenna switchings.

These have all been short-range tests with high average received signal

strength. However, multipath interference has been a potential problem

with highly reflective surroundings, and the penetrometers have been delib-

erately launched in many different aspects and turned slowly.
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6.3 DATARELAYFUNCTIONALMODELTESTS

6 3.1 FUNCTIONALMODELDESCRIPTION

A functional block diagram of the data relay in its typical flight config-
uration is shownin Figure 6-25. The actual test model utilized all the
principal elements identified with one exception, only one rf switch and
diversity scanning circuit was employed. The photo of Figure 6-26 illus-
•trates the basic test configuration. The bottom shelf accommodatesthe
data acquisition section housing rf preamplifiers (2), rf power divider (I),
FM receivers (8), and FM pulse count discriminators (4) with the polariza-

tion diversity antennas hidden from view just below the shelf.

The middle shelf houses the battery power supply and regulator assembly.

The top shelf accommodates the data transmission section comprising AM

demodulators (8), FM subcarrier oscillators (8), FM transmitter (i), and

power amplifier (I). The transmitting monopole antenna is located topside

and centered in the 26-inch diameter top plate. Coaxial and power feed-

through connections are employed to route signal and power between shelves.

Bulkhead connectors (3) provide signal and external power interface con-

nections to external monitoring and power supply test equipment.

The overall basic relay configuration may be further represented as labora-

tory and field test (multiple drop) configurations. The laboratory hook-up

utilized a more flexible and variable interconnection of elements, while

the multiple drop test setup employed a fixed four-channel hook-up (see

Paragraph 7.3 for the multiple drop detailed test setup)

6.3.2 FUNCTIONAL MODEL TESTS

a. General. The data relay functional tests were aimed at determining

basic relay performance and pointing up overall system integration problems.

Multichannel operation, polarization diversity UHF reception and relative

high power VHF transmission were modes of operation to be examined for

potential system problems. Each of these modes of operation was achieved

to varying degrees with satisfactory test results ranging from the quali-

tative to quantitative.

It should be noted that testing was originally scheduled to coincide with

prototype penetrometer development test schedules. Relay receiver channel

operation would, therefore, provide required test support to facilitate

test operations at the several prototype test site locations. Relay

functional testing, however, did not proceed according to plan and ulti-

mately certain of the testing had to give way to test support functions

and final multiple drop system testing. Similarly, penetrometer assembly

and test problems demanded additional test support which aggravated an

already tight schedule.
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b. Principal Observations. Before detailing the number of quantita-

tive tests performed on the functional model, it is possible to summarize

the more salient observations that were derived from penetrometer system

and test support operations. Relay receiving system operation exhibited a

susceptibility to overload and internal spur generation. The need for

AC43 control was identified during early system test support operations when

receiver overload occurred in the presence of strong signals. The existence

of internal spurs caused by harmonics of the first crystal local oscillator

...... _=_,,=a 4, 1,hn_=_m_y _. R_eh of these problems were rectified

in the establishment of the flight model receiver performance specification.

By virtue of the multiple drop tests, straight-through polarization diver-

sity reception did not point up any obvious rf signal degradation problems.

Observations are, however, basically one-shot in nature and further evalu-

ation is required. Operation of the antenna switching diversity circuitry

was not optimized prior to discovering the receiver overload problem and

no attempt was able to be made thereafter to achieve a measure of

system performance.

UHF data acquisition in the presence of relatively high VHF transmitter

output power yielded no evidence of degradation. True multichannel relay

operation could not be evaluated without placing more emphasis on the build

up or availability of multi-signal sources. The multiple drop test yielded

some measure of multichannel operatlon, but even its use constituted a

modification of the basic relay configuration. The multiple drop test did,

however, successfully demonstrate the functional operation of the overall

Lunar penetrometer system.

c. Test Results.

(i) System Integration. Basic system integration tests were per-

formed with major elements of the data acquisition section of the data

relay operating together for the first time. Initial qualitative checks

of power supply operation were made which demonstrated proper basic

operation.

Four data relay rf channels were exercised next. Basic individual receiver

channel performance, which included Foster-Seeley discriminator operation

was noted to agree with previously established receiver component data.

Similar checks of pulse count discriminator operation resulted in intol-

erable noisy channel operation. The data relay power supply converter

switching transient was found to be the major problem. Operation with

laboratory regulated power supplies resulted in an improvement, but noisy

performance was still evident. Considerable improvement was obtained by

adding decoupling capacitors in the_pulse count discriminator +i0 volt

(and -12 volt) supply lines. Still some channel interaction remained

which additional decoupling in the power supply was expected to alleviate.

It should be noted that the Foster-Seeley discriminator output did not
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exhibit this degree of interaction; circuit operation of the pulse count
type is apparently more susceptible to power supply variation. Subsequent
tests were madewith the addition of the data transmission section and no
anomalies were noted. Efforts to minimize the switching transient with
better packaging and layout of regulator componentswere made, but went
unfinished as schedule limitations prevailed. To facilitate test opera-
tions all subsequent performance testing of the relay was conducted with
external power.

(2) Single Channel. Single channel operation was established with

unmodulated carrier testing, yielding basic sensitivity, dynamic range

and spurious response data. Receiver sensitivity For an unmodulated

carrier was noted for an output (S + N)/N = 3 db, measured at the IF test

point (BW = 700 kc) across a 50 ohm load. A-106 dbm value was noted,

giving an apparent noise figure of 7 db. A dynamic range calibration was

also obtained, as noted in accompanying system test data Table 6.9. Also

shown are the selectivity/spurious response data based upon the above

sensitivity criteria with relative sensitivity denoted with respect to the

carrier reference level. The internal spur previously reported is evident

in the data.

Testing proceeded with use of an FM carrier modulated with a 40 KHz sine

wave resulting in the pulse count discriminator and AM detector overall

channel characteristic shown in Table 6.10. Figure 6-27 is a plot of the

AM detector output versus input peak deviation. The same basic data were

taken for channel 6 following its modification for use at 432.4 MHz

(spurious data not noted). The data areshown in Tables 6.11 and 6.12, and

in Figure 6-28.

AM/FM carrier testing was accomplished in conjunction with prototype

penetrometer calibration tests and is shown (with compression) in the

electrical calibration plots of the individual prototypes.
\

(3) Multichannel. The principal multichannel tests involved dual

channel single frequency reception in support of individual penetrometer

prototype tests; and dual polarization diversity four channel, two fre-

quency reception in support of the multiple drop system test. There was

no degradation observed in data channel outputs in the former case for signal

reception which included receiver overload protection. The same was true

in the latter case. Qualitative two-frequency, cross-talk checks were

made in both cases cited with no observed outputs observed in the data

channel outputs. As part of the multiple drop pre-run system checkouts,

dual channel calibration datawereobtained using an FM signal deviated by

a 40 KHz subcarrier frequency The data are shown in Figure 6-29. The

data in channels AM i and AM 2 exhibit more dispersion than the other two
which was attributed to increased waveform distortion.
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TABLE 6.9

TEST DATA FOR DATA RELAY CHANNEL

Individual Carrier Channel 432 MHz LPS CHI

(a) Unmodulated Carrier

(I) Sensitivity. S + N = 3 db

N

Ref Output Noise Level

Above, +3 db

Channel Sensitivity

BW = 700 KH

W/rf Preamp

-106.0 dbm

Remarks: kTB = -116 dbm S + N = 3 db Apparent NF = 7 db
N

(2) Dynamic Ranse

Input Level

(dbm) Noise -90 -80

Output Volts 2SS T.P. (de) -1.3 -1.21 -I.Ii

Remarks:

(3)

Freq

432

436

416

426

Others*

-70 -60 -50 -40 -30

-1.03 -0.98 -0.92 -0.85 -0.82

W/Preamp
\

Selectivity/Spurious Response

S + N = 3db Rel Sens

(db)

0

-31

-58

-71

<-71

N

-106

-75

-48

-35

*Data Relay Xmt
260.448 MHz

Sens

(dbm)

SlGH RF H RCVR _ IF TPGEN PREAMP CH I SS TP

*CSM VHF Fre_
Recov Beac 243 MHz

AM Rcvr 259.7 MHz

AM Xmtr 296.8 MHz

NASA R&D 247.3 MHz

RFVM I_ IX; VM
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TABLE 6. I0

TEST DATA FOR DATA RELAY CHANNEL

Individual Carrier Channel, Cont. 432 MHz LPS CHI

(b) FM Carrier - Static AM Subcarrier (40 KHz)

w/o rf Preamp

!

!

!

!

!
Input Modulation

Ref Rcvr

416 KHz/V)

Vpk Vrms % F.S

i0 7.07 i00

9 6.37 90

8 5.65 80

7 4.95 70

6 4.24 60

5 3.53 50

4 2.83 40

3 2.12 30

2 1.41 20

i 0.707 i0

0 0 0

15 I0.5 150

20 14. I 200

0.5 0.35 5

10.C 7.07 i00

40 KHz AI4 Subca_

P-P Dev (KHz)

+160

+144

+128

+112

_96

, 8o
+64

+48

+32
+16

(I) Discr Charac

#i F.S. Discr

VRM S Output

0.97

0.884

0.79

0.70

O. 60

0.505

0.412

0.318

0.216

O. 118

#I P/C Discr

VRMS Output

i .04

0.925

0.82

0.72

0.615

0.515

0.416

0.318

O. 217

O. 122

42) Det Charac I

#I AM Det 1
I

VDC Output _I

-5.0

4.41

3.94

3.30

2.93

2.38

I. 90

I. 43

0.995

0.505

' -0.014

7.2

8.0

0.270

5.00

m

0 0,058 0.066

+240

+320

+8

+160
D

1.32

1.58 Distorting
0.076

0 97

I .52

2.06

0.0825

1.04

(3) Frequency Response

F.S. Discr Out

F.S. Discr TP

P/C Discr Out

Ref Level 40Kllz

0 db

0 db

0 db

LOfco (-3 db]

50 HZ

0

1200 Hz

" (-3 db)
H1fco

50-90 KHz

2400 Hz

50 KHz
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TABLE 6.11

TEST DATA FOR DATA RELAY CHANNEL

Individual Carrier Channel

(a) Unmodulated Carrier

(I) Sensitivity

CH 6M 432.4 MHz

LO 372.4 MHz

S+N =3 db

N

BW = 700 KHz

W/Preamp

Ref Output Noise Level -26.2 dbm

Above +3 db -23.2

Channel Sensitivity -103.0 dbm

Remarks: kTB = -116 dbm S + N = 3 db

N

(2) Dynamic Range

Apparent NF = I0 db

Input Level

(dbm)

Output Volts

SS T.P

W/Preamp

Noise -90 -80 -70 -60 -50 -40 -30

(dc) -1.31 -1.28 -1.20 -1.08 -1.02 -0.98 -0.94 -0.91

W/O Preamp

Output Volts

SS T.P. (dc) -1.31 -1.31 -1.31 -1.25 -1.18 -1.07 -1,02 -0.98
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TABLE 6.12

TEST DATA FOR DATA RELAY CHANNEL

I. Individual Carrier Channel, Cont. 432.4 MBz CH 6M

LO 372.4 MHz

(b) FM Carrier - Static AM Subcarrier (40 KHz)

Input Modulation
Ref Rcvr 40 KHz AM Subcar

(16 KHz/V)
vpE Vrms % F.S.

i0 7.07

9 6.37

8 5.65

7 4.95

6 4.24

5 3.53

4 2.83

3 2.12

2 1.41

I 0.707

0 0

15 i0.5

20 14 .I

0.5 0.35

W/O Preamp

I00

90

80

70

60

P-P Dev (KHz)

+160

+144

+128

+112

i+_.96

5O

40

3O

20

I0

+_80

+64

+48

+32

+16

0 0

150 +240

200 +_32o

5% ±8 kc

(i) Discr Charac

#6 F.S. Discr #4 P/C Discr

VRM S Output VRM S Output

I.O0 I.05

O. 90 0.94

0.815 0.827

O. 718 0. 722

0.624 0.624

0.520 0.520

O. 420 O.425

0.323 0.325

O. 214 O. 229

0. 109 O. 143

0.,0158 0.098

1.34 1.54

1.64 2.04

0.0538 O. 109

(3_ Det Charac

#I AM Det

VDC Output

-5.00

4.42

3.85

3.30

2.85

2.30

1.84

1.41

0. 955

0.478

-0.0175

7.4

7.86

O. 220

I

(3) Frequency Response

6M F.S. Discr Out

6M F.S. Discr TP

4 P/C Discr Out

Ref Level (40 KHz)

0 db

I 0 db

-1.4 db

LOfco (-3 db)

50 Hz

0

I0 Hz

Hifc O (-3 db)

70 KHz
2.4 KHz

50 KHz
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FIGURE 6-28. RELAY CHANNEL LINEARITY, CHANNEL 6

i
f

f v

/

C i 2 3 4 5

I I I I I

0 i 2 3 4

i I I I
0 i 2 3

; I I
0 i 2

NAME FREQ llz --

f2 432.4 M

f3 438.0 M
8C 70.8 K

7C 62.5 K-

6C 54.2 K

5C 45.8 K _

DATA RELAY SUBSYSTEM

MULTIPLE DROP CONFIGURATION

PRE-RUN FUNCTIONAL CHECK

AM I (f_ CH 8C)

IAM 2 (f3 CH 7C)
5

I I AM 3 (f3H/ C4 6C)
4 5

I I I AM 4 (f2H CH 5C)
3 4 5

F03826 U

FIGURE 6.29. DATA RELAY CHANNEL FUNCTIONAL TEST
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(4) Special Frequency Transient Test. A special test was made with

the data relay equipment to investigate the effects of frequency shift

transients on resulting output data signals. The purpose was to explore

system accuracy when subjected to simulated frequency transients. The

test setup is shown below.

IFunctionGeneratorl I I FM _ I FM I

_Modulated _ FM _
Audio I ] ] In Signal Pulse Count

Signal _J ' Generat°rl IRCVR_ IDiscriminat°r

Generator|

40 KHz |

Tc

Detector

Te

int I

SPECIAL FREQUENCY SHIFT TEST

A basic full-scale signal was applied initially to the LPS receiver/dis-

criminator/detector channel. That is, a nominal _160 KHz frequency

deviation modulated at a 40 kc rate was the applied full scale input.

Superimposed on this waveform was an additional frequency ramp. Two

magnitudes of added frequency shift transients were employed, i.e.,

+160 KHz and +80 KHz nominal values. Triangular waveforms were used for

the simulated frequency transient.

Figure 6-30 illustrates the case where the frequency transient employed

was produced by a triangular waveform with a 0.4 millisecond rise time.

Photos I and 2 of Figure 6-30 correspond to a nominal +67KHz and

+160 KHz added frequency shift, respectively. A 1200 Hz triangular

wave was added to the 40 KHzmodulating waveform. One-sided deflections

observed in the dc output trace are 2.0 percent and 6.0 percent for the

smaller and larger ramps, respectively. Sweep speed is 0.2 ms/cm. The

principal observation to be made from the special test results is that

the LPS data subcarrier scheme provides an added degree of shock insen-

sitivity which enhances overall system performance.
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1 0.2MS/DIV 

2 0.2 MS/DIV 
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FIGURE 6-30. DATA DEGRADATION VERSUS CARRIER SHIFT 
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SECTION 7

PENETROMETER PROTOTYPE FUNCTIONAL TESTING

7.1 COMPONENT AND SUBASSEMBLY TESTS

7.1.I OMNIDIRECTIONAL ACCELEROMETL_R

a. Acceptance Tests. Accelerometers delivered to Aeronutronic were

subjected to a series of tests to verify compliance to the performance

specification shown in Table 7.1. The summary of test results appears

in Table 7.2. Tests were conducted as described in the following paragraphs.

(I) Open Circuit Sensitivity and Sensitivity Pattern. Tests to

determine sensitivity and isotropicity were conducted on a drop tester for

levels up to 1500 g and using the golf tee method for levels to 6000 g.

A block (see Figure 7-1), capable of positioning the accelerometer in

three mutually perpendicular planes, either direction, provided the basic

holding fixture for both the drop tester shown in Figure 7-2 and the ball

(Figure 7-3) used in the golf tee shot. The output of the omni-accelerometer

was compared with the output of a Standard Endevco Model 2225 accelerometer.

Instrumentation used during all tests was the standard setup described in

Paragraph 4.3.1.

(2) Amplitude Linearity. This information was obtained by comparing

the sensitivity values obtained in Paragraph (I) above at the various shock

levels. However, due to the lack of hardware that met the isotropic sensi-

tivity criteria, very little work was accomplished in this area. One

accelerometer that was tested, SN 50, met the requirements of the linearity

specification. However, since this accelerometer was to be installed in

Prototype No. 3, the amount of tests were limited to isotropic sensitivity

determination and the total range for linearity was not determined.
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(a)

(b)

(c)

(d)

(e)

(f)

TABLE 7. i

OMNIDIRECT IONAL ACC ELEROMETER PERFORMANCE SPEC IF ICATIONS

Open Circuit Voltase Sensitivity - 0.60 mv/g min. As a design goal,

the sensitivity shall be 0.8 mv/g minimum.

Amplitude Linearity - _i0 percent maximum deviation from sensitiv-

ity at i00 g, 1/2 sine, 3 millisecond shock over the range

of 20 to 2000 g. As a design goal, the deviation in sensi-

tivity shall be less than _i0 percent to 5000 g and less

than _15 percent to ii,000 g under the same conditions.

Sensitivity Pattern - Deviation from true isotropic sensitivity

shall not exceed +5 percent of the value observed along

the axial centerline of the instrument case.

Frequency Response - Sensitivity as a function of 1/2 sine shock

period shall not deviate more than !10 percent from the

I00 g, 3 millisecond value over the range of I millisecond

to i00 milliseconds when used with a load resistance of

1012 ohms.

Temperature Coefficient of Sensitivity - Sensitivity shall be within

+5/0/-10 percent at 0o/20°/60°C, respectively.

Case Pressure Sensitivity (Hydrostatic) - 0.01 g/psi maximum as a

design goal.

(g) Capacitance - 300 pf min. As a design goal, the capacitance shall

be as large as possible without degrading the open circuit

voltage sensitivity.

(h) Internal Leakase Resistance - Greater than 2 x I0 I0 ohms.

7-2

I
I
I

I
I

I
I

I

I
I
I

I
I

I
I

I



I

I

I
I
I

I
I

I
I

I

I
I
I

I
I

I
I

I
I

TABLE 7.2

SUMMARY OF TEST RESULTS

i. Open Circuit Voltage

2. Amplitude Linearity

3. Sensitivity Pattern

4. Frequency Response

5. Temperature Coefficient of Sens

6. Case Pressure Sensitivity

7. Capacitance

8. Inerternal Leakage Resistance

Range

1.04 - 1.54 mv/g

5% to 25% (SN 50 was 5%)

± 7% to ±50% (SN 50 was ±7%)

Not conducted (see discussion)

Not conducted (see discussion)

Deleted

494 to 789 pf

i0 I0 i0 I03 x to 20 x
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FIGURE 7 - 1 .  ACCELEROMETER TEST MOUNTING BLOCK 
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(3) Sensitivity Pattern. Deviation from the true isotropic sensi-

tivity was determined from Paragraph (i) above.

(4) Frequency Response. The accelerometer was to be subjected by

the vendor to a 1/2 sine, I00 g, 3 millisecond shock pulse. The output

would then be compared to I00 g shocks with varying time durations such

as I, 2, 3, 5, I0 milliseconds.

(5) Temperature Coefficient of Sensitivity. Accelerometer output

(6) Case Pressure Sensitivity. This was deleted when it was decided

not to encapsulate the accelerometer in the ball.

(7) Capacitance. Measurement of capacitance was with a Ballantine
Capacitance Meter, Model 520.

(8) Internal Leakage Resistance. Measurement of resistance was with

a General Radio Megohmeter, Model 1862-B, using 50 volts test voltage.

b. Discussion. The portions denoted "not conducted" are so shown
because of lack of both late model hardware and time to conduct those

tests. During the development program, some testing occurred to determine

the frequency response and temperature characteristics; however, they were

on old hardware. The results which were obtained appeared satisfactory and

the indications were that no problem exists in these areas. It is obvious

from the summary of test results that open circuit sensitivity, capacitance,

and internal resistance are well within the requirements. Linearity and

the sensitivity pattern criteria remain the problem area. The last

accelerometer delivered, SN 50, passed the linearity criteria and was only

_2 percent from meeting the _5 percent criteria.

7. I. 2 SIGNAL ELECTRONICS

The signal electronics modules for both Prototypes No. 2 and 3 were

evaluated for performance during impact utilizing the hand-swung hammer.

These tests provided a method by which the modules could be tested for

intermittent connections or shock-sensitive components prior to assembly

and encapsulation within complete penetrometers.

a. Prototype No. 2 Signal Electronics Hammer Tests. The signal

electronics module for Prototype No. 2 penetrometer was calibrated for

use with SNI8 omnidirectional accelerometer and encapsulated within the

signal electronics structure. The module had undergone microscopic

inspection to detect damaged components, poor solder joints, and printed

circuit wiring defects.
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The module consisted of two circular interconnected printed circuit boards
expoxied into a semihemispherical housing. The space between the two
printed circuit boards is devoid of encapsulant to prevent external shock
loading from being transmitted through the components. A photograph of
this module is shownin Figure 7-4. The encapsulated modulewas hammer-
tested at from 5000 to 7000 g at up to 0.250 millisecond duration. An
equivalent 50 g signal was supplied to the calibration input and the 40 KHz
output was connected to a 40 KHzAMdemodulator. A typical test record is
shownin Figure 7-5. Transient variations in the output level did not
exceed i percent of the applied shock level and the unit was acceptable
for prototype use.

b. Prototype No. 3 Signal Electronics. The circuit configuration

of Prototype No. 3 signal electronics was essentially the same as that in

Prototype No. 2 with the exception of the location of the external cali-

bration test point and various selected components required for acceler-

ometer matching. The calibration test point on Prototype No. 3 signal

electronics has been changed back to the original location. This is at

the input of the 2 KHz filter following the resistive attenuator. This

provides ac calibration only but should eliminate difficulties encountered

in Prototype No. 2 with calibration points at the gate and drain of the

second MOS-FET differential amplifier. The problems associated with pre-

vious attempts at dc calibration include:

(i) External dc calibration at the gate of the second

MOS-FET differential amplifier at a 9-megohm

impedance level caused very large extraneous

shock-induced transients probably due to cable

noise.

(2) Locating the external dc calibration at the drain

of the same MOS-FET restricted dynamic range

calibration to about 75 percent of full scale

and made the circuit vulnerable to damage by

improper external connection.

Hammer test results of the Prototype No. 3 signal electronics module are

shown in Figure 7-6. In all tests, the 40 KHz chopped output was moni-

tored directly instead of monitoring the AM demodulator output as was done

in Prototype No. 2 testing. This was done to better evaluate short-time

duration transient effects which would be filtered by the 40 KHz AM

demodulator.

Figure 7-6a shows the 40 KHz transient output with the accelerometer

terminals shorted. The transient is about 60 millivolts peak-to-peak for

a I000 g impact and represents a circuit-induced error of less than

0.i percent.
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UPPER TRACE: SHOCK PULSE, 2000 g / D I V  

LOWER TRACE: DEMODULATED OUTPUT SIGNAL, 
EQUIVALENT TO 1 2  g / D I V  

TIME SCALE: 200 p S E C /  D I V  

FIGURE 7 - 5 .  FEQUENCY TRANSIENT TEST RESULTS FOR SQUARE WAVEFORM, PROTOTYPE NO. 2 
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a.  POLAR AXIS 

SHOCK PULSE: 5000 g / D I V  

FREQUENCY DEVIATION: 8 KHZ/DIV 

TIME SCALE: l O O , U S E C / D I V  
A T  110 MHZ 

b.  POLAR AXIS 

SHOCK PULSE: 5000 g / D I V  

FREQUENCY DEVIATION: 8 KHZ/DIV 

TIME SCALE: lOO,USEC/DIV 
AT 110 MHZ 

c .  EQUATORIAL PLANE 

SHOCK PULSE: 5000 g / D I V  

FREQUENCY DEVIATION: 8 KHZ/DIV 
AT 110 MHZ 

TIME SCALE : 100 ,U S E C / D I V  

B 
FIGURE 7-8.  OSCILLATOR SHOCK TEST RECORDS 

7 -14 8 
8 



Figure 7-6b shows the 40 KHz transient with the signal electronics input

open-circuited with no shunt capacitance. The transient contributes about

I percent error for a 900 g shock. Figure 7-6c shows the effect of added

capacity on the input as provided by the accelerometer (560 pf). The

signal electronics transient output is negligible during a 4000 g impact

with some transient effect noted following the acceleration pulse. This

represents only 300 millivolts peak-to-peak at 4000 g which is less than

2 percent error.

Following hammer test acceptance of this signal electronics module, the

module was diverted to Prototype No. 2 refurbishment to replace a signal

electronics module damaged by improper connection to the external dc

calibration point during umbilical plug rework.

A third signal electronics module was fabricated and hammer-tested for

Prototype No. 3 penetrometer. Hammer-test results are shown in Figure 7-7.

These test results were very similar to those obtained from previous

module testing. Error due to component sensitivity during an 8000 g shock

was about 130 millivolt peak-to-peak, corresponding to about 150 g or

1.9 percent.

7.1.3 TRANSMITTER PROTOTYPE TESTS

The final transmitter used in Prototype No. 2 was hammer-tested as a

complete unit. Test results are shown in Figure 7-8.

Figure 7-8a and b show the frequency transients as the oscillator module

was impacted in the polar axis at approximately i0,000 g. Maximum fre-

quency excursion is about 6 KHz at ii0 MHz or 24 KHz at the 440 MHz

output frequency. Similar data for an impact in the equatorial plane are

shown in Figure 7-8c. Maximum frequency shift during impact is about

16 KHz at ii0 MHz or 64 KHz at the 440 MHz output frequency. During

preliminary hammer tests of the oscillator alone, it was noted that both

the shape and magnitude of the frequency excursion trace was dependent

upon the method of attachment to the hammer head. It was noted during

removal of the complete transmitter module from the hammer fixture that

the module could move slightly in the equatorial plane.

Figure 7-9 shows the hammer shock test results for the output stages of the

transmitter. The amplitude of the 432 MHz output was monitored during an

equatorial impact. The record shows less than a i db change in output

during the i0,000 g shock.

Oscillator-buffer and doubler modules were constructed for Prototype No. 3.

This transmitter is similar in design to Prototype No. 2 except for small

bosses provided in the oscillator compartment to allow drive pin cover

attachment. Hammer tests were conducted on the complete transmitter module

consisting of the oscillator-buffer and doubler modules.
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UPPER TRACE: 

SIGNAL ELECTRONICS OUTPUT 

AT 100 MC,'CM 

LOWER TRACE: 

ACCELEROMETER OUTPUT 

A T  5000 G'CM 

TIME SCALE: 500 pS,/CM 

FIGURE 7-7 .  PROTOTYPE NO. 3 SIGNAL ELECTRONICS HAMMER TEST RESULTS 
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a. POLAR AXIS

SHOCK PULSE: 5000 g/DIV

FREQUENCY DEVIATION: 8 KHZ/DIV

AT ii0 MI{Z

TIME SCALE: i00 _ SEC/DIV

b. POLAR AXIS

SHOCK PULSE: 5000 g/DIV

FREQUENCY DEVIATION: 8 KHZ/DIV

AT ii0 MHZ

TIME SCALE: I00 _ SEC/DIV

c. EQUATORIAL PLANE

SHOCK PULSE: 5000 g/DIV

FREQUENCY DEVIATION: 8 KHZ/DIV

AT Ii0 MHZ

TIME SCALE: i00 _ SEC/DIV

FIGURE 7-8. OSCILLATOR SHOCK TEST RECORDS
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Initial hammer tests indicated a 12 KHz (at 112 MHz) frequency excursion

due to a I0,000 g impact in the polar plane. The excursion was greater in

the equatorial plane, approaching 30 KHz. During subsequent tapping with

a ballpeen hammer, two glass capacitors were broken. These were replaced

and the module was again impacted, One of the capacitors, a collector

supply bypass, used only during hammer testing to minimize cable noise, had
been mounted across the oscillator-doubler module interface which had

flexed during impact. A more stable mounting location was found for the

replacement.

The other capacitor which had cracked was a base bypass and was mounted

directly to the oscillator cavity side wall. Figure 7-10 shows the results

of final hammer tests on the transmitter module. The frequency stability

is much better in the polar plane than in the equatorial plane, as was the

case in Prototype No. 2 transmitter. Polar plane transient frequency

shifts are on the order of 8 KHz compared to 25 KHz in the equatorial

plane. This may be the result of less rigid coil mounting provisions

equatorially since static squeeze tests do not indicate greater sensitivity

to structural deflection. The doubler amplitude stability was monitored

during an impact and exhibited less than I db amplitude variation.

To determine long-term and short-term frequency stability as a function of

temperature, a temperature run was made allowing the chassis to stabilize

at approximately every 10°F through a range from 30 to 120°F. At each

selected temperature, the oscillator was turned on for 40 seconds and

frequency was measured at 2 second intervals. Figure 7-11 shows results

at three typical temperatures. Figure 7-12 shows frequency stability as a

function of temperature as well as short term drift at various tempera-

tures. Figure 7-13 is a plot of modulation sensitivity and power output

as a function of temperature. During various temperature tests, the

output frequency spectrum was monitored (Figure 7-14). The results of this

test indicate very excellent spectral stability over anticipated penetrometer

thermal range.
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UPPER TRACE: SHOCK PULSE, 10,000 g / D I V  

LOWER TRACE: TRANSMITTER OUTPUT AMPLITUDE, 
432 MHZ INTO 50 OHMS, 
CALIBRATION AS SHOWN 

TIME SCALE: 100 /l SEC/DIV 

FIGURE 7 - 9 .  SHOCK TEST RECORD FOR TRANSMITTER OUTPVT 
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A. POLAR AXIS  TEST 

UPPER TRACE: FREQUENCY S H I F T ,  

LOWER TRACE: ACCELERATIONy 

TIME SCALE: 200 p SEC/DIV 

8 KHz/DIV 

wnn g,/nTv -- - - 

B. EQUATORIAL PLANE TEST 

UPPER TRACE: FREQUENCY S H I F T ,  

LOWER TRACE : ACCELERATIONy 

TIME SCALE: 200 SEC/DIV 

16 KHz/DIV 

5000 g / D I V  

F02190 U 

FIGURE 7-10. PROTOTYPE NO. 3 TRANSMITTER HAMMER TEST RECORDS 
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VERTICAL DISPLAY ON LOG SCALE 
SWEEP TIME 3MS/CM 
SPECTRUM WIDTH 100 MHz 
CARRIER OUTPUT 500 Mw. 
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F03788 U 

FIGURE 7 -14. TRANSMITTER OUPUT FREQUENCY SPECTRUM 
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7.1.4 CRYSTALOSCILLATORINVESTIGATION

Three crystal oscillators were constructed using two crystals from Harry
DiamondLaboratories (HDL) and one from JPL. Oscillators No. 1 and No. 2,
with HDLcrystals, operate at a frequency of 50 Mc, and Oscillator No. 3,
with the JPL crystal, at 40 Mc. Theseunits were built in a steel housing
suitable for both hammertesting and Hyge testing. A photograph of two of
the units is shownin Figure 7-15. The schematic is shownin Figure 7-16.

a. Oscillator No. I. This oscillator was first constructed without

using either varicap modulation or a variable tuning element. This made

the selection of the tank capacity extremely critical and difficult due

to the sharp series resonance of the crystal in the feedback loop. The

capacitance of the crystal holder was resonated by a small inductance

across the crystal. This oscillator was exhremely sensitive to supply

voltage change; the tendency was for the oscillator to free-run out of

crystal control. This was due in part to the fact that this crystal has

a comparatively high series impedance at resonance on the order of 60 ohms.

A series of hammer tests were performed on this oscillator (see Figure 7-17).

The basic frequency of the oscillator remained stable with changes of less

than 2 KHz after impact. However, four times during the series of seven

impacts, the oscillator shifted out of crystal control, requiring a slight

adjustment of the supply voltage to again lock in. During impact, a series

of short-duration (20_sec), high-magnitude pulses were noted in the

discriminator output. These pulses represent a shift in carrier frequency

on the order of 40 KHz.

From this series of tests, a decision was made to modify this oscillator

so it would have modulation capabilities and also a variable tuning element

in the form of a varicap. After modification, the unit was again hammer-

tested. During impact, the crystal shifted frequency beyond oscillator

control and the oscillator would not function properly. It was necessary

to discontinue further testing on this unit as the crystal apparently

fractured. No photo is available for this second test due to poor selec-

tion of oscilloscope scale factor.

b. Oscillator No. 2. During assembly of Unit 2, one lead pulled

out of the crystal. The crystal housing was opened and a new lead soldered

to the proper contact point on the crystal mount. During this operation,

it was noted that during assembly of this crystal, the original lead had

not been properly soldered. Assembly of Oscillator No. 2 was continued

and, upon completion, the unit appeared to perform properly in a manner

similar to Oscillator No. I.

An attempt to hammer-test Unit No. 2 was made. On the first impact, the

oscillator shifted more than 80 KHz out of crystal control and, like Unit

No. i, would no longer lock on to the crystal. No photos are available on
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IMPACT I N  POLAR DIRECTION 

UPPER TRACE: 4 KHZ!CM 

LOWER TRACE: 5000 G/CM 

TIME SCALE: 100 ILS/CM 

(b) IMPACT I N  EQUATORIAL DIRECTION 

UPPER TRACE: 8 KHZICM 

LOWER TRACE: 5000 GICM 

TIME SCALE: 100 !.LS ICM 

FIGURE 7 - 1 7 .  IMPACT TEST RESULTS FOR OSCILLATOR 411 (H.D.L. 
CRYSTAL) BEFORE MODIFICATION 

29 

7-25 



this hammer test due to a failure of the Polaroid camera used to monitor

the scope display during impact. Like Unit No. i, it was decided to

conduct no further tests on this unit.

c. Oscillator No. 3. Unit No. 3 was assembled using the JPL crystal

operating at 40 MHz, using the same test circuit as Units 1 and 2. This

oscillator is not sensitive to changes in supply voltage. With a supply

voltage change of ! 50 percent, the carrier frequency did not vary more

than i00 Hz and could not be pulled out of crystal control. This is due

in part to a much lower series impedance at resonance, on the order of

20ohms.

A series of hammer tests was performed on the oscillator (see Figure 7-18).

No measurable shift in carrier frequency was noted during or after impact.

The same type short-duration, high-magnitude pulses as found in Unit No. 1

were noted on this oscillator during impact.

d. Hyge Shock Test of Crystal Oscillator No. 3. Upon completion

of hammer testing of the three crystal oscillators, it was decided to

Hyge golf tee only the oscillator employing the JPL crystal (Oscillator

No. 3). The oscillator was secured into a standard 3-inch test ball: a

solid aluminum hemisphere with a steel dome. The crystal oscillator rf

carrier was received in the same manner as during hammer testing by

coupling the antenna of a Nems-Clark receiver to the oscillator power

supply _ine. Three high-impact golf tee tests were conducted in different

axes. In impact test No. i, the Hyge ram impacted the ball in the polar

direction with the ram impacting directly on the steel dome. In Test No. 2,

the ram impacted the ball on the equator. Test 3 was also on the equator

with the ball rotated 90 degrees from Test 2.

On impacts one and two, a reference accelerometer was used (Endevco Model

808A) to give an accurate level reading on ram impact. Use of the refer-

ence accelerometer was impossible on Test No. 3 because of limitations in

accelerometer mounting positions on the test ball. However, on each test,

the Hyge ram speed shortly prior to impact was measured and from this a

fairly good approximation can be made as to the actual g level on impact

at Test 3.

On each shot, three oscillograph channels were used to record the

frequency deviation during impact. Each channel utilized 5 kc galvonometers

set with different scale factors. Channel No. 1 was set for 0.5 v/inch

deflection, corresponding to 2 KHz/inch (20 KHz/inch at the penetrometer

output frequency). Since the crystal oscillator frequency is 40 MHz, a

times ten multiplier must be used in actual penetrometer application.

This multiplies crystal frequency shift as recorded by a factor of ten.

Channel No. 2 was set for 2 v/inch corresponding to 8 KHz/inch (200 KHz/inch

at penetrometer output frequency). These three channels were used because

the actual amount of frequency shift during impact could not be predicted.

Hyge test traces of the crystal oscillator impact evaluation are shown in

Figures 7-19, 7-20 and 7-21. Table 7.3 summarizes the test results.
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(a) IMPACT I N  POLAR DIRECTION 

UPPER TRACE: 4 KHZ/CM 

LOWER TRACE: 5000 G/CM 

TIME SCALE: 200 PS/CM 

I ii31 
I i 

(b) IMPACT I N  POLAR DIRECTION 
WITH 40 KHZ MODULATION 
FREQUENCY 

UPPER TRACE: 4 KHZ/CM 

LOWER TRACE: 5000 G/CM 

TIME SCALE: 200 PS/CM 

( c )  EQUATORIAL IMPACK WITH 40 
KHZ MODULATION FREQUENCY 

UPPER TRACE: 4 KHZ/CM 

LOWER TRACE: 5000 G/LM 

TIME SCALE: 100 clS/CM 

FIGLIRE 7 - 1 8 .  OSCILLATOR NO. 3 (JPL CRYSTAL) IMPACT TEST RESULTS 
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!

169 FT/SEC I

AC CELERATION

CAL = i0,000 g's/INCH

9400 g I

I

I

!

OSCILLATOR FREQUENCY

CAL = 2 KHz/INCH I

600 CPS I

CAL = 8 KHz/INCH
w

IMPACT

_.._ACCELEROMETER

STEEL

DOME

I

I

I

I
CAL = 20 KHz/INCH

I

FIGURE 7-19. CRYSTAL (JPL) OSCILLATOR HYGE GOLF-TEE NO. i (POLAR AXIS)
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i

I
I

4.82 MS

208 F/S

12,000 g

CAL = i0,00 g/INCH

+ 1.6 KHz |

i ;
I

CAL = 8 KHz/INCtt

2 KHz

8 KHz/IN

2 KHz

CAL = 20 KHz/INCH

FO3777 U

FIGURE 7-20. CRYSTAL (JPL) OSCILLATOR HYGE GOLF-TEE SHOT NO. 2(EQUATORIAL AXIS)
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CRYSTAL OSC HYGE NO. 3

4.10 MS

244 F/SEC I

7

o.5 V/IN.

2 KHz/INCH = 6 KHz

x lO = 60 KC

CAL = 2 KHz/IN.
6 KHz ( GALVO OFF SCALE)

2 V/IN. 8 KHz/IN

= 80 KC

CAL = 8 KHz/IN.

8 KHz

CAL = 20 KHz/IN.

0.8 INCH

5 V/INCH

20 KC/IN.

160 KHz

16 KHz

FO3778 U

FIGURE 7-21. CRYSTAL (JPL) OSCILLATOR HYGE GOLF-TEE SHOT NO. 3

EQUATORIAL AXIS
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TABLE 7.3

SUMMARY OF HYGE GOLF TEE JPL CRYSTAL OSCILLATOR TESTS

Impact One

Crystal frequency before impact

Crystal frequency after impact

Projectile speed at impact

Nominal peak acceleration

Crystal frequency shift at impact

Equivalent penetrometer frequency shift

Impact Two

Crystal frequency before impact

Crystal frequency after impact

Projectile speed at impact

Nominal peak acceleration

Crystal frequency shift at impact

40.155545 MHz

40.155529 MHz

169 ft/sec

9400 g

0.600 KHz

6.000 KHz

40.155500 MHz

40.155508 MHz

208 ft/sec

12,000 g

+1.6 KHz

-2.2 KHz

Translated penetrometer frequency shift +16 KHz
-22 KHz

Frequency before impact

Frequency after impact

Impact Three

Projectile speed at impact

Nominal peak acceleration -

approximation

Frequency shift at impact

40.155476 MHz

No record due to failure of

power cable after impact.
Later lab tests indicate:

40.155282 MHz

244 ft/sec

14,000 g

Due to the high frequency

characteristic of the crystal

transient and the limited

5 KHz response of the galvo-

nometers, the frequency
transient was recorded with

three different scale factors

to better evaluate total

excursion.

Channel Frequency Shift

I 6 KHz

2 8 KHz

3 16 KHz
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7.1.5 PENETROMETERPROTOTYPEFUNCTIONALTESTING

Since the antenna system is functionally inseparable from the ball
structure and balsa impact limiter, prototype functional tests were not
performed on the antenna system separately but rather as part of the pro-
totype system tests. There is/also a major problem in monitoring per-
formance of the antenna system during environmental tests. Electrical
interference would result from the coax feed cable which would need to be
fed through the antenna structure.

7.1.6 COMPONENTHIGHENERGYSHOCKTESTING

a. General. Battery cells, resistors, capacitors, and squib switches

were subjected to nominal I0,000 g shocks resulting from velocity changes

of 250 feet per second. Continuous monitoring of each component during

the shock tests was employed so that its shock stability could be observed.

For those tests, the components were totally encapsulated in 4-inch

diameter epoxy spheres made of Epon 838 resin, Shell 871 diluent, and

accelerator D in the ratios of 100:60:15.6, respectively. Threaded holes

and flat mounting surfaces were provided on the test spheres for attaching

accelerometers.

Figure 7-22 illustrates the typical physical setup. This setup has been

referred to as the golf tee setup because of the obvious circumstance of

the specimen. Here the test sphere containing samples of test components

is placed 27 inches in front of the Hyge accelerator piston (lower left).

That is the location of maximum piston velocity when the accelerator is

fired. The leading edge of the piston is fitted with two 1-inch thick

pieces of 55/65 durometer neoprene rubber. The neoprene pulse shaper

gives a nominal i0,000 g shock resulting in a final projectile speed of

250 feet per second when a 4-inch diameter, 1.5 pound projectile is used.

The importance of using the golf tee shock method is in the fact that the

entire shock has been completed and the projectile is up to speed before

it has moved a distance of two inches. Hence, instrumentation cable

motion has been nil and all of the shock data have been obtained before

cable noises become large. Generally, the best cable service has been

obtained when it was supported overhead (see Figure 7-22) from alligator

clips. That method prevents the projectile from running into its own

cable and also keeps the cable off the floor and out of the way of foreign

objects in the test pit.

Speed measurement is accomplished with a 12.0-inch long photoelectric speed

trap. Prior to each firing, a shadow template is held in the projectile

path through the speed trap, and the effective light beam separation is

adjusted to 12.0 + 0.05 inch. Time for the projectile to pass through both

light beams is indicated on an electronic counter to three significant
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figures _ one count, or at least + i part in 400. Rise time of the photo
diode driven switches under full Toad has been measured as less than i

microsecond. Figure 7-23 is a schematic of the electronic portion of the

speed trap. The photo diodes were selected as a matched pair with respect

to dc resistance when fully illuminated and when fully darkened.

A fish net beyond the speed trap is rigged on 3/8-inch bungee cord and

arrests the flying projectile by a trapping action. Layers of foam rubber

padding on the walls and floor of the Hyge pit protect the projectile from

undue damage during the arresting action.

b. Battery Cell Shock Tests. Battery cells from three vendors were

subjected to high energy shock tests. Battery packs of five cells in

series constituted each test specimen. Load voltage while under a normal

penetrometer load was recorded during each test. Shocks were applied along

at least the three major axes of each specimen. From Table 7.4 it is

seen that the most stable performance was obtained from the Jupiter B-80

cells. In all cases, the tabulated change in load voltage (_EL) was of

a transient nature occurring coincidentally with the shock pulse.

c. Capacitor Shock Tests. Vitramon type VY and Corning type CYFM

(glass) fixed capacitors of values from 51 pf to i000 pf were subjected to

high energy shock tests. The instrumentation scheme was based on the

classical definition of capacitance: C = Q/V. Figure 7-24 illustrates

the method. Unfortunately, large amounts of spurious charge were generated

during the test impacts which masked the desired information. The spurious

charge mechanism is not well understood at this time, but it is believed

to be associated with friction of the neoprene pulse shaper against the

epoxy specimen sphere. Later tests of signal electronics subsystems

indicated the Vitramon VY capacitors to be the better choice in an

operating circuit.

d. Resistor Shock Tests. Fifteen Bournes 4200A-l-(resistance code)J

resistors ranging in value from 1.4 kilohms to 170 kilohms were taken five

at a time and subjected to high energy shock tests while monitoring each

with a wheatstone bridge circuit. The specimens were I/i0 watt devices

having a resistance tolerance of +5 percent. The largest change in

resistance due to the applied shock was 4.8 percent for a 170 kilohms resistor.

Table 7.4 summarizes the data.

e. Squib Switch Shock Test. Five prefired Atlas MS 2.1-0-WRTI squib

switches were shocked along the direction of their piston shafts while

monitoring the open and closed contacts of each switch. There was no

evidence of contact bounce, chatter, etc. Table 7.4 lists the data.
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f. Subassembly High Energ_ Shock Tests. Signal electronics,

oscillators, and frequency multipliers of various configurations were

subjected to nominal I0,000 g shocks resulting in specimen velocities

of 250 feet per second. The physical setups were identical to those used

in component shock tests. Figure 7-25 is a photograph of a typical test

setup showing how the instrumentation cables are rigged overhead. Test

results have been discussed in preceding paragraphs. Table 7.5 summarizes
the environmental conditions.
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FIGURE 7-25  SUBASSEMBLY SHOCK TEST SETUP 
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Test Date

9/15/65

9/15/65

9115/65

9/15/65

9/15/65

9122/65

9/22/65

9/22/65

9/22/65

10/25/65

10/27/65

10/27/65

11/17/65

11/17/65

3/5/66

3/5/66

3/5/66

9/24/65

9/24/65

10/14/65

10/16/65

10/18/65

10/22/65

12/6/65

12/6/65

TABLE 7.5

HYGE SHOCK TEST SUMMARY, SUBASSEMBLIES

Specimen

Oscillator No. i (216 MHz)

Oscillator No. I (216 MHz)

Oscillator No. i (216 MHz)

Oscillator No. i (216 MHz)

Oscillator No. i (216 MHz)

Oscillator No. 2 (216 MHz)

Oscillator No. 2 (216 MHz)

Oscillator No. 2 (216 MHz)

Oscillator No. 2 (216 MHz)

Oscillator No. 4 (200 MHz)

Oscillator No. 4 (200 MHz)

Oscillator No. 4 (200 MHz)

Oscillator No. 5 (iii MHz)

Oscillator No. 5 (Iii MHz)

Oscillator No. 6 (40 MHz Xtal)

Oscillator No. 6 (40 MHz Xtal)

Oscillator No. 6 (40 MHz Xtal)

Signal Electronics (pair)

Signal Electronics (pair)

Frequency Doubler and P.A. No. i

Frequency Doubler and P.A. No. i

Frequency Doubler and P.A. No. I

Frequency Doubler and P.A. No. 2

Frequency Quadrupler

Frequency Quadrupler

Peak Final

Acceleration Velocity

(g) (ft/sec)

12,600 244

10,900 236

91620 225

10,700 225

? 242

? 220

ii,000 222

12,000 254

? 237

? 248

9,800 236

? 238

11,200 222

? 232

9,400 169

12,000 208

? 244

? 242

12,140 281

9,200 212

9,300 193

10,500 ?

11,800 237

10,700 230

? 231

7-40

I

I

I
I

I
I

I
I
I

I

I
I

!
I

I
I

I
I



I
I

I
I

I
I
'ii

l

I
I

I
I

I

7.2 SUBSYSTEM TESTS

The penetrometer prototypes were each submitted to a series of environ-

mental and functional tests to assist in the evaluation of the basic omni-

directional system performance characteristics. Each represented a com-

plete subsystem comprised of an omnidirectional accelerometer, quasi-

isotropic antenna, transmitter, signal electronics, battery, and power

regulator-timer assemblies. The primary emphasis of this test series is

placed on the investigation of subsystem characteristics and the deter-

mination of interface problems in sufficient time to benefzt succeeding

prototype models. The tests principally involved bench static and tran-

sient testing, field test low and high velocity impact testing, and captive

Hyge calibration testing. The following paragraphs describe the test re-

suits in general while referencing the detailed test reports which are

included as appendices.

7.2.1 PROTOTYPE NO. i TESTS

The test results obtained for Prototype No. I are reported in detail in

Appendix A. This paragraph presents only a summary of the test results and

conclusions. Prototype No. I was the first complete penetrometer subjected

to environmental and functional tests. The testing was completed in accord-

ance with a written general test plan which underwent minor modification
as test details warranted.

The tests reported in Appendix A qualified the design of many subsystems

within the penetrometer. Unformtunately, the failure of the internal

battery, which was attributed to probable misuse because of initial equip-

ment uncertainties, prevented certain needed tests. Some of the penetrom-

eter assemblies and subassemblies performed as anticipated because of their

particular development status. Other problems occurred which had not been

anticipated but design changes were effected to eliminate similar defi-

ciencies in the subsequent prototypes. The following paragraphs present an

account of the individual assembly test results.

a. Antenna. The test results showed no substantial changes in the

antenna pattern due to the high velocity impact. Further, no mechanical

damage to the antenna loops or their supports was noted. The crushing

impact was in a quadrant of the sphere between loops such that the antenna

supports were subjected to compression and shear. Therefore, the mechan,

ical design of the antenna was judged satisfactory.

b. Accelerometer. The test results indicated that the accelerometer

failed sometime during the test sequence by leakage of the "fluid" from the

piezoelectric sphere. It was believed that this happened during assembly

of the penetrometer. The failure was believed due to improper sealing of

the fill hole with epoxy. The recommended cure was better assembly and
inspection techniques by the vendor.
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c. Battery. The battery failed during the tests by leaking of

electrolyte and failure to retain a charge. This occurred before any real

environmental extremes were experienced. There was evidence that the bat-

tery was overcharged during the penetrometer assembly procedure. The

battery was charged with a charger which was found to have excessive ac in

its output. The charge limiting voltage was set by a meter which read

average voltage but the battery charged to the peak voltage. Additionally,

the two sections of the battery were charged in series despite their prior

discharge at different rates. The individual cells did not have equal

charge capacities. It appeared that similar battery failures in the future

would be prevented by:

(i) Selecting cells for similar capacities.

(2) Charging cells individually or in small groups.

(3) Carefully monitoring cell voltages during

charging to avoid overcharging.

The final discharged condition of the positive battery was probably due to

conduction in the test connector caused by leaking electrolyte.

d. Power Regulator/Timer. There was no evidence of power regulator/

timer failure in the prototype except for visible cracks in the glass diodes

after disassembly operations. These cracks could have been caused during

disassembly or by epoxy shrinkage. Revisions in the assembly process

(i.e., sleeving the glass diodes prior to encapsulation) were effected to

prevent a possible recurrence. The fact that the predictable timer shut-
down did not occur was attributed to conditions brought about by battery

electrolyte leakage.

e. Signal Electronics. Failure of the accelerometer prevented test
observation of the signal electronics characteristics during most of the

tests. The post disassembly findings, and the actions during two of the

captive Hyge shocks, indicated some sort of intermittent, erratic condition

existed in the signal electronics. Unformtunately, there were not enough

external test points to fully diagnose this behavior. Therefore, it was

assumed that this trouble, which had not occurred on previous modules, was

caused by a faulty component or an improper connection.

It was recommended that future prototypes have additional external test

points for the signal electronics. It was recognized that connector limi-

tations and impedance considerations placed restrictions on such test points.

f. Transmitter. The oscillator module within the transmitter was

known to have poor shock and temperature characteristics when the penetrom-

eter was assembled. The module used thin brass walls and all components

were completely encapsulated. Improved oscillator modules were not avail-

able at the time of assembly.
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The oscillator did not meet either shock or temperature stability require-

ments. In captive Hyge tests, an acceleration of i000 g produced at least

a 40 KHz frequency transient at the output frequency of 435 MHz. The

transmitter output frequency varied considerably with temperature and

always drifted about 170 KHz in the first two minutes of operation. These

were not unknown problems, and consequently were being separately analyzed

and solved. The transmitter did not exhibit any permanent changes due to

shock and no unsuspected troubles were encountered.

g. Structure. The metal structure passed the severe impact test

satisfactorily. No permanent deformation of the structure was observed.

The fact that the balsa impact limiter was not well bonded to the outside

of the metal sphere in no way caused trouble. However, it was recommended

that the metal surface be treated differently in future models to enhance

the adhesion of the epoxy.

h. Impact Limiter and Cover. This particular penetrometer model had

the fiberglass cover but not the thin mylar covering. The mylar covering

is mainly for a moisture seal in vacuum and was not needed in these tests.

The depth of balsa crushing in the impact test agreed closely with the

predicted value. There was no direct acceleration measurement obtained

within the sphere during the impact, but it is presumed by analogy that

the deceleration was limited to 7000 g. There was no evidence of payload

movement, or cannon-bailing, within the limiter. Small voids were noted

in the glue joint between limiter halves but these were not considered

serious. In general, the impact limiter design proved successful.

7.2.2 PROTOTYPE NO.2 TESTS

Two basic testing sequences were performed for Prototype No. 2. The

initial series of tests are reported in detai in Appendix B. The second

series of tests was required following a refurbishment of Prototype No. 2,

and is reported in detail in Appendix C. The refurbishing operation was

performed to eliminate damage to signal electronics which had occurred in

the original limiter assembly operation. With the rework of Prototype

No. 2, a milestone was reached by achieving complete functional operation

of an omnidirectional penetrometer. To facilitate the summary descrip-

tion of the test results and conclusions, separate accounts of the two

test series are presented in the following paragraphs.

a. Prototype No. 2 Tests (Original). Prototype No. 2 final assembly

problems resulting in the signal electronics failure prevented a complete

functional test and evaluation of the omnidirectional penetrometer.

However, significant test data were obtained on all other operating

assemblies. The design improvements arising from Prototype No. I testing

resulted in basic model improvements which minimized previous deficiencies.

A summary description of the test results and conclusions is presented
as follows.
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(i) Antenna. The electrical and mechanical integrity of the antenna

subassembly was again demonstrated by the results of Prototype No. 2

testing. The effect of a high velocity impact in the vicinity of the

antenna feed loop was satisfactorily evaluated. No degradation in

omnidirectional characteristics was noted.

(2) Accelerometer and Signal Electronics. Failure of signal

electronics operation prevented the evaluation of the accelerometer and

signal electronics subassemblies. However, the signal electronics did

not fail due to shock or faulty construction. It was concluded that the

signal amplifier was accidentally shorted to a battery voltage while

attempting to remove the umbilical connector which had been inadvertently

epoxied in the impact limiter.

(3) Battery and Power Regulator/Timer. Battery operation was satis-

factory except for the degradation in performance of the 18 to 24 volt

cell grouping. This did not hamper the testing of Prototype No. 2. It

contributed to the low capacity performance noted at the conclusion of the

final Hyge test. The power supply regulator and timer were found to oper-

ate satisfactorily throughout Prototype No. 2 testing. More than ten

cycles of timer controlled operating periods were obtained successfully

during testing. Active monitoring of the +17 volt power regulator during

Captive Tests 2 and 3 showed no adverse effects from low level shocks.

Degradation in battery performance actually was observed prior to

Prototype No. 2 system tests; i.e., during hammer testing operations.

Probably i cell in the 18 to 24 volt cell grouping was under voltage.

Charging operations resulted in bringing the cell group up to acceptable

performance levels for the few cycles required in the test sequence.

(4) Transmitter. The important observation made in Prototype No. 2

tests regarding transmitter performance was the fact that only a 48 KHz

frequency transient occured at Hyge impact. The transmitter, as in

Prototype No. I tests, did not exhibit any permanent changes due to shock

and no basic problems were encountered.

Data taken in the initial turn-on transienttest depicted good temperature

and frequency stability characteristics for a completely assembled pene-

trometer for the specified set of conditions (see Figure C-I of Appendix C).

Additional testing of complete penetrometer assemblies is required before

any final conclusions are reached regarding overall temperature and fre-

quency stability characteristics. For example, repeated test runs for

varied (soak temperatures) initial conditions would yield a more complete

performance picture over the anticipated operational temperature regime.

b. Prototype No. 2 Tests (Refurbished). A milestone was reached by

achieving complete functional operation of an omnidirectional penetrometer

in this series of tests. Extensive testing was accomplished in accordance
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with a written general test procedure. Numerous low velocity impact test-

ing was performed as part of controlled field tests and multiple drop

system tests. The results of the tests completed were generally very

satisfactory with few anomalies observed. The principal anomalies

observed were in the area of system calibration; i.e., resolving elec-

trical calibrations with actual physical g (acceleration) inputs and of

Hyge rigid impact performance. The calibration problem is believed to

be one of refinement or improvement of the entire calibration approach.

..... _-_ _.... + +^_+ ,,h_h _na_r_ _ levels much lower than antici-

pated, constituted information not previously encountered. Further

investigation and testing of improved calibration techniques will be

conducted as part of a work extension authorized under the present

contract. Results are expected to provide answers to the stated anomalies.

An account of other conclusions and/or observations derived from the vari-

ety of tests reported herein are presented according to assemblies in the

following paragraphs. The detailed test report is given in Appendix C.

(i) Antenna. The electrical and mechanical integrity of the antenna

assembly was maintained as a result of the extensive testing performed on

the refurbished model of Prototype No. 2. The pattern of Figure C-13

depicts the basic antenna performance characteristics and exhibits only

a minor degradation from that which is typical. This was primarily

because usual antenna final tuning procedures were unable to be per-

formed on the reworked prototype.

(2) Accelerometer and Signal Electronics. Satisfactory functional

operation of the accelerometer and signal electronics was demonstrated

in the numerous tests and under a variety of operating shock environments.

As stated previously and in the detailed test results, both a calibration

and rigid impact performance anomaly existed. Further investigation of

these anomalies was recommended and is scheduled to be carried out in the

subsequent work extension. The turn-on transient characteristic of the

signal electronics appeared allowable over the interval observed although

improvement would be sought in subsequent development.

The multiple plot of individual uniaxis sensitivity of Figure C-II depicts

the omnidirectional sensitivity observed during Hyge captive test calibra-

tions. The variation is illustrated by examining the high sensitivity

portion below the knee. A variation of about ±i0 percent about a mean

value of 0.133 KHz/g is seen to exist. This is presumably due to the

accelerometer since electrical scaling checks of the associated electronics

did not appear to exhibit this same characteristic.

(3) Battery and Power Regulator/Timer. The battery and power

regulator/timer performed satisfactorily, and no additional significant

degradation developed over that previously reported for the original

Prototype No. 2 configuration. It should be noted that the battery and
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power regulator/timer are, of course, the sameassemblies employed in the
original Prototype No. 2. Somedegradation in charge retention was
observed but frequent recharge cycles brought the battery up to acceptable
performance levels for the test sequences employedherein.

(4) Transmitter. Transmitter shock sensitivity under Hyge rigid

impact was commensurate with that observed in the previous tests on the

"original" prototype. This constituted an indication of repeatability.

No permanent changes because of shock were observed in this repeat test.

Data taken in the turn-on transient tests depicting temperature and fre-

quency stability characteristic agreed essentially with that previously

observed. Frequency stability was within the revised transmitter per-
formance drift characteristic.

7.2.3 PROTOTYPE NO. 3 TESTS

Prototype No. 3 testing was abbreviated somewhat over that employed for the

preceding prototypes. Additional testing, however, is scheduled to take

place during a work extension period currently in progress. A detailed

account of those tests completed and resulting conclusions are contained

in Appendix D. The salient results and observations are presented here

in summary form.

Complete functional operation of an omnidirectional penetrometer prototype

design was demonstrated by Prototype No. 3 test results. Prototype No. 3

was the second completely functional omnidirectional penetrometer success-

fully developed. On the basis of the test results, certain conclusions

and observations may be made. They are presented in the following para-

graphs according to major assemblies.

a. Antenna. The electrical and mechanical integrity of the antenna

assembly was maintained throughout the Prototype No. 3 series of tests.

b. Accelerometer and Signal Electronics. Satisfactory functional

operation of the accelerometer and signal electronics was demonstrated by

virtue of the tests performed. Numerous low velocity impact tests, per-

formed as part of an interim work extension but not reported herein, also

demonstrated very satisfactory operation and repeatability. Turn-on

transient data depicted satisfactory initial decay times of several seconds

and exhibited a slower perturbation with excursions similar to that

observed in Prototype No. 2 data.

Electrical calibration data (Figure D-3) taken during bench tests was

found to differ from the Hyge captive calibration data (Figure D-10) by

a factor of better than 1.5. The discrepancy between electrical and

physical transfer functions occurred in a manner similar to that observed

for Prototype No. 2. Excellent omnidirectional sensitivity was observed

in Prototype No. 3 as evidenced in the composite plot of Figure D-10.
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c. Battery and Power Resulator/Timer. The battery and power

regulator/timer performed satisfactorily during all Prototype No. 3 testing.

No degradation in characteristics was observed during or following the

numerous low velocity impact tests conducted in the follow-on period.

d. Transmitter. Transmitter performance was very satisfactory dur-

ing all prototype testing. Operation at the design frequency of 438.0 MHz

was achieved and maintained with temperature and frequency stability char-

acteristics remainin_ within latp_ n_f__ _,,_......_ __ ............ ren ..........to.

7.3 MULTIPLE DROP SYSTEM TESTS

The multiple drop system tests were performed at the close of the program

to demonstrate the basic overall system functional operation of the Lunar

Penetrometer System. For this test, two penetrometers, Prototype Nos. 2

and 3 (i.e., refurbished 2), were dropped "simultaneously" onto test soil

samples with the resulting impact data radiated as VHF transmissions to

the data relay. The data relay was operated in a modified configuration

to facilitate the acquisition and transmission of the penetrometer data to

the CSM equivalent Aeronutronic ground station for final data acquisition,

recording, and real time display. It should be noted that the multiple

drop test was primarily a functional demonstration and consequently only

qualitative results were expected to be gathered.

Satisfactory impact velocities were obtained by performing the drop tests

at the Aeronutronic antenna range tower where heights of approximately

30 feet were available. The basic test configuration employed is shown in

Figure 7-26. With 25-foot heights actually obtained, velocities of

40 ft/sec were achieved. Target materials of foam and sand (Nevada 120-2)

were selected to yield resulting deceleration magnitudes to 400 g to yield

corresponding good data SNR performance.

Other general objectives and operating constraints achieved and/or ob-

served are noted as follows. Polarization diversity reception was

provided in the reception of both Prototype Nos. 2 and 3 rf transmissions.

Good rf SNR performances above threshold was preset with the aid of

supplementary attenuators to limit signal power into relay receiver

input terminals. This was necessary to eliminate the subceptibility to

receiver blocking which occurred when operating in close proximity to

penetrometers radiating their 0.5 watt output power. External local

oscillator signals to two (Prototype No. 2) receiver channels were re-

quired while fixed tuned reception of the Prototype No. 3 rf signals

occurred as per design. Basic functional operation of the data relay

in a multichannel mode was achieved although test implementation require-

ments necessitated the omission or variation in certain of the operating

subsystems.
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7.3.1 PENETROMETER AND DATA RELAY OPERATION

The block diagram of Figure 7-27 identifies the major elements and

subsystems employed in the multiple drop test. Prototype Nos. 2 and 3

simultaneously radiated UHF signals to the data relay. These signals

were received and detected with the data signals recorded onsite with an

FM tape recorder. The primary signals monitored were carrier shifts (2),

impact data signals (4), diversity switch position, and a reference timing

signal. With operation of the data transmission section of the relay, the

data _ignals were r=lay_d for reception, recording, and real time display

at the Aeronutronic ground station (CSM equivalent). Carrier and subcarrier

channel frequencies employed are also shown in Figure 7-27.

Prior to the multiple drop system tests, basic operation of the data relay

was verified. The functional testing performed included receiver channel

tuning and sensitivity checks, discriminator sensitivity, AM detector

performance, and VCO and transmitter performance checks. All active re-

lay channels were adjusted for standard full scale input-output signal
levels.

System integration checks with the Aeronutronic ground station (simulating

the CSM receiving function) were accomplished utilizing existing roof-

mounted auxiliary transmitting and receiving antennas. Reception at the

Aeronutronic ground station was verified and data channels were exercised.

Initial operation was not completely satisfactory because of an apparent

low rf SNR at the ground station receiver. The lack of adequate SNR was

attributed to lossy transmission lines running between the equipment and

the roof-mounted auxiliary antennas. Another contributing factor was a

lower than desired transmitter modulation sensitivity as evidenced by the

earlier transmitter performance checks. Basic operation, however, was

functionally correct despite the noisy performance. Improved operation was

anticipated from the actual test site.

Penetrometers utilized external power for all bench tests and preliminary

testing. Penetrometer internal temperature was noted periodically during

tests. A basic three point functional calibration check (i.e., 0, i00 mv

and 200 mv, 500 Hz full sine wave input) was utilized to check the pene-

trometer sensitivity characteristic. Basic penetrometer operation of

Prototype Nos. 2 and 3 checked satisfactorily.

7.3.2 AERONUTRONIC GROUND STATION CSM EQUIVALENT

The Aeronutronic ground station was employed to simulate the reception

function performed by the CSM. The Aeronutronic facility is a standard

IRIG FM/FM telemetry ground station equipped with constant bandwidth sub-

carrier discriminator reception capabilities. The standard channels IC

through 8C (as identified in Figure 7-27) were set up and adjusted in

accordance with channel limits.
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Reception of data relay transmissions consisting of simulated electrical

input signals to the relay or of actual penetrometer derived input signals

was verified. Data recording and realtime oscillograph operation was
verified.

7.3.3 MULTIPLE DROP TESTING

Prior to actual test runs, equipment was set up as denoted by Figures 7-26
and 7-27 and overall system functional te_t_ w_ _°_ .... _ _.....

Aeronutronic ground station data acquisition and recording functions were

checked. Initial penetrometer drop tests were performed to exercise the

overall system and determine rf and data channel performance levels. The

initial tests exhibited poor rf signal-to-noise performance at the

Aeronutronic ground station receiving system. A relay transmitter-antenna

mismatch problem in conjunction with reduced modulation sensitivity of the

transmitter, coupled with possible Aeronutronic ground station receiving

antenna anomalies, was believed to be the cause of the poor SNR performance.

To expedite the tests, an FM signal generator and power amplifier combina-

tion, modulated with the composite constant bandwidth subcarrier data, was

employed as the data relay transmitter. Satisfactory SNR performance was

achieved at the receiving station and multiple drop testing resumed.

The initial drop tests resulted in progressively poorer impact data

signatures. Further troubleshooting and testing was conducted and the

problem was traced to inadequate penetrometer battery charge capacity.

Penetrometer batteries were recharged and subsequent tests were run to

verify the test findings.

Multiple drop tests were again resumed and the basic overall system func-

tional performance of the Lunar Penetrometer System was successfully

demonstrated. A series of four tests were completed. Prototype Nos. 2

and 3 were "simultaneously" dropped from a height of 25 feet. Impact

velocities of 40 ft/sec were achieved. Excerpts of the real time data

recorded at the Aeronutronic ground station are shown on Figure 7-28. The g

values obtained were derived from Hyge captive calibration data for each

penetrometer. The f2v and f3v designations refer to "vertical" polariza-

tion reception channels for Prototype Nos. 2 and 3, respectively. The

"horizontal" polarization reception channels were similarly received with

good fidelity, although they were not excerpted for presentation. Because

the testing was conducted-at the very close of the program, only limited
time remained to qualitatively evaluate the test results.

The multiple drop test was considered an adequate functional demonstration

of the system operation; however, any real quantitative evaluation of system

performance would demand a more extensive detailed test and evaluation

program. Certain elements of the system, such as transmitter and antenna

switching operation, were not adequately demonstrated because of last

minute substitutions or earlier development delays. Morever, the one-shot

nature of the multiple drop test would constitute only a qualitative
demonstration of these elements at best.
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SECTION 8

RELIABILITY

8.1

in the following areas:

(i) Performing reliability tradeoff studies and analyses

(2) Performing and updating reliability predictions

(3) Establishing and updating a parts status list

(4) Supporting design review activities.

8.1.1 TRADEOFF STUDIES AND REDUNDANCY ANALYSES

Early in the program, a reliability tradeoff study was performed to

determine the optimum of the following two data relay configurations:

(i) A relay system for the salvo of eight penetrom-

eters, conslsting of two receiving antennas and

rf preselectors, a power divider, eight diversity

switches, eight receivers, eight SCO's, and one

transmitter and antenna;

(2) A relay system for the salvo of two sets of

four penetrometers This system is similar to

(I) except that there are only four each of

SUMMARY OF RELIABILITY ACTIVITIES

_=_ been active in Phase I of the Lunar Penetrometer Program
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the diversity switches, receivers, and SCO's. In

addition, a frequency switch is required for each

receiver.

The results of the study indicated that the probability of the system

functioning properly for all eight penetrometers is greater for (2) than

it is for (I). This was expected since there is less equipment which

must operate. However, (i) has a higher probability of successfully

providing the desired functions if any number less than eight of eight is

considered. That is, there is a higher probability of receiving and

transmitting data from at least seven of eight penetrometers with (I)

than with (2). Then, from an overall mission success standpoint of

returning some useful data from each flight, of the two systems considered,

(I) was reconlnended.

A redundancy analysis was performed to determine the reliability advan-

tage gained by having redundant transmitters in the data relay system.

It was predicted that a system with a single transmitter would have a

reliability of 0.975. Redundant transmitters increase the system relia-

bility to 0.979. These results indicated that there was not enough gain

in system reliability to warrant recommendation of redundant transmitters.

A comparative reliability evaluation of the data relay systems utilizing

scanning diversity and maximal-ratio diversity was performed. The scan-

ning diversity system analyzed utilized 8 receivers with diode switching

between antennas. The maximal ratio system utilized 16 receivers and

signal combining. This analysis indicated that the reliabili_ies of the

two systems were comparable: 0.975 for the scanning diversity, and

0.977 for the maximal ratio. From a component parts count, the maximal

ratio method is more complex than the scanning diversity method. A lower

reliability with the maximal ratio method might be expected; however,

an assumption was made that if any single receiver fails, there is a 60

percent chance that the other receiver can satisfactorily receive and

process the penetrometer signal.

An investigation was performed on the relative merits of solder joints and

resistance welded joints for high impact applications. Each of these

methods of making an electrical connection has merit for particular appli-

cations. Based on the results of a test program conducted by the Bell

System at their Columbus laboratory, it was determined that the solder

connection was best for the penetrometer application since it performed

best under shock environments. The basic assumption was made that the

solder connection was made properly. The i00 percent microscopic inspec-

tion by a qualified Q.C. inspector provides assurance that the soldering

is being done properly on the penetrometer.
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8. I..2 RELIABILITY PREDICTIONS

Early in the program, a rough-cut reliability prediction for the penetrom-

eter ball of 0.990 was made. This value was based on the very limited

information available on the system at the time.

At a later date the prediction was revised to a value of 0.983 and was

based on more updated information. The predominant factor in this pre-

diction was the estimate of the probability of solder joints surviving a
10 OOO o _.... *

The prediction of 0.9945, which is included in Paragraph 8.2 of this

report, is a further updated value based on the most recent information

available. The increase in reliability over the previous prediction was

due mainly to a higher probability of impact survival of solder joints

which was based on the additional shock testing performed without a solder
connection failure.

8.1.3 PARTS STATUS

A parts qualification status list for those parts used in the Prototype 1
penetrometer was prepared and submitted as a Dart of the prpl_m_n=_,,

An updated parts status list is included in Section 5 of this report.

8.1.4 DESIGN REVIEW ACTIVITIES

Reliability participated in the five design reviews held during Phase I

of the lunar penetrometer program. This participation included the criti-

cal review and comment on the design, the taking and publishing of minutes

and action items, and the follow-up required to assure successful comple-
tion of all action items.

8.2 RELIABILITY PREDICTIONS

8.2.1 SYSTEM RELIABILITY

The predicted reliability of the lunar penetrometer system is 0.954. This

is defined as the probability that all eight acceleration versus time pro-
files will be successfully transmitted to the CSM.

Since the successful functioning of all equipment is required for complete

mission success, the reliability model is merely a series system as shown

in Figure 8-1. The reliability of series systems is given by:

n

R system = W R i
i=l

8-3
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Where

R. =
i

n =

th
reliability of the i series element

total number of elements in the system

?r = an operational symbol denoting a repetitive product

containing n factors.

_ _ D_ _ fs_ r_
..... ,a. ,i.,t.,t,l_..u._ .L J_ L'_.

The predicted reliability of one penetrometer is 0.9945. The reliability

logic diagram for the penetrometer is shown in Figure 8-2. The subassembly

predictions sunTnarized in Table 8.1 were calculated utilizing the failure
rates contained in MIL-HDBK-217 and the methods described in MIL-STD-756A.

The following is a list of the assumptions made:

(i) All parts are electrically stressed at 60 per-

cent of maximum ratings. Since all of the

actual stress levels are not yet available, a

realistic average will be used.

is the maximum design limit.

(3) An environmental stress factor of i00 will be

used for the operational reliability predic-

tions. MIL-STD-756A lists an environmental

stress factor of 80 for missile equipment

under launch and/or boost environments and

the penetrometer high impact shock is con-
sidered more severe than the missile launch

and boost environments.

(4) The failure rate of the accelerometer is the

worst case value as listed in the FARADA

failure rate data. Sufficient inforn_tion is

not available to Justify a lower failure rate

even though it is suspected that the value

used is somewhat high.

8-5
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(s) The battery cell failure rate is the upper

limit value listed in the AVCO Corporation

"Reliability Engineering Series - Failure

Rates," dated April 1962. Sufficient infor-

mation is not available to justify the use

of a lower failure rate even though it is

suspected that the value used is somewhat

high.

• J .... _ ......... _ uf impact survivai oZ a
solder connection is 0.999995. This

estimate has been updated since the Pre-

liminary Report due to the numerous shock

tests performed on the module and ball
level without a solder connection failure.

(7) The failure of any one component or the

opening of any solder connection will fail
the mission.

TABLE 8. i

PENETROMETER SUBASSEMBLY RELIABILITY PREDICTION SUMMARY

Operational Probability of Subassembly

Subassembly Reliability X Impact Survival = Reliability

Accelerometer 0.9967 0.999995 0.9967

Battery Pack 0.9994 0.99998 0.9994

Timer & Regu-

lator 0.999988 0.99972 0.9997

Signal Elec-

tronics 0.99994 0.999 0.999

Transmitter 0.999981 0.9997 0.9997

Antenna Hybrid 0.99999998 0.999995 0.999995

Antennas 0.99999997 0.99998 0.99998

Penetrometer

Reliability 0.9945

The predicted reliability of the penetrometer has improved from 0.983

predicted in the Preliminary Reliability Report to the 0.9945 predicted

in this report on the basis of an improvement in the probability of impact

survival of a solder joint. Further improvement is possible in this area

as well as in the area of accelerometer and battery cell failure rates

resulting in an expected overall penetrometer reliability improvement.

8-7
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The math models and calculations of the subassembly reliability predic-

tions are shown in Tables 8.2 through 8.8.

TABLE 8.2

ACCELEROMETER RELIABILITY PREDICTION

-k_t
Operational Reliability = e = 0.9967

where

k -- environmental factor = i00

= operational failure rate = 200%/1000 hr, and

t = operating time z 1/60 hour.

n
Probability of Impact survival = (Ps) = 0.999995
where

P = probability of impact survival of one solder joint
s

= 0.999995, and

n = number of solder joints _ I.

Subassembly Reliability = (e-k t)

Part Type

Battery cell

-k t
Operational Reliability = e

where

k = environmental factor = i00,

(Ps)n = 0.9967

TABLE 8.3

BATTERY PACK RELIABILITY PREDICTION

Failure Rate

Quantity _%/lO00hr)

25 1.43

0.9994

= operational failure rate = 35.75%/1000 hr, and

t = operating time z 1/60 hour.

n
Probability of Impact Survival = (Ps) = 0.99998

where

Ps = probability of.impact survival of one solder joint

= 0.999995, and

n = number of solder joints = 30.

Subassembly Reliability = (e-k_t) (Ps)n = 0.9994

Total F.R.

<%/lO00hr)

35.75

8-8
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TABLE 8.4

TIMER AND REGULATOR RELIABILITY PREDICTION

Failure Rate Total F.R.

Part type Quantity 4%/1000 hr) 4%/1000 hr)

Resistor, Fixed

Carbon Comp ii 0.002 0.022

Capacitor,

Fixed, Ceramic 4 0.001 0.004

Diode, IN459 5 0.036 0.180

Diode, zener, VZ

7.18 1 0.036 0.036

Diode, zener,
IN4104 1 0.036 0.036

Diode, zener,
IN703A 1 0.036 0.036

Transistor,
2N2222A 4 0.072 0.288

Transistor,

dual, 2N3609 i 0.144 0.144

0.746TOTAL

-Kkt
Operational Reliability = e = 0.999988

where

k = environmental factor = I00,

X = operational failure rate = 0.746%/1000 hr, and

t = operating time = 1/60 hr.

of Impact survival = (Ps)n - 0.99972Probability

where

P = probability of .impact survival of one solder joint = 0.999995, and
s

n = number of solder joints = 57.

Subassembly Reliability = (e -I_t) (Ps)n s 0.9997

8-9



Part Type

Resistor, Fixed, Metal

film

Resistor, Fixed, Carbon

Comp.

Capacitor, Fixed, Glass

Capacitor, Fixed, Tantalum

Capacitor, Ceramic

Capacitor, Mica

Diode, FD829

Diode, IN4104

Transistor 2N2608 FET

Transistor _i16

Transistor. 2N3382 FET

Transistor_ 5U655A

Transistor dual, 2N3609 FET

Transistor dual, Md981

Integrated CKT, A702A

TOTAL

TABLE 8.5

SIGNAL ELECTRONICS RELIABILITY PREDICTION

Failure Rate

Quantity 4%/1000 hr)

Total F. R.

(%/lOOO hr)

27 0.024 0.648

9 0.002 0.018

2 0.0004 0.0008

6 0.016 0.076

9 0.001 0.009

i 0.007 0.007

6 0.036 0.216

I 0.036 0.036

I 0.072 0.072

I 0.072 0.072

i 0.072 0.072

2 0.072 0.144

2 0.144 0.288

I O.144 0.144

2 0.885 1.770

Operational Reliability = 3-K'-"_ = 0.99994

where

k = environmental factor = i00,

t = operating time - 1/60 hr,

= operational failure rate = 3.575%/1000 hr

of impact survival = (Ps)n = 0.999Probability
where

3.575

8-10

p = probability of impact survival of one solder joint = 0.999995, and
s

n = number of solder joints _,210.

Subassembly Reliability - (e=K_t) (Ps)n
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Part Type

Resistor, Fixed, Carbon

Comp. 17

Resistor, Fixed, Metal 12

Capacitor, Fixed, ceramic 21

Capacitor, variable, air 4

Capacitor, Feed-thru,
Mica 7

Diode, PCII6 (varicap) i

Transistor, 2N2563 3

Transistor, 2N3563 I

Transistor, 2N2564 i

Transistor, 2N3564 2

Transistor, 2N3866 2

Inductors 8

TOTAL

-K);
Operational Reliability - e

where

K - environmental factor - I00

TABLE 8.6

TRANSMITTER RELIABILITY PREDICTION

Failure Rate

Quantity 4%/1000 hr)

0.002

0.024

0.001

0.010

z

0.007

0.036

0.072

0.072

0.072

0.072

0.072

0.050

= 0.999981

X = operational failure rate - 1.166 %/1000 hr, and

t - operating time = 1/60 hour.

of Impact survival - (Ps)n - 0.99973Probability

where

P ffiprobability of impact survival of one solder joint
s

n = number of solder joints = 54.

Subassembly Reliability ffi(e -K_II:) (Ps) n = 0.9997

8-Ii

Total F. R.

(_/lOOO hr)

0;034

0.288

0.021

0.040

0.049

0.036

0.216

0.072

0.072

0.144

0.144

0.050

1.166

I



TABLE 8.7

ANTENNA HYBRID RELIABILITY PREDICTION

Operational Reliability - e - 0.99999998

where

K = environmental factor - i00

- operational failure rate - 0.001%/1000 hr., and

t = operating time - 1/60 hour.

of impact survival = (Ps)n = 0.999995Probability

where

P = probability of impact survival of one solder joint = 0.999995, and
s

n - number of solder joints - i.

Subassembly Reliability - (e-k_t) (Ps)n _ 0.999995

TABLE 8.8

ANTENNA RELIABILITY PREDICTION

Failure Rate

(%/1000 hr)Part Type Quantity

Antenna 2

-k_t
Operational Reliability - e

where

k = environmental factor = I00

Total F. R.

(%/1000

0.001 0.002

g 0.99999997

= operational failure rate - 0.002%/1000 hr, and

T = operating time - 1/60 hour.

of impact survival = (Ps)n = 0.999980Probability

where

P = probability of impact survival of one solder joint = 0.999995
s

n = number of solder joints - 4.

Subassembly Reliability - (e-klt) (P)n = 0.99998
s

8-12
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8.2.3 DATA RELAY EQUIPMENT

The predicted reliability of the data relay equipment is 0.9976. This

figure is an extremely rough estimate since little or no design informa-

tion is available on the data relay at the present time.

The subassembly predictions are summarized in Table. 8.9 and were based on

estimated parts count. The operating time of the data relay equipment was
assumed to be 1/5 hour.

TABLE 8.9

DATA RELAY EQUIPMENT
SUBASSEMBLY RELIABILITY PREDICTION SUMMARY

Subassembly

UHF Antennas (2)

Pre-ampliflers (2)

Power Dividers (2)

Diversity Switch Subsystem

Receiver, sub-carrler demod, and FM SCO (8)

Transmitter

Power Amplifier

VHF Antenna

Battery

Converter-Regulator

Data Relay Equipment Reliability =

Reliability

0.9999996

0.9998

0.9999

0.9997

0.9988

0.9998

0.9998

0.9999998

0_9999

0.9999

0.9976

The realiabillty logic diagram is shown in Figure 8-3.

The data relay equipment reliability predictions will be updated to more

accurate values during Phase II of the lunar penetrometer program.

8.3 PARTS STATUS LIST

An updated list of the parts used on the lunar penetrometer containing part

number identification, next assembly identification, manufacturer, MIL

specification number, Aeronutronic test history, other qualification

8-13
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history, and a statement on whether its qualified for the program or not
is included as Table 8.10.
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APPENDIX A

LUNAR PENETROMETER SYSTEM

TEST REPORT FOR PENETROMETER PROTOTYPE NO. 1

A.I INTRODUCTION

This appendix describes the test results for the Penetrometer Prototype

No. i, the first complete penetrometer to be subjected to environmental

and functional tests. The test work was started in accordance with a

written general test plan, but the procedures had to be modified during

the test sequence because of the condition of the test item. The follow-

ing sections of this report describe the test sequence in chronological

order, present the test results, and draw conclusions from the results.

A.2 TEST SEQUENCE

A. 2 .I ANTENNA PATTERN

The first test after complete assembly of the prototype was measurement of

the antenna pattern. The pattern was measured at the Aeronutronic antenna

range site with a spinning dipole in the standard method used previously

for development tests. Figure A-I is the measured pattern in the plane of

the polar loop. The small peaks in the pattern are due to the spinning

dipole used for measuring and indicate the polarization axial ratio. The

pattern shows the desired omnidirectional characteristics. The bonding of

the balsa impact limiter did not degrade the pattern.

A. 2.2 POWER OUTPUT REFERENCE

A measurement of relative radiated field strength was made to use as a

later comparison for power output. The penetrometer was placed in an

A-I
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enclosure of rf absorbing material, while the field strength was measured

at one known location. The receiving dipole was rotated about its axis

to obtain both minimum and maximum values of field strength. The test

setup and results are shown in Figure A-2. This measurement was made using
the internal battery power of the penetrometer.

A.2.3 BENCH TESTS

Bench tests were made with the assembled Denetrom_e_ _ m=° ..... _c I=__

arlty and frequency response characteristics. Signals from standard lab-

oratory generators were fed into the signal electronics test point via the

umbilical connector. The signal went to the "CALIB" point shown in the

schematic on Page 36 of the Seventh Monthly Progress Report, MPR-65-136.

The radiated signal from the penetrometer was received by an FM receiver

at 435 Mc. The 40 kc output signal was detected by a breadboard AM demo-

dulator. Thus, the measurements involved not only the penetrometer but

also a receiver and demodulator. Some difficulty was experienced in making

these measurements because of continual transmitter frequency drift.

Figure A-3 shows the measured frequency response characteristics. This

measurement included the characteristics of the demodulator filter and

part of the low-pass signal electronics filter. The voltage response was

found to be down 50 percent or 6 db at 2000 cycles/second.

Figure A-4 is a curve of the measured voltage linearity of the overall

penetrometer and receiving equipment. The curve shows the expected com-

pression effect for large signals. The knee in the curve is not as sharp

as desired but this may be due to instrument errors and excessive noise

pickup.

A.2.4 TEMPERATURE TESTS

Figure A-5 is a graph showing the transmitter frequency drift which occur-

red during the first two minutes after the penetrometer was turned on.

During these tests, there was a pronounced tendency for the penetrometer

to stay on several minutes longer than the normal 15-second period after

releasing the momentary switch.

At this time, the test probe was withdrawn from the test connector and

found to be wet and corroded. The test connector within the penetrometer

was also wet and corroded. A piece of litmus paper poked into the probe

hole gave a strong base reaction. The open-circuit positive battery

A-3
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voltage at this time measured approximately i0 volts instead of the normal

36 volts. It was concluded that the battery was leaking KOH electrolyte

and that the test plan would have to be modified. All subsequent testing

would have to be done with external power. The testing would have to be

accelerated and abbreviated because of the internal damage being done by

the leaking electrolyte.

A.2.5 HYGE CAPTIVE ACCELERATION TESTS

The next test was an acceleration calibration in the Hyge captive fixture

as shown in Figure A-6. Power was supplied by cables from external reg-

ulated supplies. The radiated signal from the penetrometer was received

to furnish both AM and FM signals for the oscillograph recorder. The out-

put from a reference accelerometer on the Hyge fixture was also recorded.

The record for the first test is shown in Figure A-7. The acceleration

along the polar axis consisted of a peak 433 g pulse followed by a peak

ii00 g deceleration. The maximum carrier frequency transient was about

40 kc. There was hardly any discernible AM output, indicating that the

accelerometer and signal electornics were not functioning. After the test,

strong tapping of th_ penetrometer failed to produce any acce]eration

output in the AM channel.

The second test was s r(,peat of the first except that a constant amplitude

1,000 cps calibration siena| was connected to the test point in the signal

electronics via the umbilical connector. This signal corresponded roughly

to a 200 g half-sine, l,O00 cps acceleration waveform. The oscillograph

test record is shown in Figure A-8. The acceleration experienced in this

test and the induced transmitter frequency transient were nearly identical

with the first test. During the movement of the penetrometer, the A_I

signal from the constant calibration signal varied in amplitude from 56

to 137 percent of its prior value, in a rather random manner not related

to the acceleration.

For the third test, the penetrometer was rotated in the fixture so the

acceleration axis was in the plane of the penetrometer equator. A con-

stant simulated acceleration signal was again fed into the signal electro-

nics. The test record is shown in Figure A-9. A transmitter frequency

jump of over I00 kc occurred at four places in the test record. These

jumps appear to be due to some component movement within the transmitter.

The AM output, corresponding to the constant calibration signal, had the

same random amplitude variations recorded in the previous test.

A.2.6 HYGE IMPACT TEST

The captive acceleration tests were followed by a hyge impact test in

which the penetrometer was thrown at 202 feet/second against a solid con-

crete block.
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For the test, the penetrometer was taped into a hemispherical cup on the

end of the Hyge ram. External power was supplied by an umbilical cable

which was anchored to a metal pin epoxied into the balsa limiter. Velocity

of the penetrometer was measured by a photo-cell trap near the impact block.

Figure A-IO is the oscillograph record for this test. A carrier frequency

shift of about 90 kc occurred during the launch acceleration of about 500

g_ As in the first captive hyge test, there was no AM output signal

corresponding to the acceleration sensed by the Den_t_o_. ..... . _._ exter-

nal powe_ leads sheared off at the outside of the test probe at the in-

stant of impact. Therefore, there was no measurement of transmitter fre-

quency transient during the impact acceleration of probably 7000 g.

Figure A-II shows the condition of the penetrometer after impact and also

shows the footprint area left on the steel plate covering the concrete

block. The diameter of the footprint measured on either the balsa limiter

or the impact plate was 6-3/4 inches. This amount of limlter crushing is

diagrammed in Figure A-12. The maximum crushed depth is shown to be 1.68

inches. The total available crushing distance over the antennas is 2.00

inches, and elsewhere is 2.50 inches.

The two painted stripes on the penetrometer cover, in Figure A-II, indicate

the interior locations of the two antenna loops. Thewider red stripe

indicates the loop in the equatorial plane.

A.2.7 POWER REFERENCE MEASUREMENT

A post-impact measurement was made to compare the radiated power to that

obtained after initial assembly. The procedure was the same as described

in Paragraph A.2.2. The results are shown in Figure A-2. The post-impact

measurement was slightly higher--probably indicating a change in field

pattern rather than a change in output power. Some of the change could

also be attributed to the use of external power, the presence of the

umbilical cable, and the general inaccuracy of the measurement method.

A. 2 .8 ANTENNA PATTERN

The antenna pattern measurement, described in Paragraph A.2.1, was repeated

except that external power was furnished to the penetrometer. The pat-

tern obtained is shown also in Figure A-I. When this pattern is compared

with the pre-impact pattern, it can be seen that no major change occurred

in the omnidirectional pattern of the antenna due to the severe impact

test.

A-13

i



SPEED TRAP

[
r-

MS

VELOCITY = 202 FT/SEC

___fc + 214 KC

CARRIER FREQUENCY

SUBCARRIER

FIGURE A-10. IMPACT TEST RECORD FOR PENETROMETER PROTOTYPE NO. 1

FO1123 U

A-14



A - 1 5  



6 31 IN

FOOTPRINT

DIA_TER

/

CRUSH

DISTANCE
_i. 68___

IN

I

i

PAYLOAD STRUCTURE [ I

DIAMETER I

J

4.5 IN

ANTENNA

DIAMETER

8.5 IN

LIMITER

DIAMETER

I
I

I
I

I

I
I
I

I
!

FOIII3 U

FIGURE A-12. PENETROMETER AFTER IMPACT

I

A-16 I

I



I

l

I

I
I
I

I
I
I

I

I
I

I
I
I

I
I

i

A.3 DISASSEMBLY PROCEDURE

A.3.1 STRUCTURAL INVESTIGATION

The crushed penetrometer was X-rayed in two orthogonal directions to look

for antenna damage before beginning the disassembly process. These views,

shown in Figures A-13 and A-14, indicate no distortion of the antenna

support was caused by the combined compression and shearing loads during

impact. The impact limiter was then removed from the penetrometer with

saw and chisel. Figures A-15, A-16, and A-17 illustrate the several

stages of removal and show where good bonding of the balsa occurred. The

epoxy did not adhere well to the metal structure of the inner payload.

Bonding to the teflon antenna support was excellent. No damage to the

antenna loops or their supports was noted. These elements had to be

hammered off the spherical structure.

A.3.2 LOWER HEMISPHERE INVESTIGATION

There was evidence that the lock ring nut about the equator had bottomed

during assembly before the lower hemisphere. This allowed epoxy to flow

into the threads and prevented intact removal of the lock ring nut. There-

fore, the lower hemisphere cap was removed in segments by machining grooves

through it and prying sections off. The encapsulated interior which was i

revealed was well potted. No cracks were apparent and there were only

small voids (probably produced by epoxy contraction during hardening). The

encapsulating epoxy was filled with silica and therefore opaque and too

hard to cut. To examine the battery cells and circuit board in the lower

hemisphere, this section was subjected to an epoxy dissolving solution.

This attempt was successful and the cells and circuit board were recovered

for further inspection. However, the solvent was very destructive to the

epoxy-glass-laminate circuit board and some electronic components.

Examination of the regulator/timer circuit board showed three diodes with

cracked glass cases. These diodes are identified as CRI, CR3, and CR5 on

Page 35 of the Fifth Monthly Report, MPR 65-108. The diodes eventually

became open-circuited due to handling, but it is thought they were electri-

cally functional when first disassembled.

The open-circuit voltages of the 24 individual battery cells were measured

and are reported in Figure A-18. As shown, only one cell was visibly

leaking electrolyte. One other cell was appreciably expanded and three

cells had reversed polarities. The four cells in the negative battery

appeared normal--all of the faulty cells were in the positive 20 cell

battery.

It appeared that the electrolyte had followed the thermocouple wire from

the battery area to the outside connector area. The pins in the connector

were badly corroded and conductive paths probably existed between them.

Electrolyte had not spread to,other areas within the penetrometer.
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FIGURE A - 1 5 .  PROTOTYPE PENETROMETER WITH BALSA SLICE REMOVED 

A-20 

1 
8 
I 



A-21 



I 
i 
1 
i 

FOlll6 U 

FIGURE A - 1 7 .  PENETROMETER AFTER IMPACT WITH BALSA LIMITER RE24OVED 

A - 2 2  



I

I

I

I

I

I

I

I

I

I

I

1

I

I

I

I

I

I

POLARITY REVERSED/

EXPANDED
CELL

®®@
® ® @

@ .LEAKING CELL

FOIII2 U

FIGURE A-18. OPEN-CIRCUIT CELL VOLTAGES AFTER DISASSEMBLY

A-23



A.3.3 UPPER HEMISPHERE INVESTIGATION

The accelerometer was removed from the upper hemisphere by machining

through the center support structure from the bottom side. It was noted

that the accelerometer cavity was filled with potting as planned. The

electrical resistance and capacitance of the accelerometer was measured

and found to be normal. The accelerometer was then subjected to normal

calibration shocks and found to give only i0 percent of its normal output

level. The unit was then X-rayed with the results shown in Figure A-19.

If this X-ray is compared with the X-ray of a normal unit, such as shown

on Page 45 of the Sixth Monthly Report, it is seen that the majority of

the opaque "liquid" within the ceramic spherical shell leaked to the

interior of the metal case. The reduced mass within the piezoelectric

shell would account for the reduced output.

With the accelerometer removed, attempts were made to apply calibration

signals to the signsl electronics through the accelerometer connector.

An intermittent electrical condition was discovered--it took twenty min-

utes to warm upbefore the applied signal would properly modulate the

transmitter. The trouble was in the initial stages of the signal electron-

ics. between the INPI_ and CALIB points as identified on the schematic of

Page 36 in the Seventh Monthly Report. The intermittent condition was

affected by a large change in temperature of the sphere--but apparently

not by hammer taps.

The transmitter frequency was normal and the 40 kc internal chopper func-

tioned properly.

At this point in the testing sequence, it was decided that the penetrometer

was no longer useful in furnishing information because of the internal

intermittent condition and the damage done during disassembly. There

seemed to be no way to further disassemble the unit for diagnostic tests

without incurring additional damage.

A.4 TEST CONCLUSIONS

The tests reported by this document did qualify the design of many sub-

systems within the penetrometer. Unfortunately, the failure of the inter-

nal battery, which was probably due to misuse, prevented certain needed

tests. There were some subsystems which were expected to show inadequate

performance because of their development status, and this did occur. Also,

there were subystem failures which had not been anticipated; fortunately,

design changes were made to correct these deficiencies before another

prototype model was built. The following paragraphs will describe the

results, failures, and probable failure causes for each of the subsystems

within the penetrometer.
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A.4.1 ANTENNA

The test results showno substantial changes in the antenna pattern due
to the high velocity impact. Further, no mechanical damageto the antenna
loops or their supports was noted. The crushing impact was in a quadrant

of the sphere between loops so that the antenna supports were subjected to

compression and shear. Therefore, the mechanical design of the antenna

was Judged satisfactory. An additional desirable test would be a high

velocity impact directly over the antenna feed loops.

A.4.2 ACCELEROMETER

The test results indicate that the accelerometer failed some time during

the test sequence by leakage of the "fluid" from the piezoelectric sphere.

It is believed that this happened during initial bench testing, or pos-

sibly during assembly of the penetrometer. The failure has not been fully

analyzed, but is believed due to improper sealing of the fill hole with

epoxy. The cure would seem to be better assembly and inspection techniques

by the vendor.

A.4.3 BATTERY

The battery failed during the tests by leakage of electrolyte and failure

to retain a charge. This occurred before any real environmental extremes

were experienced. There is evidence that the battery was overcharged

during the penetrometer assembly procedure. The battery was charged with

a Yardney charger which had excessive ac in its output. The charge limit-

ing voltage was set by a meter which read average voltage, but the battery

charged to the peak voltage. Additionally, the two sections of the battery

were charged in series despite their prior discharge at different rates.

The individual cells had not been selected to have equal charge capacities.

It appears that similar battery failures in the future can be avoided by:

(I) Selecting cells for similar capacities.

(2) Charging cells individually or in small groups.

(3) Carefully monitoring cell voltages during charging

to avoid overcharging.

The final discharged condition of the positive battery was probably due

to conduction in the test connector caused by leaking electrolyte.

A.4.4 POWER REGULATOR/TIMER

There was no evidence of power regulator/timer failure in the prototype

except for the visible cracks in the glass diodes after the disassembly.
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These cracks could have been caused by the disassembly actions or have

been caused by the epoxy shrinking. A recommended prevention action would

be to coat all glass diodes with silicone rubber before they are encapsu-

lated with epoxy.

The observed condition of the timer not turning off predictably could '

have been due to noise pickup in the long leads or more likely due to

conductance in the test connector from leaking electrolyte.

A.4.5 SIGNAL ELECTRONICS

Failure of the accelerometer prevented the observation of the signal

electronics characteristics during most of the tests. The post disassembly

findings, and the actions during two of the captive Hyge shocks, indicated

some sort of intermittent, erratic condition existed in the signal elec-

tronics. Unfortunately, there were not enough external test points to

fully diagnose this behavior. Therefore, it will have to be assumed that

this trouble, which had not occurred on previous modules, was caused by a

faulty component or an improper connection.

It is recommended that future prototypes have additional external test

points for the signal electronics. It is recognized that connector limi-

tations and impedance considerations place restrictions on such test points.

A.4.6 TRANSMITTER

The oscillator module within the transmitter was known to have poor shock

and temperature characteristics when the penetrometer was assembled. The

module used thin brass walls and all components were comPletely encapsulated.

The improved oscillator modules were not available at time of assembly.

The oscillator did not meet either shock or temperature stability require-
ments. In captive Hyge tests, an acceleration of I000 g produced at least

a 40 kc frequency transient at the output frequency of 435 Mc. The trans-

mitter output frequency varied considerably with temperature and always

drifted about 170 kc in the first two minutes of operation. These were

not unknown problems and consequently they were being separately analyzed

and solved. The transmitter did not exhibit any permanent changes due to

shock and no unsuspected troubles were encountered.

A.4.7 STRUCTURE

The metal structure passed the severe impact test satisfactorily. No

permanent deformation of the structure was observed. As previously men-

tioned, the balsa impact limiter was not well bonded to the outside of the

metal sphere, but this in no way caused trouble. However, it is recom-

mended that the metal surface be treated differently in future models to

enhance the adhesion of the epoxy.
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A.4.8 IMPACT LIMITER AND COVER

This particular penetrometer model had the fiberglass cover, but not the

thin mylar covering. The mylar covering is mainly for a moisture seal in

vacuum and was not needed in these tests.

The depth of balsa crushing experienced in the impact test agreed closely

with the predicted value. There was no acceleration measurement obtained

within the sphere during the impact, but it is presumed by analogy that

the deceleration was limited to 7000 g. There was no evidence of payload

movement, or cannon-bailing, within the limlter. Small voids were noted

in the glue joint between limiter halves but these were not considered

serious. In general, the impact limlter design appeared successful.
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APPENDIX B

TEST REPORT FOR PENETROMETER PROTOTYPE NO. 2

B.I INTRODUCTION

This report describes the test results for the Penetrometer Prototype

No. 2, the second complete penetrometer to be subjected to environmental

and functional tests. As in the previous tests of Prototype No. i,

tests were performed in accordance with a general test procedure. Varia-

tions and modifications of the test procedures and sequences were neces-

sary, however, because of an unfortunate incident in the final assembly
of the test item.

During the installation of the impact limiter on Prototype No. 2 penetrom-

eter, both umbilical plugs and an aluminum tube used to protect the um-

bilical plug from being encapsulated were inadvertently encapsulated in

the limiter. The silicone grease liberally applied to prevent any such

bonding completely failed in this function. This has never happened before

in much prior usage, and no explanation has yet been found.

Although some limited drop testing could have been accomplished with the

probes left in_ there was the danger of permanent circuit or battery

damage due to shorted external leads and a probability of unreliable con-

nections due to the silicone grease in the umbilical connectors. The

decision was made to attempt to remove the umbilical plugs and the alumi-

num protective tube. The round battery umbilical was removed without

incident. When removing the aluminum tube surrounding the square umbili-

cal plug, the teflon insulation on the wires remained bonded to the tube,

leaving bare wires at the umbilical plug down at the bottom of the probe

hole. This plug contained wires for the trigger input, +I7V, -3.3V,

calibration signal, and external power. Although utmost care was taken

B-I



to prevent shorting when these wires were cut, the extremely small pin

spacing on the plug make this very difficult. It is believed that the

drain of the second stage MOS-FET was shorted to +17 volts through the

calibration lead. This device was found to be defective following

signal electronics disassembly.

The following paragraphs describe the subsequent test sequence and

results obtained, in the order performed, with general conclusions

drawn from the results.

B.2 TEST SEQUENCE

B.2.1 BENCH CHECKOUT

Bench tests were scheduled employing the assembled penetrometer in

conjunction with standard laboratory test equipment and a single data

relay receiving channel. A turn-on transient test, linearity test and

a qualitative standard "tapping" acceleration test were the principal

tests in this category. The penetrometer was operated using external

power and rf carrier reception obtained via an auxiliary antenna.

ao Turn-On Transient Test. Operating with external power and

Prototype No. 2 at essentially room temperature, temperature and

frequency stability checks were made by monitoring the rf and data

channel outputs. Temperature and rf frequency measurements were obtained

and are shown in Figures B°I and B-2. The basic test setup is also

shown in Figure B-2. A data channel output was not obtained at this

point because of the observed rf carrier frequency difference, i.e., the

penetrometer transmitter frequency was approximately 432.4 MHz while the

relay receiver channel was fixed-tuned to 432.0 MHz.

Because of the basic frequency offset, attributed to epoxy dielectric

constant changes over a long cure time, the relay receiver channel was

modified to accept an external local oscillator signal to provide a

flexible tuning capability for subsequent testing.

b. Linearity Test. Adc calibration level was injected at the

signal electronics test point via the umbilical connector to measure

overall linearity of the penetrometer relay receiver and AM demodulator

channel. The test point in the case of Prototype No. 2 provided

connection to the drain of the second stage MOS-FET, i.e., pin i of

Q3 (2N3609), and was a revision from that employed in the Prototype

No. I design (see 7th Monthly Progress Report, MPR 65-136). No output

was observed in response to a variation in the input stimulus. A

small residual 40 KHz subcarrier modulation signal level was observed

at the output of the relay receiver FM discriminato_ however, and was

noted to be approximately 5 to i0 percent of full-scale channel

deviation (i.e., ± 160 KHz). It was concluded that a malfunction within

B-2
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the signal electrdnics module had made impossible further tests requiring

operation of the signal electronics. Revisions were made in the subsequent

test sequence, therefore, to eliminate tests where the penetrometer had

to measure acceleration.

c. Tapping Test. The tapping test was employed prior to reaching

the aforementioned decision to alter the test sequence. By means of this

test, operation of the accelerometer and signal electronics up to the

test point was tested. No output was observed when shocking the penetrom-
_ter with a maiiet.

B.2.2 POWER OUTPUT REFERENCE

A measurement of relative radiated field strength was made, as in

Prototype No. i tests, to use as a later comparison for power output.

The penetrometer was placed in an enclosure of rf absorbing material

while the field strength was measured at one known location. The

receiving dipole was rotated about its axis to obtain both minimum and

maximum indications of field strength. The test setup and results are

shown in Figure B-3. This measurement was made using external power.

B.2.3 CHARGE BATTERY

The next step before proceeding to Hyge captive shock testing was to

recharge the battery. During previous final assembly checks, one set of

four-cells (18 to 24 volts) was observed to be low. Recharge at this

point ensured peak battery performance going into the captive tests.

Table B.I shows the pre- and post-charge no-load terminal voltages

observed.

B.2.4 HYGE CAPTIVE ACCELERATION AND VIBRATION TESTS

The captive acceleration and vibration tests were physically arranged

as in the Prototype No. I testing (see 8th Monthly Progress Report,

MPR 65-156). A variation in the umbilical cabling operation was

incorporated with the penetrometer operating on internal power during

all dynamic Hyge testing. Tests were therefore programmed to occur

within the 15 second timer-controlled operating period.

The acquisition of penetrometer acceleration data was not possible

during these tests because of previously reported problems apparently

occurring in the signal electronics.
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Recorder No.

TABLE B.I

PROTOTYPE NO. 2 BATTERY DATA

No-Load Voltage dc

Cell Group Identification Pre-Charge Post-Charge

i +24 to +31.5 v 5 cells 8.3 s_7

6 +18 to +24 v 4 cells 4.4 7.2

3 +12 to +18 v 4 cells 6.5 7.4

4 +6 to +12 v 4 cells 6.6 7.3

5 0 to +6 v 4 cells 6.6 7.4

7 0 to -6 v 4 cells 6.6 7.3

The radiated signal from the penetrometer was received via an auxiliary

antenna to a primary FM receiver to furnish FM carrier monitor signals

for the oscillograph recorder. With the signal electronics inoperative,

no AM data were anticipated. RF frequency measurements were made at

various stages in the tests. The output from a reference accelerometer

on the Hyge fixture was also recorded. The overall test setup is shown

in Figure B-4.

An initial captive test was run with acceleration applied along the

polar axis utilizing the LPS relay receiver, with an external local

oscillator signal furnished by an HP 608C signal generator, as the sole

receiving element. Erroneous indications (following the shock pulse)

were observed in the data traces which were later found to be attributed

to the external local oscillator test equipment seismic shock sensitivity.

The valid information obtained was therefore restricted to pre- and

post-run frequency measurements and is shown in Table B.2. The second

test was a repeat of the first with a substitute FM receiver, the

AN/FRW-3 Collins (crystal controlled), utilized as the primary receiving

element. The record of this test is shown in Figure B-5. The

acceleration along the polar axis consisted of a 440 g pulse followed

by a peak 1070 g deceleration. The maximum carrier frequency transient

was about i0 KHz. Frequency measurements taken before and after are
shown in Table B.2.
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TABLE B. 2

HYGE TESTS - RF FREQUENCY MEASUREMENTS

(PROTOTYPE NO. 2)

Frequency MHz

Power Test I Test 2 Test 3 Hyge

Time Source Captive Captive Captive

Pre-run External 432.420 432.402 432.418 432.404

Pre-run Internal 432.397 432.364 432.371

Post-run Internal --- 432.288

Post-run External 432.366 432.406 --- 432.420

For the second test, the umbilical cable was left in the penetrometer so

that the regulated +17 volt supply from the internal battery could be

monitored during the shock. Figure B-5 shows no variation in this

voltage during the test.

A third test was staged with the penetrometer oriented in the Hyge

fixture so the acceleration axis was in the plane of the penetrometer

equator. An acceleration profile essentially the same as that applied

in the previous tests was obtained. The test record is shown in

Figure B-6. The initial peak acceleration applied was 450 g followed by

a peak 1060 g deceleration pulse. The observed peak carrier frequency
shifts were noted as 32 KHz and 19 KHz. The +17 vdc monitor demon-

strated a satisfactory performance level which was maintained throughout

test duration. The rf frequency checks made as shown in Table B.2.

There were no anomalies observed during this test period.

B.2.5 ANTENNA PATTERN

A revision in the test schedule resulted in the antenna pattern test

following the initial Hyge captive test. Chronologically, this placed

it between captive tests i and 2. The pattern was measured at the

Aeronutronic antenna range site with a spinning dipole in the standard

method previously employed for Prototype No. I and development tests.

Figure B-7 is the measured pattern in the polar plane with the penetrometer

operating on external power. Polarization axial ratio is exhibited in the

small pattern peaks and results from the spinning dipole measurement

method. The pattern shows the desired omnidirectional characteristics.

The bonding of the balsa impact limiter and the initial Hyge captive test

did not degrade the pattern.
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FIGURE B-7. PRE-IMPACT ANTENNA PATTERN FOR PENETROMETER PROTOTYPE NO. 2
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B.2.6 HYGE IMPACT TEST

Following the Hyge captive tests was the "free ball" Hyge impact test

in which the penetrometer was thrown at 198 ft/sec against a rigid

concrete steel target. In this test the penetrometer was taped into a

hemispherical cup on the end of the Hyge ram. As in the captive tests,

internal power was employed with pre- and post-test external power and

special monitoring furnished via the umbilical cable. Velocity of the

penetrometer was measured by a photo-cell trap near the impact block.

The umbilical connector was pulled out seven seconds before firing, and

therefore, internal voltage was not monitored.

Figure B-8 is the oscillograph record tracing of this test. The

penetrometer was thrown with the antenna feed loop forward. During free

flight the ball rolled about 20 degrees and hit at a velocity of

198 ft/sec. The imprint of the impact on the target was 6-3/4 inches in

diameter, indicating a crush depth of about 1-5/8 inches into the balsa

limitero The observed peak carrier frequency shift was 48 KHz occurring

during about a 3/4 millisecond impact. This is very close to the design

objective of 45 KHz, and is well within the allowable shift.

This amount of limiter crushing is identical to that observed in

Prototype No. i tests. Upon switching to internal power, carrier

frequency drift was noted to be higher than normal. The battery pack

was adjudged low and checked that way in the post checks. Good SNR

performance, however, was observed in the noise-free detection of the

carrier.

B. 2.7 POST IMPACT TESTS

a. Battery Checks. Post-test battery checks resulted in no-load

battery voltage levels of 7.8, 4.4, 6.3, 6.2, and 6.35 volts, respectively.

Upon comparison with the pre-test results of Table B.I, the low voltage

groups of cells was again shown to be low in capacity.

b. Antenna Pattern. The antenna pattern measurement was repeated.

Figure B-9 shows the measured results. Again the pattern depicts the

desired omnidirectional characteristics, showing no degradation as a

result of the severe Hyge testing.

c. Power Output Reference. The power output reference check was

repeated with the results shown in Figure B-3. Relatively little change

was observed between pre- and post-test results.

B.3 DISASSEMBLY INVESTIGATION

Following the Hyge impact, the impact limiter and antenna were removed.

The top hemispherical dome was cut off in thin sections in a lathe. A

hot air gun and probe were used to remove the silica-loaded epoxy
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FIGURE B-9. POST-IMPACT ANTENNA PATTERN FOR PENETROMETER PROTOTYPE NO. 2
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surrounding signal electronics interconnection wires. This allowed use

of a milling machine to remove the signal electronics protective cover,

after which the two boards were separated by clipping interconnection

posts. Both signal electronics boards were removed intact and bench

tested. These tests verified the vailure of the second stage MOS-FET.

The preceding disassembly operations allowed access to the modulation

input terminal of the transmitter. Tests showed that 40 KHz signals

applied to this terminal would modulate the transmitter in a normal

manner. Therefore, it was concluded that the penetrometer Prototype No. 2

was suitable for rebuilding by replacing the signal electronics module

and the other removed hardware. This reconditioning of Prototype No. 2

was initiated in parallel with the buildup of Prototype No. 3.

B.4 CONCLUSIONS AND TEST RESULTS

Certain conclusions and observations may be made as a result of the

test findings. The difficulty in freeing the probes following limiter

bond, with the subsequent shorting failure of the signal electronics

module, impaired the evaluation and test of a complete penetrometer

assembly. It was possible, however, to gain test data on all other

operating subassemblies. The design improvements arising from Prototype

No. 1 testing resulted in an improved prototype model which minimized

previous deficiencies. Obviously, some final assembly problems occurred

which will be eliminated in Prototype No. 3 by design changes. The

following paragraphs denote conclusions and/or observations made,

according to subassemblies.

B.4.1 ANTENNA

The electrical and mechanical integrity of the antenna subassembly was

again demonstrated by the results of the Penetrometer Prototype No. 2

testing. The effect of a high velocity impact in the vicinity of the

antenna feed loop was satisfactorily evaluated. No degradation in

omnidirectional characteristics was noted.

B.4.2 ACCELEROMETER AND SIGNAL ELECTRONICS

Failure of signal electronics operation prevented the evaluation of

the accelerometer and signal electronics subassemblies. However, the

signal electronics did not fail due to shock or faulty construction. As

explained before, it _s believed that the signal amplifier was acciden-

tally shorted to a battery voltage while attempting to remove the

umbilical connector which had been erroneously epoxied in the impact

limiter.
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B.4.3 BATTERY AND POWER REGULATOR/TIMER

Battery operation was satisfactory except for the degradation in

performance of the 18 to 24 volt cell grouping. This did not hamper the

testing of Prototype No. 2 described herein. It certainly contributed

to the low capacity performance noted at the conclusion of the final

Hyge test. The power supply regulator and timer were found to operate

satisfactorily throughout Prototype No. 2 testing. More than ten cycles

of timer controlled operating periods were obtained successfully durin_

......._ ..... v= muLLituring of the +17 volt power regulator during

captive tests 2 and 3 showed no adverse effects from low level shocks.

Degradation in battery performance actually was observed prior to

Prototype No. 2 system tests, i.e., during hammer testing operations.

Probably one cell in the 18 to 24 volt cell grouping is under voltage.

Charging operations resulted in bringing the cell group up to acceptable

performance levels for the few cycles required in the test sequence.

B.4.4 TRANSMITTER

The important observation made in Prototype No. 2 tests regarding

transmitter performance is the fact that only a 48 KHz frequency

transient occurred at Hyge impact. The transmitter, as in Prototype

No. I tests, did not exhibit any permanent changes due to shock and no

basic problems were encountered.

Data taken in the initial turn-on transient test depicts the temperature

and frequency stability characteristic for a completely assembled

penetrometer for a specific set of conditions (see Figures B-I and B-2).

Additional testing of complete penetrometer assemblies is required

before any final conclusions are reached regarding overall temperature

and frequency stability characteristics. For example, repeated test

runs for varied (soak temperatures) initial conditions would yield a

more complete performance picture over the anticipated operational

temperature regime.
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APPENDIX C

TEST REPORT FOR (REFURBISHED) PROTOTYPE NO. 2

C.I INTRODUCTION

This appendix describes the test results for the refurbished Penetrometer

Prototype No. 2. Complete functional operation of an omnidirectional

penetrometer was achieved during this test sequence.

As reported in Appendix B, a malfunction in the signal electronics second-

stage MOS-FET of the original Prototype No. 2 prevented operation of the

acceleration sensing function. The refurbishing operation, therefore,

consisted of removing the limiter, the antenna and antenna spacers, and

machining off the structure upper hemisphere to gain access to the signal

electronics assembly. The signal electronics failure was attributed to

the additional handling and rework operations that were required in the

process of removing the umbilical connectors which had been inadvertently

potted into the limiter during the original final assembly sequence. The

signal electronics assembly was successfully replaced and Prototype No. 2

reassembled, incorporating design changes scheduled for Prototype No. 3.

In an effort to minimize further delays, the test sequence was modified

to expedite the acquisition of impact test data. The following sections

describe the test sequence employed and the results obtained, in the order

performed; general conclusions are drawn from the results.

C-I



C.2 TESTSEQUENCE

C.2. i BENCHCHECKOUT

Bench tests were run employing the refurbished _enetrometer in conjunction
with standard laboratory test equipment and a modified data relay receiving
channel. Themodification allowed use of an external local oscillator
signal to permit 432.4 MHzrf frequency reception. A turn-on transient
test, linearity, and a qualitative standard tapping test were identified
as the principal tests in this category. The penetrometer was operated
using external power, and rf carrier reception was effected via an
auxiliary antenna.

a. Turn-On Transient Test. Operating with external power and

Prototype No. 2 at essentially room temperature, temperature and frequency

stability checks were made by monitoring the rf and data channel outputs.

Temperature and rf frequency measurements were obtained and are shown in

Figure C-I. The basic test setup is also shown in Figure C-I. A data

channel output was also obtained and is shown in Figure C-2. Results

denoted an output voltage variation encompassing a 30-second duration but

not exceeding 2.7 percent of data channel bandwidth, or about 30 g, based

upon Hyge captive calibration data. The initial transient decay was missed,

as the recorder start followed the actual turn-on by a few seconds.

b. Linearity Test. An ac 500 Hz sine wave calibration signal was

applied at the signal electronics test point, and an output was obtained

through the overall relay receiver and AM demodulator channel. Operation

was observed to be excessively noisy, and incremental input voltage steps

did not produce satisfactory output data. Subsequent checks revealed the

problem to be the combination of high signal levels with large deviations

causing a blocking of the LPS receiver. Linearity data were not obtained

at this time, and a decision was made to continue testing with careful

monitoring of signal strength into the LPS receiver while also employing

an auxiliary receiver, the AN/FRW-3 Collins receiver. The tapping test

was not attempted at this time.

C.2.2 CHARGE BATTERY

Before proceeding into the field test impacts, the penetrometer battery

was recharged. As reported in the earlier Prototype No. 2 tests, one

set of four cells (18 - 24) was observed to be low. Table C.I shows the

post-charge and interim-post-test no-load voltage readings; that is,

the interim period involved three cycles of internal power.
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TABLE C.I

PROTOTYPE NO. 2 BATTERY DATA

No-Load Voltage - dc

Cell Post Post

• . v

24 to 31.5 7.9 7.9

18 to 24 5.2 4.8

12 to 18 6.2 6.2

6 to 12 6.2 6.2

0 to 6 6.25 6.3

0 to -6 6.4 6.4

C.2.3 FIELD TEST IMPACTS

Four field test impacts were conducted into Nevada 120-2 sand at nominal

test velocities of 20, 50, and 85 ft/sec. In each case, the penetrometer

was operated on internal power, and impact data were obtained via the

432.4 MHz _ radio penetrometer-to-data relay channel link.

The tests were conducted at the LPS impact research test site using the

MDI accelerator. The target material was conditioned prior to each impact

by aeration with dry nitrogen gas at 400 psig for I minute. A 20-minute

period was allowed for settling of the target material prior to impact.

Impact speed was determined from photoelectric speed trap data, including

corrections for the static l-g earth accelerating field acting on the

specimen while it was in the speed trap.

The penetrometer was operated on external power through its umbilical

connector until 7 seconds prior to firing, at which time removal of the

umbilical connector was executed, leaving the penetrometer on internal

power. Figure C-3 shows the test setup. Data were recorded on direct

readout oscillograph paper at I00 ips. High-frequency response in the data

channels was limited by the recorder galvanometers to 3 KHz. All pertinent

test results are listed in the succeeding tables. Figures C-4 through C-7

are tracings of the analog data. References to acceleration derived from

the penetrometer subcarrier information were obtained from the transfer

function (Figure C-8). Tables C.2 and C.3 indicate the tabulated

impact results and rf frequency checks obtained during the tests.
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Field
Test Velocity
No. (ft/sec)

I 19.1

4 18.7

2 51

3 88

TABLE C.2

FIELD TEST DATA - IMPACT RESULTS

Accelerator Derived Depth
Peak of

Fire Cushion Sub- Peak Acceler- Penetra-

Pressure Pressure carrier Carrier ation tion

(psig) (psig) (kc) FM (kc) (g) (in.)

157 i00 22 1.9 170 2.5

157 I00 43 4.3 330 3.0

235 i00 63 12 480 4.0

340 I00 86 25 660 4.2

Time

Pre-Run

Pre-Run

Pre-Run (-i sec)

Post-Run

TABLE C.3

FIELD TEST DATA - RF FREQUENCY CHECKS

RF Frequency Data (MHz)

Power Test 1 Test 2 Test 3

External 432.442 432.440 432.427

External - 432.405 432.448

Internal - 432.400 432.406

Internal - 432.396 432.399

Test 4

432.381

432.373

C.2.4 BATTERY CHARGE

Following the Field Test Impacts and prior to the hyge captive calibrations,

the penetr0meter battery was recharged to typical post-charge levels.

Table C°4 shows the pre-charge, typical post-charge and post-test (three

cycles of internal power) no-load voltage readings.
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TABLE C.4

PROTOTYPE NO. 2 - BATTERY DATA

No-Load Voltage_ dc
Cell

Identification Typical

_, ..... f ........ _ ._ ..... _ _v_ _v_,_v _ / _

24 to 31.5 7.7 8.7 7.8

18 to 24 4.6 7.2 4.4

12 to 18 6.25 7.4 6.3

6 to 12 6.25 7.3 6.3

0 to 6 6.25 7.4 6.35

0 to -6 6.3 7.3 6.4

C.2.5 HYGE CAPTIVE CALIBRATION TEST

Prototype Penetrometer No. 2 was subjected to high-velocity, transient

shock motions along three orthogonal axes using the Aeronutronic Hyge

facility. The penetrometer was held captive in a fixture on the end of

the accelerator ram. A Kistler 808A accelerometer was used on the cap-

tive fixture to provide reterence acceleration data.

External power and control signals were applied to the penetrometer

through its umbilical connector, which was released 7 seconds prior to

firing the Hyge. Penetrometer data were obtained via rf link, as was done

in the earlier field tests.

All dynamic data were recorded on direct readout oscillograph paper at

I00 ips. The frequency response of each channel was limited to 3 KHz by

the recorder galvanometer. Hyge fire-pressure and cushion-pressure were

1150 psig and 115 psig respectively for all tests.

The data were reduced by comparing the penetrometer subcarrier demodulator

output amplitude to the reference accelerometer signal at corresponding

time points for acceleration values in the range of 0 to +450 g to -ii00 g.

Figure C-8 shows the three transfer functions on one graph for easy

comparison.
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Table C.5 lists rf frequency checks made before and after the individual

calibration runs.

TABLE C.5

RF FREQUENCY CHECKS - HYGE CALIBRATION

Frequency MHz

Time Power Test A Test B Test C

Pre-Run External 432.379 432.388 432.405

Pre-Run Internal 432.354 432.344 432.344

Post-Run Internal 432.321 -

C.2.6 PENETROMETER ELECTRICAL CALIBRATION

Laboratory tests were conducted to investigate the electrical calibration

difficulties encountered during the earlier bench tests. The receiver

blocking problem was eliminated as a factor by careful adjustment

(attenuation) of signal input levels into the LPS receivers during any

and all subsequent tests. An auxiliary FM receiver, the AN/FRW-3

(Collins), which possesses a wide input signal dynamic range capability,

was also employed as an alternate receiver during tests.

Electrical calibrations were made for several types of waveforms, for

example, full-sine, half-sine, and triangular. Since signal electronics

is unidirectional, it responds only to the positive-going portion of an

applied waveform. It was verified on a scope presentation that use of a

500 Hz full sine wave yielded results approximately the same as for a

half-sine of equivalent period. The plot of Figure C-9 shows results of

two different type calibrations. The oscillograph readout data were obtained

prior to the Hyge captive test, while the pulse-type oscilloscope-derived

data were obtained a week later. The former utilized a 500 Hz full sine

wave into the penetrometer test point, while the latter input signal was a

I ms half-sine pulse with a long duty cycle. The knee of the compression

point occurs at about 320 g. Figure C-8 of the Hyge calibration run

shows the knee to be about 680 g. The electrical and actual g calibra-

tions appeared to differ, therefore, by about a factor of 2. No immediate

explanation of this difference was found. It should be noted that the elec-

trical calibration test point occurs following a unity gain differential

amplifier input stage and signal attenuator circuit in the signal elec-

tronics. The omni-accelerometer works into the unity gain input stage.

Some form of loading or reduction in sensitivity of this segment of the

acceleration-sensing function could account for the stated difference.
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The exact cause will have to be determined at a later date; meanwhile,

the "real" or actual g calibration versus peak deviation will be employed

in all subsequent data interpretations.

C.2.7 ANTENNA PATTERN AND FIELD STRENGTH

To document antenna pattern data for the refurbished Prototype No. 2, a

pattern was taken and is shown in Figure C-10. No pre-test patterns

were made because of various scheduling problems affecting the conduct

of tests. Relative field strength readings were similarly taken only

once. The minimum and maximum relative power output readings taken were

-10.5 db and -8.5 db, respectively. The total field relative to Prototype

No. i total field data was noted to be -7.0 db.

C.2.8 FIELD TEST HYGE IMPACT

Prior to the "free ball" Hyge impact, the penetrometer battery was

recharged to the typical post-charge no-load voltage levels. For the

subsequent rigid impact test, Prototype No. 2 was thrown against a rein-

forced concrete block with a steel cover plate using the Hyge facility

to throw the projectile. Data were obtained and recorded in the same

manner as in the calibration tests described above.

The impact speed was 198 ft/sec, resulting in a balsa limiter crush depth

of 1-9/16 inch. Figure C-II illustrates the data recording and test

setup information. Figure C-12 is a tracing of the recorded penetrometer

data at impact. Applying the transfer function of Figure C-8 to the

subcarrier modulation data of Figure C-12 shows a peak shock during the

impact of only 2400 g. The mechanism of the erroneous result is not known,

nor is it known why the 70 percent zero-shift occurred.

C. 2.9 POST-IMPACT CHECKS

Operation of the penetrometer was satisfactorily checked for basic

electrical performance integrity following the rigid impact test. Subse-

quent laboratory checks resulted in the linearity and frequency response

data shown in the plots of Figures C-13 and C-14_ respectively.

The linearity or calibration data are seen to have the knee at about 320 g,

which agrees with the pre-impact test data shown in Figure C-9. However,

differences in peak deviation at the corresponding knee points may be

noted and are attributed to the difference in readout. Figure C-13_

derived at the discriminator output, is about 25 percent higher than the

data derived at the demodulator output. This type of readout performance

has been observed in the resulting test data. Upon correlating both sets

of electrical calibration data and comparing them to actual g (captive

Hyge) calibration, which are read out in identical terms (that is, at the

AM demodulator output), there still exists the approximate factor-of-2

difference between electrical and actual g calibration data.

C-16

Ii

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I



I

I

I

I

I

I
I
I

I
I
I

l
I

I

I

'!

i

FO3748 U
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OSCILLOGRAPH TRACES (CEC 5-119) (PER FIG. 3 OF TEST PROCEDURE)
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I

i
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(a) INSTRUMENTATION

PROJECTILE: WT. = 4.72 LB, DIA = 8.49" PROTOTYPE NO. 2 (REFURBISHED)

HYGE PRESSURES: pf = 800psi, Pc = 80 psi

RECORDED IMPACT VELOCITY: 5.07 MS = 198 fps
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BILICAL

EQUATOR

F03749 U

(b) IMPACT TEST INITIAL CONDITIONS

FIGURE C-II. HYGE RIGID IMPACT - TEST SET UP
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C.3 CONCLUSIONS AND TEST RESULTS

A milestone was reached by achieving complete functional operation of an

omnidirectional penetrometer in this series of tests. Extensive testing

could be carried out in accordance with a written general test procedure.

Numerous low-velocity impact testing was performed as part of controlled

field tests and multiple drop system tests. The results of the tests

completed were generally very satisfactory with few anomalies observed.

The principal anomalies observed were in the area of system calibration,

that is, resolving electrical calibrations with actual physical g (accel-

eration) inputs, and of Hyge rigid impact performance. The calibration

problem is believed to be one of refinement or improvement of the entire

calibration approach. The rigid impact test, which indicated g levels

much lower than anticipated, constituted information not previously

encountered. Further investigation and testing of improved calibration

techniques are currently underway as part of a work extension authorized

under the present contract. Results are expected to provide answers to

the stated anomalies. An account of other conclusions and/or observations

derived from the variety of tests reported herein is presented according

to assemblies in the succeeding paragraphs.

C. 3. I ANTENNA

The electrical and mechanical integrity of the antenna assembly was

maintained as a result of the extensive testing performed on the refur-

bished model of Prototype No. 2. The pattern of Figure C-10 depicts the

basic antenna performance characteristics and exhibits only a minor degra-

dation from that'which is typical. This was primarily because usual

antenna final tuning procedures could not be performed on the reworked

prototype.

C.3.2 ACCELEROMETER AND SIGNAL ELECTRONICS

Satisfactory functional operation of the accelerometer and signal

electronics was demonstrated in the numerous tests and under a variety

of operating shock environments. As stated previously and in the detailed

test results, both a calibration and rigid impact performance anomaly

existed. Further investigation of these anomalies was recommended and is

scheduled to be carried out in the subsequent work extension. The turn-on

transient characteristic of the signal electronics appeared allowable over

the interval observed, although improvement would be sought in subsequent

development.

The multiple plot of individual uniaxis sensitivity of Figure C-8 depicts

the omnidirectional sensitivity observed during Hyge captive test cali-

brations. The variation is illustrated by examining the high sensitivity

portion below the knee. A variation of about !lO percent about a mean
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value of 0.133 KHz/g is seen to exist. This is presumably due to the

accelerometer, since electrical scaling checks of the associated elec-

tronics did not appear to exhibit this same characteristic.

C.3.3 BATTERY AND POWER REGULATOR/TIMER

The battery and power regulator/timer performed satisfactorily, and no

additional significant degradation developed over that previously

---F ............... o ......... J_ ............ o .................

noted that the battery and power regulator/timer are, of course, the

same assemblies employed in the original Prototype No. 2. Some degra-

dation in charge retention was observed, but frequent recharge cycles

brought the battery up to acceptable perfomnance levels for the test

sequences employed herein.

C.3.4 TRANSMITTER

Transmitter shock sensitivity under Hyge rigid impact was commensurate

with that observed in the previous tests on the "original" prototype. This

constituted an indication of repeatability. No permanent changes because

of shock were observed in this repeat test. Data taken in the turn-on

transient tests depicting temperature and frequency stability character-

istic agreed essentially with that previously observed. Frequency

stability was within the revised transmitter performance drift

characteristic.
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APPENDIX D

TEST REPORT FOR PROTOTYPE NO. 3

D.I INTRODUCTION

This report describes the test results for the Lunar Penetrometer Prototype

No. 3. Complete functional operation of an omnidirectional penetrometer

was achieved as demonstrated by the test results reported herein. This

third prototype model represents the last of an initial series of three

prototypes designed and developed as part of NASA contract NASI-4923.

Appendices A, B, and C discuss the results obtained in tests of

Prototypes No. i and 2.

Prototype No. 3 is the second completely functional omnidirectional

penetrometer successfully developed. The complete test sequence identified

in the testing of the preceding prototypes was shortened to facilitate the

completion of multiple penetrometer tests, which were aimed at demonstrat-

ing overall system functional operation. The principal tests completed on

Prototype No. 3, therefore, were the bench tests of linearity and frequency

response, antenna pattern and relative output power checks, and Hyge

captive g calibration in three axes. It should be noted that additional

functional drop tests performed as part of an interim, extension of the

initial contract, demonstrated very satisfactory operation and repeat-

ability for a series of low-velocity impacts.

D.2 TEST SEQUENCE

D.2.1 BENCH CHECKOUT

Bench tests were conducted using Prototype No. 3 in conjunction with

standard laboratory test equipment and a data.relay receiving channel.

D-I



The auxiliary FMreceiver, the Collins AN/FRW-3,was used in place of the
LPSreceivers which were being integrated into the Data Relay for use in
the subsequentmultiple drop system functional tests. Prototype No. 3
was operating at a standard assigned penetrometer frequency of 438.0 MHz.

a. Turn-On Transient Test. Operating with external power and

Prototype No. 3 at room temperature, rf frequency and data channel

stability checks were made. The results obtained are shown in Figure D-I

and D-2. The basic test setup is also shown in these illustrations. The

data channel output depicts the turn-on transient dying out in several

seconds and a slower perturbation reaching an equivalent 28.5 g value

before decaying to the observed channel residual level.

b. Linearity and Frequency Response. An ac electrical calibration

was injected at the signal electronics test point via the umbilical con-

nector to measure overall linearity of the penetrometer via an FM receiver

and AM demodulator channel. The overall frequency response characteristics

of the same channel elements were also obtained. Figures D-3 and D-4

show the linearity and frequency response characteristics respectively.

D.2.2 ANTENNA PATTERN AND RELATIVE OUTPUT POWER

The antenna pattern of Figure D-5 was measured in the polar plane with a

spinning dipole in the standard method previously described in Appendix A.

The Penetrometer Prototype No. 3 was operated on external power for this

test. Polarization axial ratio is exhibited in the varying peaks which

result from the spinning dipole measurement technique.

A measurement of relative field strength was also made. For this check

the penetrometer is in the standard test enclosure of rf absorbing material,

and field strength is measured at one location. Both minimum and maximum

readings are noted by means of rotating a receiving dipole about its axis.

Readings of -11.5 db and -I0.0 db were observed, respectively. The total

field is -8.2 db relative to that obtained for Prototype No. i.

D.2.3 HYGE CAPTIVE CALIBRATION TEST

An original attempt to calibrate the penetrometer was thwarted when a

failure in the Hyge ram test fixture attachment occurred. The fixture

containing the penetrometer broke loose from the ram during the test and

ricocheted around the inner walls of the Hyge chamber. The penetrometer

remained operating throughout its timed cycle and incurred only slight

damage to the limiter and outer cover. Following rework of the fixture

and some patchwork on Prototype No. 3, the test was successfully completed.

D-2



lI
TEST SETUP - BLOCK DIAGRAM

_ _ ..... FREQUENCY FREQUENCY

l FR ON±OI3_r": COUNTER . READOUT

I TEST RECEIVER DI _ READOUTI BOX _ I _-_ "L_. ------

| . "-_.::z:..____,
IP__R I |TE_ERATU_I
IW-_"-"ATOR! iBRImE i

l 5a , ' l

TEMPERATURE CHANGE I°F RISE 1

I ! _o , , , /

m i //
I _ 2G -

, i
l

I

l

I
+i0

20 40 60 80 i00 120

ELAPSED TIME IN SECONDS F03752 U

I FIGU_ D-I. TU_-ON TRANSIENT TEST PROTO_PE NO. 3

D-3

I



!

I
Q
Q

! I I

(Y) _ ,,-,

(g170A17 711_I) 1NdlNO

D-4

0

8

Z
0
U

Lo ,,,
l.iJ

I-

_o

pQ
A

CID

U

Z
9
O.

w
l-
i

Z

Z

Z
0

!

Z

d

p_
_4

0

0

I

I

I
I
I

I
i

I
I

I

!
I
I

I

I
i
I

I
I



I

,I

i

l

l

l

l o

g

o

I zHX - Noz,r,vI_a _V3_
D-5

!

E_

_D

CD

CD

u_

c_

Z

0

0

_4
I

r_



o

.-srn,, I
XU I
_a,i I
<n. I

__1__

_d
_Z
bl LILI
IEn.
o>-
_1-
I-0

: I.LII-
I zo
I I,.i.II_
10.1:1.

T

Io"

OU

I,<o

o

I 1
Q 0

I

(C101_3C1 I_IY) 1NdlNO qP 3AIIY73_

o

!

D-6

, !

o



1°

I

I

I
I

I
I

I

I

I
I
I

I
I

NOTES : POLAR PLANE

PRE-HYGE CALIBRATION

FIGURE D-5 PROTOTYPE NO. 3 ANTENNA PATTERN

D-7

!



Hyge captive shock tests were completed in each of the penetrometer three

major axes. External power and control signals were applied through the

umbilical connector, which was released 7 seconds prior to firing, leaving

the penetrometer on internal power during the actual test cycle.

The primary recorded data consisted of reference acceleration data from a

Kistler 808A accelerometer mounted on the holding fixture and AM demodu-

lated penetrometer output signal data obtained via the uhf telemetry

rf link. Also obtained were rf frequency readings before and after each

test cycle. Table D.I shows the frequency data.

TABLE D. i

HYGE TESTS - RF FREQUENCY MEASUREMENTS

Time Power

Prototype No. 3 Frequency_ MHz
Test 1 Test 2 Test 3

Prerun External 438.059 438.030 438.026

Prerun Internal 438.041 437.965 438.045

Figure D-6 is a reproduction of the data recording obtained in the first

test. To illustrate the data reduction technique employed, the graphical

analysis construction lines are depicted. The basic data traces were

read at eight points corresponding to peak acceleration values. The

average of the ratios of subcarrier amplitude to acceleration (i.e.,

KHz/g) was taken as the slope of the penetrometer transfer function

between zero and the compression point. The slope of the transfer func-

tion in the data compression range was taken as the ratio _f/_g

_ndic_ted in Figure D-6. Table D.2 shows the mean values of scale

factors obtained in a reduction of the Hyge data.
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TABLE D. 2

PROTOTYPE NO. 3 - TRANSFER FUNCTION DATA

Test

Mean Value Scale Factor_ KHz/g

High Sensitivity Low Sensitivity

i 0.174 0.0078

2 0.170 0.0078

3 0.174 0.0083

Figures D-7 through D-9 show the transfer functions thus obtained for

tests i through 3 (i.e., axes I through 3), respectively. Figure D-10

shows the composite triaxial calibration data for Prototype No. 3. The

Hyge instrumentation test setup is shown in Figure D-II.

D.3 CONCLUSIONS AND TEST RESULTS

Complete functional operation of an omnidirectional penetrometer prototype

design was demonstrated by the test results reported herein. Prototype

No. 3 is the second completely functional omnidirectional penetrometer

successfully developed. On the basis of the test results described

herein, certain conclusions and observations may be made. They are pre-

sented in the following paragraphs, according to major assemblies.

D.3.1 ANTENNA

The electrical and mechanical integrity of the antenna assembly was main-

tained throughout the series of tests completed.

D.3.2 ACCELEROMETER AND SIGNAL ELECTRONICS

Satisfactory functional operation of the accelerometer and signal

electronics was demonstrated by virtue of the tests performed herein.

Numerous low-velocity impact tests, performed as part of an interim work

extension but not reported herein, also demonstrated very satisfactory

operation and repeatability. Turn-on transient data depict satisfactory

initial decay times of several seconds and exhibit a slower perturbation

with excursions similar to that observed in Prototype No. 2 data.

Electrical calibration data (Figure D-3) taken during bench tests was

found to differ from the Hyge captive calibration data (Figure D-10) by

a factor of better than 1.5, the discrepancy between electrical and

physical transfer functions occurring in a manner similar to that observed

for Prototype No. 2. Excellent omnidirectional sensitivity was observed

in Prototype No. 3 as evidenced in the composite plot of Figure D-10.
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D.3.3 BATTERY AND POWER REGULATOR/TIMER

The battery and power regulator/timer performed satisfactorily during all

testing reported herein. No degradation in characteristics was observed

during or following the numerous low-velocity impact tests conducted in

the follow-on work period.

D.3.4 TRANSMITTER

Transmitter performance was very satisfactory during all testing described

herein. Operation at the design frequency of 438.0 MHz was achieved and

maintained with temperature and frequency stability characteristics

remaining within latest performance requirements.
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APPENDIX E

RECEIVER SPURIOUS RESPONSE ANALYSIS

E.I PRESENT FUNCTIONAL MODEL RECEIVER (ist IF = 60 MHz)

Table E.I indicates the various operating frequencies in the receiving

system. Note that the spurious response ratio of Mixer No. I ranges from

0.861 to 0.867. Figure E-I shows that the nearest spurs are 6A - 5B,

7B - 8A, and 7A - 6B. These spurs are examined in detail below:

A = 372 MHz to 393 MHz B = 432 MHz to 453 MHz

6A = 2232 to 2358 MHz 5B = 2160 to 2265 MHz

7A = 2604 to 2751 MHz 6B = 2592 to 2718MHz

8A = 2976 to 3144 MHz 7B = 3024 to 3171MHz

6A - 5B = 72 to 93 MHz

7B - 8A = 48 to 27 MHz

7A - 6B = 12 to 33 MHz

Not only are these spurs llth order and higher, but they are far removed

from the IF passband. This provides excellent spurious response

performance.
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TABLE E. i

FUNCTIONAL MODEL RECEIVER FREQUENCY ANALYSIS

1 432 MHz

2 435 MHz

3 438 MHz

4 441 MHz

5 444 MHz

6 447 MHz

7 450 M]{z
\

8 453 MHz

ist IF

60 MHz

60 MHz

60 MHz

60 MHz

60 MHz

60 MHz

ist LO

372 MHz

375 MHz

378 MHz

381MHz

384 MHz

387 MHz

Ist

Image

312 MHz

315 MHz

318 MHz

321 MHz

324 MHz

327 MHz

Spurious

Response
Ratio

0.861

0.862

0.863

0.863

0.865

0.865

Adjacent Channel Local

Oscillator Spurious

Responses _IF = 60 MHz)

20(375-372) = 60

10(378-372) -- 60

5(384-372) = 60

4(387-372) = 60

20(378-375) : 60

20(375-372) : 60

10(381-375) = 60

5(387-375) = 60

4(390-375) = 60

20(381-378) = 60

20(378-375) = 60

10(384-378) = 60

10(378-372) = 60

5(390-378) = 60

4(393-378) = 60

20(384-381) : 60

20(381-378) : 60

10(387-381) : 60

10(381-375) = 60

5(393-381) = 60

20 (387-384) : 60

20(384-381) = 60

10(390-384) : 60

10(384-378) = 60

5(384-372) = 60

20(390-387) = 60

20(387-384) : 60

10(393-387) : 60

10(387-381) : 60

5(387-375) = 60

4(387-372) = 60

60 MHz

60 MHz

390 MHz

393 MHz

330 MHz

333 MHz

0.866

0.867

20 (393 -390) : 60

20(390-387) : 60

i0(390-384) = 60

5(390-378) = 60

4(390-375) = 60

20(393-390) = 60

10(393-387) : 60

5(393-381) : 60

4(393-378) = 60
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Alb

1 2

O. 000 B B+A

1/16 0.063

1/15 0.067

1/14 0.072

1/13 0.077

i112 0.083

{/11 o.o91

i/i0 0.I00

1/9 0.III

1/8 0.125

P lI'; h lq 3

1/7 0.143

2/13 0.154

i/6 0.167

2/11 0.182

1/5 0.200

3/14 0.214

2/9 0.222

3/13 0.231

1/4 0.250

3/11 0.273

2/7 0.286

3/10 0.300

4/13 0.308

1/3 0.333 2A

4/11 0.364

3/8 0.375

2/5 0.400

5/12 0.416

3/7 0.429

4/9 0.445

i111 0.455

1/2 0.500 A

6/11 0.545

5/9 0.555

4/7 0.571

3/5 0.600

5/8 0.625

2/3 0.667

7/10 0.700

5/7 0.715

3/4 0.750

7/9 0.778

4/5 0.800

516 0.'833

6/7 0.856

7/8 0.875

I. 000

ORDER

3 4 5 6 7 8 9 I0 Ii 12 13 14 15

B_2A B_3A B+4A B_SA B+6A B_YA B+SA B+gA B_IOA B_IIA B_I2A B_I3A B_I4A

15A

13A

12A

14A

IIA 2B-13A

IOA 2B-12A

9A 2B-IIA

2B-10A8A

7A 28-9A

6A 2B-SA 13A-B

i_A-B

12A-B

5A 2B-7A IIA-B

10A-B 3B-12A

4A 2B-6A 9A-B 3B-IIA

13A-2B

3A 2B-5A 7A-B

8A-B 3B-IOA

6A-B

3B-9A IIA-2B

10A-2B

12A-2B

3B-8A

9A-28

2B-4A 3B-7A 4B-IOA

5A-B 8A-2B IIA-3B

10A-3B

7A-2B 4B-gA

4A-B 3B-0A 9A-3B

6A-2B 4B-SA

8A-3B

lOA-4B

7A-3B 4B-7A 9A-4B 5B-9A

4B-6A

7A-4B

6A-3B

3A-B 2B-3A 5A-2B 3B-5A

4A-2B

38-4A 5A-3B2A-B

3A-2B 4B-SA

6A-4B

4A-3B 5B-6A

5A-4B

6A-58

8A -4B

5B-BA

9A-5B

5B-7A 8A-5B

6B-8A

7A-5B

8A-6B

6B-7A

4B-IIA

12A-3B

IIA-4B

5B-10A

10A-SB

6B-9A

9A-6B

7A-6B

2B-2A 3B-3A 4B-4A 5B-SA 6B-6A 7B-7A

7B-SA

FIGURE E-I. MIXER CHART. OUTPUT FREQUENCY - B-A
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Repeating the above analysis for Mixer No. 2 shows that the spurious

response ratio is 0.850. Referring again to Figure E-l, the nearest spurs

are 5A - 4B, 6B - 7A, 6A - 5B, and 7B - 8A. These spurs are examined in

detail below:

A= 51MHz

5A = 255 MHz

6A = 306 MHz

7A = 357 MHz

8A = 408 MHz

B = 60MHz

4B = 240MHz

5B = 300MHz

6B = 360MHz

7B = 420 MHz

5A - 4B = 15 MHz

6B - 7A = 3 MHz

6A - 5B = 6 MHz

7B - 8A = 12 MHz

The nearest spur here is llth order and relatively far removed from the

second IF center frequency of 9 MHz. Also note that harmonics of the

51MHz second local oscillator fall completely out of the input frequency

band of 432 to 453 MHz. This again provides good spurious response per-

formance. Images are also far removed.

It has been assumed here that the local oscillator is a pure fundamental

frequency. The first local oscillator is the result of a fundamental
oscillator in the 124 to 131MHz range multiplied up to the desired 372 to

392 MHz range. Harmonics of these fundamental frequencies can and often

do cause additional spurious responses. The performance specifications

define different frequency usage in first and second local oscillators and

IF's such that all possibilities of this type are eliminated.

E.2 FLIGHT MODEL RECEIVER (Ist IF = 120 MHz)

Table E.2 indicates the various operating frequencies in the proposed

receiving system. (See Performance Specifications.) Note that the spurious

response ratio of Mixer No. i ranges from 0.722 to 0.735. Figure E-I shows

that the nearest spurs are 6A - 4B, 6B - 8A, 3A -2B, 4B -5A, and 7A - 5B.

T_ese spurs are examined in detail below:

A = 312 MHz to 333 MHz B = 432 MHz to 453 MHz

3A = 936 to 999 2B = 864 to 906
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TABLE E. 2

FLIGHT MODEL RECEIVER FREQUENCY ANALYSIS

Channel

No. Frequency

1 i. o,_ /_1%rlrT_
'-I" J _.. L'LLJ./.,

2 435 MHz

3 438 MHz

4 441 MHz

5 444 MHz

6 447 MHz

7 450MHz
\

8 453 MHz

ist IF

J.d.U A'ALI-_

120 MHz

120 MHz

120 MHz

120 MHz

120 MHz

120 MHz

120 MHz

ist LO

I _ %a"rT_
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213 MHz

E-5

Spurious

Response
Ratio

0.722

0. 724

0.726

0.728

0.730

0. 731

O. 733

0.735

Adjacent Channel Local

Oscillator Spurious

40(315-312) -- 120

20(318-312) : 120

10(324-312) = 120

8(327-312) : 120

40(318-315) = 120

40(315-312) = 120

20(321-315) = 120

10(327-315) = 120

8(330-315) : 120

40(321-318) = 120

40(318-315) = 120

20(324-318) = 120

20(318-312) = 120

10(330-318) : 120

8(333-318) = 120

40(324-321) = 120

40(321-318) = 120

20(327-321) = 120

20(321-315) = 120

10(333-321) = 120

40(327-324) = 120

40(324-321) = 120

20(330-324) = 120

20(324-318) = 120

10(324-312) = 120

40(330-327) -- 120

40(327-324) -- 120

20(333-327) = 120

20(327-321) = 120

10(327-315) = 120

8(327-312) = 120

40(333-330) -- 120

40(330-327) = 120

20(330-324) -- 120

10(330-318) = 120

8(330-315) = 120

40(333-330) = 120

20(333-327) = 120

10(333-321) = 120

8(333-318) = 120

I



5A = 1560 to 1665 MHz

6A = 1872 to 1998 MHz

7A = 2184 to 2331 MHz

8A = 2496 to 2664 MHz

4B = 1728 to 1812 MHz

5B = 2160 to 2265 MHz

6B = 2592 to 2718 MHz

6A - 4B = 144 to 186 MHz

6B - 8A = 96 to 54 MHz

3A - 2B = 72 to 93 MHz

4B - 5A = 168 to 147 MHz

7A - 5B = 24 to 66 MHz

These spurs are far removed from the passband, thus providing excellent

spurious response performance.

Repeating the above analysis for Mixer No. 2 shows that the spurious

response ratio here is 0.791. Referring again to Figure E-l, the nearest

spurs are 8A - 6B, 4A - 3B, and 5B - 6A.

detail below:

A = 95 MHz

4A = 380 MHz

6A = 570 Ml{z

8A = 760 MHz

These spurs are examined in

B = 120MHz

3B = 360MHz

5B = 600MHz

6B = 720MHz

8A - 6B = 40 MHz

4A - 3B = 20 MHz

5B - 6A = 30 MHz

These spurs are far removed from the second IF center frequency of 25 MHz.

The second IF bandpass filter also has very sharp skirts for setting the

b_ndpass characteristics of the receiver. Also note that harmonics of the

95 MHz second local oscillator fall completely out of the input frequency

band of 432 to 453 Ml{z. This again provides good spurious response

performance. Images are also far removed.
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It has been assumed again that the local oscillator is a pure fundamental

frequency. The first local oscillator is the result of a fundamental

oscillator in the 156 to 166.5 MHz range multiplied (doubled) up to the

desired 312 to 333 MHz range. Harmonics of this fundamental oscillator

can in no way cause spurs like those experienced in Paragraph 6.2.1 of the

final report.

Since excellent mixer spurious response performance has been proved, it

would appear as though the worst interference is caused by harmonics of

adjacent iocal oscillator signals at the mixers as shown in Tables E.I and

E.2. This defines the filtering requirement of the receiver preselector,

power divider, and power lines to ensure adequate attenuation of adjacent

local oscillators. Since the noise power at the first mixer input is

approximately -95 dbm, shielding in the order of i00 db is provided.
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APPENDIX F

LUNAR PENETROMETER/APOLLO COMMAND

AND SERVICE MODULE - INTERFACE STUDY

F. 1 SCOPE

The intent of this study is to define the communication system character-

istics of the Apollo Block II Command and Service (CSM) and recommend the

best penetrometer/CSM system interface. The primary criterion of this

interface is that it must enable adequate CSM reception, storage, and

subsequent transmission to earth of the penetrometer data with minimum

impact upon the existing CSM communication system design consistent within

overall weight, volume, and prime power constraints. Figure F-I illustrates

the penetrometer/data relay/CSM/Earth communication interface under

consideration.

F.2 APOLLO BLOCK II CSM COMMUNICATION SYSTEM

A block diagram of the Block II CSM communication system is given in

Figure F-2. Since only Block II missions are lunar, this study is directed

toward the Block II CSM communication system design.

The Block II design is rather well definitized. References (i) and (2)

define the parameters of each CSM communication mode. The normal in-flight

CSM rf communication links are illustrated in Figure F-3. The recovery

communication modes are illustrated in Figure F-4.
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F.2.1 CSMS-BANDCOMMUNICATIONLINKS

As illustrated in Figure F-3, the primary link between the CSMand the
MannedSpaceFlight Network (MSFN)is the unified S-band system. The
S-band system utilizes coherent phase modulated two-way transmissions
for doppler tracking, pseudo-randomnoise (PRN) ranging, and voice and
data transmission. The up-link MSFN-to-CSMcommunication link consists
of a 2106.4MHzcarrier, phase modulated by up-voice and up-data
subcarriers, and the wideband PRNranging signal. Figure F-5 illustrates
the frequency spectra of the various up-link and down-link CSM-MSFN
S-band communicationmodes. This up-link carrier is detected by a
modulation restrictive tracking loop. A down-link carrier frequency is
generated at a precise 240/221 ratio of the received up-link carrier
frequency. This down-link carrier is then phase modulated by PCM
telemetry and down-voice subcarriers, and by the turned-around PRNranging
signal.

The down-voice subcarrier may be modulated not only by the output from the
crew's mikes but also by voice (from the LEM)or voice and biomed data
(from and extra-vehicular astronaut (EVA)) received via the CSMVHF/AM
rf links.

In addition to the coherent two-way S-band link, the CSMhas an additional
2272.5MHzFMtransmitter for transmitting TV, stored data, or real-time
scientific data. It is anticipated that lunar penetrometer data would be
relayed to the MSFNvia this transmitter.

The CSM2106.4MHzS-bandreceiver could possibly be utilized for reception
of the penetrometer data. However, transponder acquisition problems,
circuit margins at S-band, and operational constraints make this transmission
modeappear to be much less feasible than a VHFpenetrometer-CSMtransmission
link.

F.2.2 CSMVHFCOMMUNICATIONLINKS

The CSMVHFin-flight communication links, illustrated in Figure F-3,
utilizes twoVHF/AMtransmitter-receivers packaged in a single unit and
coupled to either of two service-module (SM) mounted VHFscimitars through
a VHFtriplexer and rf switch. These transmitter-receivers may be
operated either simplex or duplex in any combination. The receiver IF
bandwidths are 70kHzat the 6 db points. The detected output is flat to
approximately 13kHz. The 259.7MHzreceiver maybe utilized to receive
from an EVAbasebandvoice and seven telemetry subcarriers ranging in
frequency from 4 to 12.7 kHz. This composite voice and biomed signal is
relayed in real time to the MSFNvia the down-voice S-band subcarrier.
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PM COMBINATIONS (2287.5 MHZ) FM COMBINATIONS (2272.5 MHZ

I 1.024 MHZ_... _ 1.25 MHZ_ _,__ _ _,_vo_

I 1.024MHZ \ i.25MHZpRN 51.2 KB TM_ /_VOICE

.

i.024 MHZ il. 25 MHZ
I 1.6 KB TM_. _VOICE

I _

.

i.024 MHZ\ I. 25 MHZ

_ _vo_E1.6 KB _I\ _

I 1.024MHZ_
5. 1.6 KB TM"

I

I 512 KHZ EMERGENCY KEY6. _ I I

-2300 HZ
8. BACKUP VOICE 1.024MHZ

___,
I 1.024MHZ\

9.1 p_N 1.6 KB TM_

_\_\\\\_--__,

I 300-2300 HZ

IO._¢'_I_CKUP VOICE
! ! I

0 0.5 1.0 1.5

SCIENTIFIC DATA

SUBCARRIERS

_e ._
• ""1 _ tO

II I Ah,

_'!1I II/Ul ,
i: i TAPE PLAYBACK

i.024 MHZ

51.2 KB TM

SCIENTIFIC DATA SCO' s

I_ _ 1.6 KB TM

2_ ,
32: I TAPE PLAYBACK

.

15-80 KHZ

32:1 DUMP OF LEM PCM

O- 500 KHZ

REAL- TIME TV

0

_ REAL-TIME SCIENTIFIC DATA

J :u_ I I

0.5 1.0

MHZ FO3735 U

FIGURE F-5. CSM S-BAND DOWN LINK TRANSMISSION COMBINATIONS

(UPPER SIDEBAND FREQUENCY SPECTRA SHOWN)
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The 259.7MHzreceiver is also used to receive 1.6 KBPS"split-phase"
telemetry data from LEMduring LEMdescent and ascent mission phases.
This telemetry, which occupies a 600 to 2800 Hz frequency spectrum, is
recorded by the CSMData Storage Equipment (DSE) for later playback to the
MSFNvia the S-band FMtransmitter.

The VHF/AMreceivers are of conventional solid-state design with a noise
figure of approximately 6 db. The transmitters, however, use a unique
modulation technique. The voice input from the crew or MSFN(via up-link
S-band) is infinitely clipped. The resulting square wave type waveform
then keys the class C transmitter on and off at an approximate 50 percent
duty cycle. During the "on" period the transmitter emits i0 watts peak,
with essentially no power emitted during the "off" period. The average
transmitter output power is thus approximately 5 watts. This transmitter
design results both in high prime power efficiency and in higher signal
margins due to the heavy speech clipping.

F.2.3 COMMANDMODULERECOVERYCOMMUNICATIONS

The VHF/AMtransmitter receiver equipment is also utilized during CM
recovery for line-of-sight 296.8MHzsimplex communications with recovery
aircraft. During this phase, a separate CM-mountedVHFpop-up antenna,
which erects upon main parachute deployment, is utilized.

Twoadditional rf links are provided during recovery. A 243MHzVHF
recovery beacon is transmitted via a separate CMpop-up VHFantenna
to enable direction finding by recovery aircraft. A 10.006MHzSSB/AMHF
transceiver and erectable antenna are also provided for over-the-horizon
communications. Use of this HF transceiver for the penetrometer-CSMdata
link is not feasible due to the limited (3kHz) post-detection bandwidth
and the lack of an HF antenna which can be deployed in flight.

F.3 BLOCKII CSMCOMMUNICATIONEQUIPMENTCHARACTERISTICS

The overall communication links and their functions were described in the
previous paragraph. In this paragraph, the salient equipment parameters
of interest are presented. The communications equipment can be categorized
into three groups; the S-band equipments, VHF/AMrf equipments (including
antennas), and the data handling, processing, and storage equipment.
Since use of the recovery communications equipment does not appear to be
feasible for the penetrometer/CSMlink, the detailed recovery equipment
characteristics will not be presented.
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F.3.1 DATA HANDLING, PROCESSING, AND STORAGE EQUIPMENT

The primary components of this group are the PCM telemetry equipment,

the data storage equipment (DSE), and the pre-modulation processor (PMP).

In addition, a central timing unit is provided for master synchronization

of CSM subsystems, an audio center unit provides the necessary processing

for crew audio communications, and a digital up-data link receives and

executes ground-originated commands via a 70 kHz subcarrier on the S-band

up-link.

a. PCM Telemetry Equipment. This equipment gathers various analog

and digital inputs from spacecraft sensors and converts them into a

serial digital output for transmission, storage, or preflight spacecraft

checkout.

Two output data rates are available. A high bit rate, 51.2 KBPS output,

is utilized for close monitoring of all spacecraft subsystems' performance

during preflight checkout and for analysis of in-flight performance during

critical mission phases. A reduced 1.6 KBPS rate is provided for nominal

monitoring of spacecraft status during quiescent mission phases, for

recording when out of sight of an MSFN station, or when CSM-to-MSFN rf

signal margins are inadequate for the high bit rate transmission. The

highest sampling rate of an individual analog channel is 200 samples/second.

Therefore, it is unlikely that the PCM telemetry equipment can be utilized

for relay of penetrometer data. A simplified block diagram of the PCM

telemetry functional flow is given in Figure F-6.

b. Data Storage Equipm@nt (DSE)._ The DSE is utilized for recording

data during critical mission phases or whenever the CSM is beyond LOS of

the MSFN. The CSM PCM telemetry is recorded digitally, using 5 digital

tracks. Five analog tracks are provided for recording and playback of

voice, LEM PCM, and three channels of scientific data. The capability is

provided for adding four additional analog channels on an as-required

basis by plugging in the necessary record and playback electronics.

Two recording speeds are utilized. The speeds are governed by the bit

rate of recorded CSM PCM. Low bit rate PCM is recorded at 3-3/4 inches per

second (ips); high bit rate PCM at 15 ips. A bit rate sensing circuit

during playback automatically selects a 120 ips playback speed for low

bit rate PCM and a 15 ips speed for high bit rate. Hence, the record

and playback tape speeds for all tracks, including analog, are governed

by the recorded PCM bit rate.

The record bandwidths of the analog tracks are dependent upon the

recording speed. The overall record-through-playback frequency response

at 15 ips is 50 to 25,000 Hz. The frequency response at a 3-3/4 ips

record speed is 12.5 to 6250 Hz.
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An analog signal recorded at the 3-3/4 ips speed is multiplied in frequency

by a 32:1 factor upon playback because of the high playback speed of 120 ips.

c. Premodulation Processor (PMP_. The PMP provides the switching,
processing, subcarrier modulation, and subcarrier demodulation functions

for the CSM-MSFN S-band links and the MSFN-CSM-EVA and MSFN-CSM-LEM relay

communications links. Figure F-7 presents the block diagram of the PMP.

(i) Up-link Voice and Data Demodulation. The PMP demodulates the

frequency-modulated up-link 30kHz voice and 70 kHz up-data subcarriers and

routes the detected outputs to the Audio Center and the up-data-link

equipments, respectively. In case of a filure of the 30kHz voice discrimi-

nator, a switching function permits the 70kHz subcarrier to be used as a

backup for up-link voice.

(2) Down-link Voice and PCM. Down-link S-band voice and PCM are

modulated on 1.25 and 1.024MHz subcarriers, respectively. The subcarriers

are summed through a mixing network and the resulting output presented to

the unified S-band equipment where it phase modulates the 2287.5MHz carrier.

When LEM voice or EVA voice and biomed (7 telemetry subcarriers ranging in

frequency from 4 to 12.7 kHz) are to be relayed to the MSFN, the VHF/AM

receiver output level is adjusted to the proper modulating level and summed

with voice from the Audio Center. This composite signal then modulates
the 1.25MHz voice subcarrier.

(3) Television. When TV transmission is selected, the video input

from the TV camera is dc-coupled through the PMP to the 2272.5MHzFM

transmitter. The video input from the TV camera has a dc to 500 kHz

bandwidth. The input level ranges from 0.3 to 2.3 volts. A 1.3-volt bias

is placed upon the FM transmitter during TV transmission to keep tile
output frequency spectrum centered about the nominal 2272.5MHz center

frequency.

(4) Real-time Scientific Data. Three subcarriers are provided for

scientific data transmission via the FM transmitter. By switching inputs,

these subcarriers can transmit either real-time or stored data (see

Figure F-8). The frequency response capabilities for the subcarriers are:

Subcarrier (kHz_ Frequency Response (Hz)

95 0 to 2850

125 0 to 3750

165 0 to 4950
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(5) CSM Data Playback. When this transmission mode is selected,

recorded voice, CSM PCM telemetry, and the three channels of recorded

scientific data are all transmitted simultaneously via the FM transmitter.

The playback PCM bi-phase modulates a second 1.024MHz subcarrier. The

three channels of scientific data modulate the 95 kHz, 125 kHz,and 165 kHz
data subcarriers. The baseband voice and the subcarriers are summed

through mixing networks and the composite output presented to the FM
transmitter modulator.

The upper frequency response of the three scientific data subcarriers for

recorded and real-time scientific data is the same. Since data recorded

at 3-3/4 ips gets multiplied in frequency by a 32:1 ratio, the prerecording

frequency response for such data must be reduced to 1/32 of the allowable

response for real-time scientific data.

(6) LEM PCM Data Playback. When this data playback mode is

selected, the DSE is played back at 120 ips and the single LEM PCM channel

is routed to the FM transmitter by th_ PMP.

(7) Other PMP Functions. A 512 kHz emergency key subcarrier permits

emergency down-link communications in case of a loss of both the S-band

power amplifier and the high-gain antenna. This subcarrier output to

the S-band PM modulator is gated on and off at the keying rate.

A back-up voice mode is provided for other potential conditions where rf

signal levels are inadequate for normal down-voice communications. When

this mode is selected, the voice from the Audio Center is heavily clipped

and applied at baseband to the PM modulator.

A switching function is provided within the PMP to enable use of the second

1.024MHzPCM subcarrier, which is normally used for transmission of CSM

recorded PCM, as a backup for real-time PCM transmission, should a failure

disable the primary real-time PCM subcarrier.

The PMP performs the combining of the audio signals from the Audio Center

intercom bus and the VHF/AM receivers. The composite output is then

routed to the DSE for recording and later playback to the MSFN.

The necessary switching for enabling use of the CSM as a voice relay

between the MSFN and LEM or EVA is accomplished in the PMP.

The baseband frequency spectra of the various S-band up-link and down-link

transmission combinations which can be selected via the PMP are illustrated

in Figure F-5.
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F.3.2 S-BAND RF EQUIPMENT

The S-band rf equipment consists of three major components: the unified

S-band equipment (USBE), the S-band power amplifier equipment (S-band PA),

and the S-band antenna system.

a. Unified S-band Equipment. The USBE consists of 2 switchably

redundant PM transponders and an FM transmitter, all packaged in a single

unit.

(i) Transponder. The transponder receiver has a 12 db noise figure.

Two detectors are utilized: a 700 Hz 2BLo carrier tracking loop, and a

wideband modulation detector. The transponder can accommodate input

modulation bandwidths of up to +1.5 MHz. The frequency stability, when

unlocked to a reference, is 42kHz, i.e., to be assured of quick receiver

lockup, the incoming frequency must be swept over this range from the

assigned 2106.40625 MHz receiver frequency.

The output from the wideband modulation detector is routed to two places:

to the PMP for demodulation of the 70kHz up-data and 30kHz up-voice

subcarriers, and also back to the transponder PM modulator for retransmission

of the two-way PRN ranging signal, if required.

The transmitter portion of the transponder derives its output frequency

(nominally 2287.5MHz) in a precise 240/221 transmit/receive ratio to the

received frequency from the receiver VCO when the receiver is firmly locked

to an up-link signal. This coherent 240/221 frequency ratio enables the

MSFN to obtain highly accurate two-way doppler data. When the receiver is

unlocked, the frequence reference for the transmitter is automatically

switched to an auxiliary crystal oscillator. This switchover in reference

is required since, otherwise, incoming receiver noise modulating the

unlocked receiver VCO would create excessive phase jitter and make it

difficult or impossible for the MSFN to lock up on the CSM-transmitted

carrier.

The transponder carrier output level is approximately 1/4 watt. If

desired, this level can be amplified to either 5 or 20 watts by means of

a TWT amplifier in the S-band PA. If signal margins permit, the TWT ampli-

fier can be bypassed and the transmitter output connected directly to the

S-band triplexer (also located physically in the S-band PA). Including

internal switching and triplexer losses, the net output levels for the

PM carrier at the S-band PA/antenna interface are 11.2, 2.8, and 0.125

watts for high-ower TWT, low-power TWT, and bypass operation, respectively.
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(2) FM Transmitter. The 2272.5MHzFM transmitter is relatively

independent of the redundant PM transponders. It is designed to accept

modulating frequencies up to 500kHz and be capable of peak carrier

deviations up to 3 MHz. It accepts either unipolar dc coupled inputs or

ac inputs. The FM transmitter output to the S-band PA can be amplified

at either of two power levels by means of a second TWT amplifier to yield

a net S-band PA output for this transmitter of either i0.0 or 2.5 watts.

This transmitter output does not have the TWT bypass capability as does

the 2287.5 MHzPM output.

b. S-band Power Amplifier. This equipment essentially consists of two

independent TWT amplifiers (including power supplies), coax switches, and

an S-band triplexer (see Figure F-9). The 2106.4MHzup-link signal is

routed directly to the USBE transponder receiver input. The 2287.5MHzPM

carrier may be routed to a TWT for amplification, or, by the bypass provision,

connected directly to its triplexer input port. No bypass provision exists

for the 2272.5MHzFM carrier. Each TWT amplifier can be operated independ-

ently. For reliability either TWT may operate with either down-link

carrier input.

c. S-band Antennas. Two antenna systems are provided, omni and

high-gain. The location of these antennas, as well as the VHF Scimitars,

are shown in Figure F-10. The S-band omni antennas are flush-mounted

cavities spaced at approximately 90-degree intervals around the base of

the cormnand module. They are presently fed in 180-degree separated pairs.

The crew can remotely select, via a coax switch, either omni pair or the

high gain antenna. It is anticipated that the later CSM's used on lunar

missions will have the capability for the crew to select individually any

of the four omni antennas.

The high gain antenna is located at the base of the service module. It is

stowed and cannot be used until the CSM and LEM complete the initial

docking maneuver subsequent to translunar injection. Three transmitting

bandwidths are provided for use at various ranges. The narrow bandwidth

for use at lunar distance is 4.6 degrees; the on-axis antenna gain for this

beamwidth is 27.4 db. The estimated circuit losses between the S-band PA

and the high gain antenna are approximately 6.5 db, including antenna

switch and VSWR losses. High gain antenna pointing is accomplished

automatically with an rf angle track pointing system. Worst-case antenna

pointing losses should be no more than 0.4 db.

The omni antennas in the current paired configuration yielded a predicted

gain of minus 3 db or higher over 80 percent of the sphere. Individual

switching between the four omnis should increase this gain to approximately

0 db or higher for the same coverage factor. The circuit losses from the

S-band PA to the omni antennas are approximately 5 db.
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F. 3.3 VHF RF EQUIPMENT

The inflight VHF rf equipment consists of the two VHF/AM transmitter-

receivers described previously, a VHF triplexer, and two service module

mounted VHF scimitar antennas connected to the triplexer through a coax

switch.

a. VHF Triplexer. The VHF triplexer multiplexes the 296.8MHzand

259.7MHz VHF/AM frequencies and a spare 228.2MHzport to the scimitar

antennas. The 228.2MHzport is available for R&D or scientific purposes.

The triplexer insertion loss is approximately 1.5 db for each port. The

co-channel isolation is greater than 40 db.

Losses between the VHF triplexer and the scimitar antennas are approximately

2.6 db, including cable, connector, switch, and VSWR losses.

b. VH_F Scimitar Antennas. Figure F-II illustrates the location of

the antennas on the service module. Typical approximate antenna patterns

for the scimitars are shown in Figure F-12. It is anticipated that CSM

attitude constraints can be utilized if required during the short time

interval required for data relay/CSM data transmission. Hence, CSM

scimitar antenna gain for a data relay/CSM transmission link should be

minus 3 db or higher. The scimitars are linearly polarized; hence, if

the penetrometer relay unit uses circularly polarized transmitting antennas,

the polarization loss should not be much greater than 3 db.

If CSM attitude constraints cannot be exercised for the duration of the

data relay/CSM data transmission, more information concerning the scimitar

antennas must be obtained to assure the adequacy of the data relay/CSM

transmission system design. Specifically, the following information is

required:

(i) Definition of antenna locations relative to

pattern plots given in Reference (4).

(2) Pattern plots to account for other polarization

components, i.e., LHC (RHC is given in

Reference (4)).

A summary of the pertinent CSM equipment specifications is given in

Table F.I.
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/

FIGURE F-12.

I--VHF SCIMITAR

/---SERVICE MODULE

SECTOR NO. I (50 °)
FOR NASA EXPERIMENTS

LEM STORAGE

(SERVICE MODULE/LEM ADAPTOR)

FO3742 U

APOLLO CSMMECHANICAL CONFIGURATION
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TABLE F. 1

APOLLO CSM COMMUNICATION EQUIPMENT SUMMARY

i. VHM/AM Transmitter-Receiver Equipment

Transmit frequencies

Receive frequencies

Frequency stability

Transmit

Receive

Receiver noise figure

IF bandwidth (6 db)

Audio output response

Supplier

296.8, 259.7 MHz

296.8, 259.7 MHz

+0.003 percent

+0.002 percent

6 db

70 KHz

300 to 13,000 KHz

RCA

2. Unified S-Band Equipment (Supplier - Motorola)

a. PM Receiver Characteristics (2106.40625 MHz)

Noise figure

Tracking threshold

VCO stability

Wideband modulation

frequency response

Carrier loop bandwidth

Loop gain

Ii db

-127 dbm

_0.002 percent

300 Hz to 1.5 MHz

700 Hz _2BLo)
5.3xi0

b.

C.

PM Transmitter Characteristics

Frequency (in lock)

Frequency (out of lock)

Frequency response

Output power

Modulation sensitivity

Maximum deviation

FM Transmitter

Frequency

Frequency stability

Modulation sensitivity

Frequency response

Maximum frequency deviation

Input impedance

240/221 x received freq

2287.5MHz_ 0.002 percent

300 Hz to 1.5 MHz

250-400 mw

i radian/volt

4 radians

2272.5MHz

+ 455KHz

I MHz/volt

0 to 500KHz

3 MHz

95 ohms

F-22
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TABLE F. I (Continued)

3. S-Band Power Amplifier

Receive channel insertion loss

PM output levels (2287.5 Mc)

FM output levels (2272.5 Mc)

Supplier

4. VHF Tripiexer

Outputs

Transmitter - Receiver #i

Transmitter - Receiver #2

Spare Port

Co-channel isolation

Insertion loss

VSWR

Output bandwidths

5. VHF In-flight Antenna System

Type

Frequency Range

Coverage

Losses

6. P(_i Telemetry Equipment

Outputs

Inputs, 51.2 KBPS format

0 to 5 v analog, 8 bits/sample inputs

200 S/S channels

i00 S/S channels

50 S/S channels

i0 S/S channels

i S/S channel

Parallel digital, 8 bits/sample inputs

200 S/S channels

50 S/S channels

i0 S/S channels

Parallel digital, 32 bits/sample inputs

50 S/S channels

F-23

1.5 db

2.8, 11.2, 0.125 watts

i0.0, 2.5 watts

Collins

296.8 MHz

259.7 MHz

228.2 MHz

40 db minimum

1.5 db maximum

1.5 : i maximum

i Mc minimum

2 broadband scimitars

on Service Module,

selected individually

by coax switching

225 to 450MHz

Figure 4-10

2.6 db from VHF

triplexer to either

antenna

2 formats; 51.2 KBPS

or 1.6 KBPS NRZ PCM

4

16

15

180

150

2

i

310

I



TABLE F.I (Continued)

Serial digital, 8 bits/sample inputs

50 S/S

Inputs, 1.6 KBPS output format

0 to 5 v analog, i S/S

Serial digital, 40 bits/sample, i0 S/S

Parallel digital, 8 bits/sample, i0 S/S

Parallel digital, 32 bits/sample, i S/S

Parallel digital, 8 bits/sample, I S/S

Supplier

i00

i

1

i

31

Radiation, Inc.

7. Data Storase Equipment

Number digital tracks

Number analog tracks

Normal record speed

Reduced record speed

Analog frequency response (_.+4db

relative to i KHz)

15 ips record

3.75 ips record

Digital rate response

14 ips record

3.75 ips record

Playback time

120 ips

15 ips

Input impedance

Output impedance

Supplier

5

5*

15 ips

3.75 ips

50 Hz to 25 KHz

12.5 Hz to 6.25 KHz

51.2 KBS

i.6 KBS

3.75 min

30 min

i00 k ohms

600 ohms

Leach

8. Premodulation Processor_ Inputs for S-Band Transmission

ao Crew voice (from Audio Center)
Bandwidth

Clipping level

Input impedance

Modulation technique
Normal voice

Backup voice

300 to 3000 Hz

Normal voice, 12 db;

Backup voice, 24 db

600 ohms

FM on 1.25MHz subcarrier,

then output to PM S-band
transmitter

Direct baseband output
to PM S-band transmitter

*Capability exists to add 4 additional tracks on an as-required plug-in
basis.

F-24
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TABLE F.I (Continued)

P_

Bit rate

Modulation technique

Modulation output

TV

Bandwidth

Impedance

Level

Real-time scientific data (3 channels)

Bandwidth

Input impedances

Source impedances

Input level

Modulation technique

Modulation output

Recorded voice (from DSE)

Input bandwidth

Input level

Input impedance

Source impedance

Modulation output

Recorded CSM PCM

Bit rate

Modulation technique

Modulation output

Recorded scientific data (3 channels)

Input impedance

Source impedance

Input level

Modulation technique

Output

F-25

51.2 KBPS or 1.6 KBPS,

crew selectable

PSK's 1.024 MHz subcarrier

To PM S-band transmitter

0 to 500 KHz

95 ohms, dc coupled

0.3 to 1.3 volts

0 to 2850 Hz (95 KHz SCO)

0 to 3750 Hz (125 KHz SCO)

0 to 4950 Hz (165 KHz SCO)

300 k ohms minimum

i k ohm maximum

0 to +5 volts peak

FM on 95, 125, 165 KHz

subcarriers

To FM S-band transmitter

300 to 80,000 Hz

Maximum of 6.3 v pp

i0 k ohms minimum

600 ohms

To FM S-band transmitter

51.2 KBPS

PSK of separate 1.024MHz SCO

To FM S-band transmitter

i0,000 ohms minimum

600

Maximum of 8 v pp

Inputs FM the 95, 125,

165 KHz SCO's (real-time

inputs are switched out)

To FM S-band transmitter
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TABLE F.I (Continued)

Recorded LEM PCM

Input impedance

Source impedance

Frequency response

Modulation technique

Supplier

F-26

i0 k ohms minimum,

balanced

600 ohms

15,000 to 90,000 Hz

(within i db of peak

response)

Baseband output to

FM transmitter

Collins Radio
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F.4 PENETROMETER/CSM INTERFACE

The desired interface between the existing CSM and required penetrometer

equipments is a minimum power, weight, and size package requiring little or

no modification to the CSM equipment. Ideally, the existing VHF antennas,

AM voice and biomed receiver, and tape recorder would all be utilized.

However, the anticipated penetrometer data characteristics and bandwidth

requirements (300 to 500 kc) make utilizing all of these equipments

impractical. The VHF AM receiver is limited to a predetection bandwidth

(6 db) of 70 kc. In addition, the demodulation techniques used are not

compatible to the penetrometer accuracy requirements. The existing data

storage system is limited to an upper frequency response of 25 kc. Two

receivers may be necessary if diversity combination of the penetrometer

data is performed at the ground rather than in the relay satellite.

Providing space for necessary penetrometer data reception and storage

equipment does not present a problem at this time. Space is available in

the CSM bulkhead area. Also, one sector (see Figure F-12) of the service

module has been allocated to NASA experiments. If this is not adequate,

there is further space available in the LEM storage area.

F.5 RECOMMENDED CONFIGURATION

Because of the high data rate requirements of the penetrometer system,

separate reception and data storage equipments are recommended. The

proposed configuration is indicated in Figure F-2. One or two wideband

FM receivers would be utilized, depending upon where the diversity combi-

nation is performed.

The penetrometer data can be transmitted in digital or analog form via

the unified S-band system. Since the incoming penetrometer signal is in

analog form, digitizing in the relay or CSM would be necessary prior to

earth transmission over the S-band link in digital form. The digital

system would have the advantage of increased accuracy, assuming sufficiently

high sampling rates and quantization resolution are employed. The data

storage equipment would utilize tape or core memory.

The least additional equipment is required if the incoming data on sub-

carriers are stored in a magnetic tape recorder directly (without demodu-

lation). Later, upon tape playback, the subcarrier signals are applied

directly to the FM modulator in FM mode 5 (see Figure 5). This method

of handling the data in the CSM is preferred because it is the most

simple and direct, and the accuracy attainable of approximately 2 percent

is commensurate with the overall system. Specifications for the required

equipment are given in Table F.2°
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TABLE F. 2

CSM PENETROMETER DATA RECEIVING EQUIPMENT SPECIFICATIONS

I. CSM Receiver

Modulation

Input Frequency (Nominal)

Noise Figure

Dynamic Range

Lo Stability

Image Rejection
First IF

Second IF

IF Bandwidth

Input Impedance

Input VSWR

Output Impedance

Output Level (50 kc Deviation)

Input Voltage

Input Power
Size

Weight

2. CSM Penetrometer Data Storage Equipment

Type
Channe is

Record Response (Each Channel)

Record Speed
Record Time

Tape Length

Playback Speeds

S/N (30, 60 ips)

S/N (3.75 ips)
Distortion

Input Sensitivity

Input Impedance

Output Level

Output Impedance

Input Voltage

Input Power
Size

Weight

FM

228.2 MHz

3 db

60 db

+0.002%

60 db

50 MHz

i0 MHz

300 kHz

50 Ohms

i.3 Max

600 Ohms

4 volts p-p
18 to 30 vdc

2.5 watts

1.8 by 6 by 6 in.
4.0 Ib

Tape Recorder

2 Analog*
300 Hz to 125 kHz

30 ips

I0 min

150 ft

60 ips, 3.75 ips
32 db

28 db

1% max, 3rd harmonic
0.5 to 5 vrms

i00 k ohms

5 vp-p
600 Ohms

24 to 32 vdc

33 watts

4 by 4 by 5 in.

5.6 ib

One channel not required if only one FM receiver is used.
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APPENDIX G

MODULATION METHODS STUDIES

G.I INTRODUCTION

A study of modulation methods is presented, based on sinusoidal modulation,

resulting in expressions depicting penetrometer to data relay communication

system performance above threshold. Mean output signal-to-noise power

ratios (SNR) are obtained for AM, FM, AM/FM, and FM/FM systems based upon
the following assumptions:

(i) Signal power much greater than noise power.

(2) Single frequency sinusoidal modulation of full

scale signal amplitude.

(3) Signal power assessed with noise assumed absent

and noise power in absence of signal (unmodulated

carrier present).

(4) Identical input carrier power and noise spectral

density applied to each system.

(5) All powers were derived relative to unity loads.

G.2

IF
\

f + f
C -- m

AMPLITUDE MODULATION (AM)

--A c [I + M cos _m t] cos _c t -_

AM

DET

i

LPF

f
m

m

--_k I A c M cOS_m t

G-I



given

AM carrier at detector input as noted, no noise

A is the unmodulated carrier amplitude at same point
C

AM carrier at detector and LPF output is as noted where

k I is the constant of proportionality of DETfLPF and M is the modulation
factor.

then

Mean output signal power across unity load impedance is

T

So i Ac _ coS2_m t dt

0

(i)

So = i/2 kl2A 2cM2 (2)

2
Since mean value of unmodulated carrier power is S c = 1/2 Ac, we can

rewrite Equation (2) as

2 M 2S = S (3)o kl c

The input noise power in a 2 fm bandwidth is

N _-

C

where

• --

2 f (4)
m

noise power spectral density and is a constant.

The detected noise power is of the form

2 A2
kl n

G-2
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i.e., k I A n cos_ n t and the output noise power is

N = 2 2
o kl Q 2 fm = kl Nc

Taking SNR ° at the output of the baseband detector, we get

2 M 2
k I S c

SNR -
o 9

k_ N c

_'. SNR = M 2 SNR.
O i

where

SNR i = the input carrier-to-noise ratio in a 2 f bandwidth
m

Based on the assumed fullscale applied amplitude, M = i then

SNR = SNR [o i

G.3 FREQUENCY MODULATION (FM)

IF _ I A c cos

fc _ f

[_ t+B sinc _m

given

FM carrier input to limiter as noted, no noise

A is unmodulated carrier amplitude at same point
c

then

S = 1/2 A 2 independent of modulation
C C

N = @ 2 f input noise power over 2 f bandwidth
c m m

G-3

(5)

(6)

(7)

(8)

k 2 _f cos _m t

(9)
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Mean output noise power of data channel is obtained by summing noise power

contributions within !fm bandwidth

fm

N = 2 • f2 m (ii)
df - 3O

° !
where

k 2 =

N _-
O

discriminator constant

2 _ f 2 f2 N 2 f2
m k2 m c k2 m

2 S 6
I/2A 6 c

C

(12)

Mean output signal power in the discriminator baseband is

2
k 2 (Af) 2

s -
o 2

The output SNR o is obtained ratioing Equations (13) and (12)

2

i/2 k 2 (Af)2 3tf_f_ 2 Sc

o Nc k2 m

S 6
C

•". SNR = 3 _2 SNR
O i

where

SNR. = SNR/2 f
i m

and

- Af (deviation ratio)
f
m

(13)

(14)

(15)

I

l

l
l
l

I
I

21Vm/ S_i
(15)
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G.4 AMPLITUDE MODULATION/FREQUENCY MODULATION (AM/FM)

IF

fc ! _f

given

-- Ac cos [O c

m

t + _ sin _sc t]--_ LIM-_

= _ _f
- f ; _f _ A (i + M cos_ t)

SC m
m m

m

DISCR

-D

FM

BPF AM

fsc +fm DET

FM carrier at input to limiter as noted, assuming no noise

A is unmodulated carrier amplitude
C

Asc (I + M cOSWm t) cos _sc t is the AM subcarrier

then

S = 1/2 A2
C C

N = O2 f
c m

%Ac/
1

m where

fl = f - f

m sc m

and

m f2 = f + fSC m

carrier power independent of modulation

input noise power in 2 f bandwidth
m

f2 df is input noise power to AM detector

k 2 = discriminator/BPF proportionality constant

= noise power spectral density, constant.

\

G-5
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(18)

(18)
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I

N d = 2 _Ac; O 2 _ = 2 _Acl 2 O fm sc3 m (19) I

Since fsc > fm we can simplify Equation (19) into

2 N

N d - k2 2 _ f f2 c 2 f2
1/2 A 2 m sc - Sc k2 sc

c

and as in the AM case, the detector output noise power is

(20)

N

c 2 2 f2N
o = S-- kl k2 sc

c

(21)

For the FM operation, the instantaneous frequency, _ = dS/dt, now 8, from

our expression for the FM carrier is _c t + _ sin _sc t. Thus

= _c + _sc cos _sc t, which simplifier to _ = _c + A_cos _sc t.

The discriminator output is proportional to A_; i.e., instantaneous fre-

quency deviation is _ - _c" Therefore, we can say

E (t) = k 2 _f cos _ t k 2 = discriminator constant V/cps (22)o sc '

But Af _ A (i + M cos 6D t), from that essumed given
s¢ m

Aft= k 3 Asc (i + M cos CDm t)

(23)

(24)

where

k 3 = proportionality constant cps/V

Therefore, the discriminator output may be written

E (t) =
o

k2 [k3 Asc (i + M coSCDm t)] coS(_sc t
AM subcarrier

i.e., subcarrier

+ 2 side bands,

M/2 cos (_sc _ _m ) t

(25)

l

I
I

I
I
I

I

I
l

I
I

I
and the output signal after the detector and LPF is

E (t) = k I k 2 k 3 A M cos _m to sc
(26)
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B kl =

i Th m

| so _A _ _

!

i
I

where

proportionality constant of detector and LPF.

The mean signal power out may be obtained by

_Om t dt

And taking So/N o ratio using Equations (21) and (27), we get

s I <o 1/2 1 k2 k3 A M 2 2 A 2 M
__ = sc = I/ 3 sc

N N f2
o c 2 2 f2

_- kl k2 sc sc
C

SNR
C

(27)

(28)

rewriting

2 A 2 M 2
k3 sc

SNR = 1/2 SNR./2 f
o f2 i m

SC

(29)

!
B

!
i

B

and since we can say (k3 Asc M) 2 = (_f)2

.'. SNRo = 1/2 SNR i

G.5 FREQUENCY MODULATION/FREQUENCY MODULATION (FM/FM)

(30)

FM/FM is examined on the basis of certain assumed LPS constraints pertain-

ing to carrier level performance plus certain assumed subcarrier constraints.

One shortcoming is absence of specific subcarrier frequency instability

allowances; however, satisfactory performance estimates are possible for

frequency tolerance of _ 6 percent fsc"

B \

G-7



A cos

c \

IF

fc+_ f-- C

[_DC t + _C sin (6Dsc t + _sc sin _m t)]

CAR

DISCR

BPF

f + Af

i SC -- SC

SUBCAR

DISCR

k3 _fsc

LPF

f
m

m

sin_D m t

/
k2 _fc sin ((Osc t + _sc sin_m t)

given

Af _f
c 160 kc sc 3 kc

_c = f - 40 kc = 4 ; _sc f 2 kc
SC m

= 1.5 ;

Bif = 700 kc

B = 16 kc
SC

FM carrier at input to carrier discriminator as noted, no noise

A is the unmodulated carrier amplitude at same point
C

then

Mean input signal power, independent of modulation is

S = 1/2 A 2
C C

(31)

The input noise power in a 2 fm

N = _2 f
C m

bandwidth is

(32)

where

• = noise spectral density.

Noise power output of carrier discriminator and BPF is

N

°cd

f2

= 2 / O( ' f2 df

fl

(33)

G-8
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!

!

!
where

fl = f - 2.7 _f = f -4 f
sc sc sc m

!
|
g

f2 = f + 2.7 _f = f + 4 fsc sc sc m

k 2 = discriminator constant*

Solving Equation (33) we get

I N

°dc

I
N

I Oc d

= 2 • f2 - fl
3

-- 2
Vc/ 3

or

20 I f2cl (5.4 Afsc ) sc + (2.73 Afsc)2-]

, fm)21f2 + (4

N O -- 2 • 8 fm sc
cd _Acl 3

I By noting fsc > f in ou_ assumed case, we can approximate
m

202 f 4 f_
k2 m sc

N =

°cd 1/2 A 2
C

(34)

(35)

(36)

(37)

2 f2 N

°cd -- k 24 __£c
N

sc S (38)
C

by recalling Equations (31) and (32) above.

Now, the mean output signal power of the carrier discriminator and BPF is

2 (Afc) 2k2

S - (39)
Ocd 2

*NQte: The bandwidth assignments conform to general TM practice, e.g.,

for _c = 4, Bif (required) = 3.6 _fc + other frequency shift tolerances,

similarly _c = 1.5 ... Bsc (required) = 5.3 Zifsc. The above values for

fl and f2 are therefore in terms of _fsc and fm for convenience of sub-
sequent interpretation.
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By ratioing the Soc d to Noc d we get

I
S 1/2 k22 (Afc)2 Sc
°cd = .....

N--Ocd k22 4 f_c Nc I

Iwhich simp ifies to

S _2 Sc°cd i _fc

•N 8 _fsc/ Nc (40)
°cd

To solve for the final output signal-to-noise ratio out of the subcarrier

discriminator, we note for the typical FM case that

SNRo = 3 _2 SNRB 2---_ (41)
m

where I

SNR B = SNR in the input bandwidth

B = input bandwidth a

f
m

= baseband (or data bandwidth).

In our case the

S°cd
SEN B =

°cd

and a

____ 8f l---- m

2 f 2 f - 4
m m

s I• SNR = 3 °cd
"" o _ (4) (42)

\ °cd 1

G-IO I
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I_mC) 2 _I 2 S
SNR • = 3 1 c

o 8 N (4)
%SCl C

Simplifying Equation (43) we get

SNR 3 _Af_%l_2 I_fc_2 S
°,s_,_ __

o 2 N
% scl c

or

2
SNRo = 3/2 _c _c SNRi

where

SNR. = SNR in a 2 f bandwidth.
1 m

G. 6 SUMMARY

The following table depicts the resulting expressions.

(43)

(44)

(45)

I
I
I
I

I
I

Modulation

Method

AM

FM

AM/FM

FM/FM

SNR
o

SNR.
i

-- --' SNR.

2 %sc_ I

.s_t_ps_

Explanation

[carrier

f _frequency
c [deviation

[maximum
f ,'data baseband

m [frequency

subcarrier
_f |frequency

sc [deviation

_subcarrier
fsc _frequency

A general comparison of moculation methods may be derived from the above;

I
I
I

however, additional parametric analyses are required to obtain a more

detailed assessment of modulation methods for the penetrometer applica-

tion. A simple variation or change in the affected parameters may imply

a different overall system configuration.
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APPENDIX H

FM FEEDBACK DEMODULATION

H.I INTRODUCTION

The Frequency Modulation Feedback (FMFB) principle has been analyzed and

a general comparison of FMFB and conventional discriminator performance

has been made. Exact Signal-to-Noise ratio (SNR) performance improve-

ment achievable for each of several possible penetrometer modulation

methods has not been determined. The results of this study, however,

imply that about a 7 db SNR improvement can be realized independent of

modulation index.

While the feedback discriminator performs the same function as a standard

discriminator in that both devices demodulate frequency-modulated signals,

the feedback discriminator has a lower closed loop threshold than the

standard discriminator. This threshold lowering is the most important

advantage obtainable through using a feedback discriminator.

A designer can use this threshold lowering to his advantage in several

ways. For example, he can reduce the amount of required transmitted

power and thus realize power and weight. On the other hand, he can trans-

mit the same power, increasing link margin. He can also increase the

modulation index while keeping the transmitted power constant, and the

quality of the demodulated signal improves.

H.2 A QUALITATIVE DESCRIPTION OF FEEDBACK DISCRIMINATORS

Before proceeding with a detailed discussion of feedback discriminators,

it seems advisable to qualitatively discuss their operation.
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For this discussion, refer to the block diagram of feedback discriminator,
Figure H-I. The feedback discriminator employs a mixer, an IF amplifier
with a bandpassfilter, a frequency detector (discriminator), a low pass
filter, and a voltage-controlled oscillator (VCO). An FM signal is
applied to the mixer at the input terminal, and the demodulated baseband
is obtained at either point Wor point C.

An input signal mixes with an output signal from the VCOand the resultant
signal, which is an FM signal, feeds into the IF amplifier. The IF center
frequency equals the difference between the input carrier frequency and
the VCOcenter frequency.

The purpose of the IF amplifier is to provide sufficient voltage to the
discriminato_ to enable it to operate in a linear manner. An IF bandpass
filter attenuates noise outside the bandwidth of the IF signal. A
standard discriminator then demodulates the FM signal, and the resulting
demodulatedbasebandpasses through a low pass filter for further noise
attenuation.

The output of the low pass filter is applied to the VCO. Since voltage
changes at the VCOinput manifest themselves as frequency changesat the
VCOoutput, the VCOis essentially a frequency modulator. The modulation
index of the VCOoutput is a function of the loop gain, while the baseband
is an estimate of the input signal. Moreover, two FM signals then beat
together in the mixer, and since the phase componentssubtract in the
mixing process, the equivalent modulation index of the signal at the
output of the mixer decreases.

This modulation index reduction reduces the number of sidebands needed to
convey the information. Consequently, the IF bandpass filter can be
narrower than if no feedback were employed. This reduction in noise
bandwidth seen by the discriminator accounts for the threshold reduction
achievable with a feedback discriminator.

In the analysis of feedback discriminators, muchof the effort has been
directed to developing the idealized situation in which the loop has only
two poles (one pole is contributed by the IF filter and the other pole is
produced by the low pass filter). Although a two-pole loop constitutes
an optimumdesign from the standpoint of time-response and stability, a
physically realizable design will have more than two poles as well as
delay. The effect of the additional poles and delay is to introduce
excess phase shift which lowers the threshold.
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H.3 LINEAR EQUIVALENT MODEL

The first step in analyzing feedback discriminators is the reduction of

the loop parameters to their "linear equivalent" forms. The "lineariza-

tion" process can be circumvented in the analysis of feedback discrimi-

nators (for example, in carrying out the analytical development using

differential equations), but "linearization" greatly simplifies the work

entailed in analyzing and designing feedback discriminators.

The "linearization" process is defined here as being the reduction of loop

parameters to S-plane or Laplace polynomials when the input to the loop is

considered as being frequency.

The loop components prior to "linearization" are shown in Figure H-2. At

the VCO output, E 2 is the maximum VCO voltage amplitude;_2/27, is the

VCO center frequency; _ is the VCO estimate of the input signal phase;

and @2 is a phase term encompassing noise jitter as well as all VCO phase

components not contained in_2 t and _. At the input to the loop, A c is

the maximum voltage amplitude of the signal; _c/2_ is the carrier

frequency; _i _ is the phase of the information; and _n is the noise phase

contribution. The equivalent frequency input can be found through

differentiating the input phase:

d_ I d_ n
+ --+ --

c dt ° dt

Fin = 2 _ (H.I)

With sinusoidal modulation, the Laplace transform of Equation (H.I) is

fd _D A 2_c m i n

= -- 2 + 2?[ --_-- " $2 +_Fl(S) 2_s + S2 +_ c
m

(_.2)

where

fd = carrier frequency deviation

_m/2_= modulation frequency

A n = maximum incremental noise voltage amplitude
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The mixer, shownin Figure H-2 multiplies input voltage by VCOoutput
voltage. Therefore, input and VCOfrequency componentssubtract and add,
but the resulting addition componentis neglected because a bandpass
filter centered at _o =_c'O°2 follows the mixer. The subtraction compo-
nent is knownas frequency error.

Before discussing "linearization" of the bandpass filter, the discrimina-
tor will be considered. While a discriminator generally has an S-curve
response (i.e., output voltage amplitude versus input frequency),
generally, the transfer characteristic is approximately linea_ throughout
an operating range about the center frequency. The discriminator center
frequency is _o/2_, the IF center frequency: at _o/2_, the discriminator
output voltage is zero, but the discriminator output voltage is Kd volts
when

1 O
= i

27r

Hence, the discriminator transfer function is Kd in the linear range.

As far as the band filter is concerned, it converts to an equivalent low

pass function, defined as Ga(s), through a transformation from bandpass

to low pass. In this transformation, the IF or bandpass filter center

frequency translates from 03o to zero. For example, if the IF band-

27r

width is 2b rad/sec, and if the filter is a single-pole filter;

b (H.3)
Ga(s) = s + b

Notice that the bandwidth decreases a factor of two by the transformation.

A low pass filter and a video amplifier follow the discriminator in the

loop. The function of Gb(S ) is defined so that it encompasses these two

quantities. If the low pass filter is a simple 6 db/octave roll-off fil-

ter, and if the video amplifier has a voltage gain of Kf, then

Kfa
(H.4)

G b (s) - s+a

A VCO changes its output frequency of oscillation as a function of its

input voltage. In the feedback discriminator circuit, assume that the

oscillator frequency is directly proportional to the transfer function

of the VCO, which is KV.
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Now that the loop components have been "linearized," a composite model

can be constructed, and this model appears in Figure H-3. For this model,

Ga(s) and Gb(S) assume the values denoted by Equations (H-3) and (H-4),

respectively. The model, shown in Figure H-3, furnishes a basis for

understanding much of the analysis in the following sections. However,

a different model will be used for the actual loop to be designed.

Two points worth stressing are: (i) All noise bandwidths are doublesided

because a two-side_ nolse spectrum is used; and (2) the input to the iuup

goes through a limiting process before reaching the loop. Limiting

eliminates amplitude variations.

H.4 TRANSFER FUNCTIONS

In view of the analytical necessity of being able to express loop response

in terms of input stimuli, this section presents loop transfer functions

in terms of an equivalent frequency input.

Figure H-4 shows the transfer function for [H(S)/R(S)]. Assume a

normalizing excess phase shift,_b, in terms of phase shi_t (tad) per

baseband bandwidth (rad/sec) so that a factor of exp {-_} is

multiplied by the gain function. For example, the open loop transfer

function is

KdKv eXP_m }
H(S) = G (S) G b (S)E(S) a "

Ideally, an open transfer loop transfer function is desired which main-

tains full feedback over most of the baseband, while still having a

minimum noise bandwidth. A two pole loop with such characteristics has a

Butterworth transfer function as shown below:

C(S) = i (H.5)

E(S) S2 +%/'2(D S + 2
m m

However, the excess phase causes the loop to be underdamped and possibly

even unstable. To offset this, a zero is introduced into the loop. In

order to maintain loop operational flexibility, it is desirable to be

able to vary the IF transfer function Gb(S ) and the open loop transfer

function Ga(S ) independently. This can be done if Ga(S) contains a zero

to cancel the pole of Gb(S).* Thus,

*Here (a) and (b) are defined so that the zero is at
ma

_mb"
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FIGURE H-3. "LINEARIZED" EQUIVALENT MODEL OF A FEEDBACK DISCRIMINATOR
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H(S)

w(s)

K (S + ao0 m) (S + b OOm) O0m
V

2

S2 +_/_D m S + co m

(H.6)

and from (H-6),

_-S _b_

H(S) = _mKfKvKd(S+a_m ) exp _-_-_--m _

E(S) S2 +_--_- S + O0 2
m m

where

Kv= VCO gain constant (rad/sec/volt)

Kd= discriminator gain constant (volt/rad/sec)

Kf = filter gain constant

From (H.7), the closed loop transfer function is

(H.7)

H(S) = O0m K(S+agDm) exp _m

R(S) $2+(_mS_/2 + K exp _-S _b_+ 2 _ }%_m _ O0m (I + Ka exp -S_B

(H.8)

whe re

K f_=KfKdK v.

Equation (H.8) gives the closed loop transfer function. Equation (H.8)

can be used to find the loop noise bandwidth (see paragraph H.5) and to

ascertain stability.
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H.5 LOOP DESIGN

The first step in designing the system is to find the threshold relation-

ships. A feedback discriminator has essentially two thresholds: the open

loop threshold, which is the threshold of the standard discriminator in

the loop; and the closed loop threshold. If the open loop threshold is

reached prior to the closed loop threshold, then the IF SNR determines

the threshold of the loop. However, if the closed loop threshold is

reached first, then the closed loop [hreshoid alone sets the threshold of

the loop.

The threshold of the discriminator is defined as the lowest value of input

SNR, with fixed IF noise bandwidth and modulation frequency, for which

the following formula gives the output SNR

3 2 BNIF

po = _ _ -i---Pi
RF m

(H.9)

whe re

BNI F = IF noise bandwidth, low pass equivalent (cps)

f = modulation frequency (cps)m

Pi = SNR input

_RF = modulation index

Equation (H.9) relies upon having a post-detection filter of bandwidth

fm following-the loop.

Moreover, if the discriminator in the loop reaches its threshold prior to

the point at which the closed loop threshold is reached, then the thres-

hold of the loop is

BNIF_

where

H-II
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PiT = input SNR at threshold

/3DT = discriminator SNR threshold

Bn_ = closed loop noise bandwidth (Hz)

Since B._<B n, it is obvious from the above equation that the loop
I_I_ n

realizes some _egree of threshold improvement. However, a greater thres-

hold improvement results from reaching the closed loop threshold first.

The following equation, defined in noise bandwidth Bn_ , gives the closed
loop threshold:

PiT _ 4.8 (H.10)

whe re

F = 1 + K K d Kf.
V

To ensure that the open loop threshold is not reached prior to the point

at which the closed loop threshold is reached, the SNR at the discrimina-

tor input must be above its threshold when the loop input SNR equals to

the closed loop threshold SNR. At the closed loop threshold, the dis-

criminator input SNR is

Bn_

PiD = fliT (H. II)
BNI F

whe re

PiD = discriminator input SNR.

Substituting the right side of Equation (H.IO) for PiT into Equation (H.ll_

PiD _ 4.8 _F__-_I_ 2 Bn_ (H.12)

BNI F

For example, suppose a carrier is being modulated by a 1MHz wave with a

modulation index of i0. Then the ratio of BNIF/f m is equal to 24, and
the threshold of an ordinary discriminator is about 13db. But, using a

feedback discriminator with F = i0, the threshold from Equation (H.10) is

3.92 or 5.94 db. Moreover, since B _ is smaller than the 24 MHz input
noise bandwidth, a further threshol_ enhancement results. Equation (H.13)

expresses total threshold improvement as follows:
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24 Mc

= 13 - 5.94 + i0 lOgl0 Bn_

where

= threshold improvement factor in db.

The threshold i_ exp_e_=d iLL gwi_e L,=''baseband _---=-.:==L,=L,_w=_=,,_J....."'=="=V_'J="O_";--I"''--~

Equation (H.10) by Bn_/2f m :

PiT {2fml= 4"81_ 2 2fmBn--_-_
(H.13)

where

f = baseband bandwidth (Hz)
m

Moreover, the noise bandwidth, Bn_ , in terms of the loop parameters is as
follows:

Bn_ 2?TH 2 S H " do_
m---

(H.14)

where

H = maximum absolute v&lue of H(j_0
m R(jO_

_ = the transfer function of the VCO output.
R(ja_

As shown in Paragraph H.4, (a) has to be large enough to offset the

effect of the excess phase shift. The design equations are quite complica-

ted, and a graphical design approach is the most feasible.

The first of the design graphs (Figure H-5) shows a plot of (b) and (a)

versus F (the design curves come from L.H. Enloe) I" Thus, for a given F,

the filter constants can be found. Figure H-6 contains a plot of F

versus p._ and _ versus p. for various values of excess phase shift

i_ of _, th_Tvalue of PiTFor a given value is found on the solid wave for a

value of _. Then, keeping the threshold constant, the corresponding

value of F is found. Here, PiT is the loop threshold in twice the base-
band.
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To comparethe FMFBdiscriminator with the conventional discriminator,
the threshold SNRversus modulation index is plotted (Figure H-7). Here,
the threshold SNRis taken in the RF bandwidth; Carson's rule is used to
makethe conversion. The threshold of the conventional discriminator can
be assumedto be a constant 10db. (For comparative purposes, this assump-
tion is not unreasonable and the loop excess phase shift can be assumed
to be 4 degrees.)

l.

Enloe, L.H., "Synthesis of Frequency Feedback Demodulators,"

Electronic Conference, pp. 477-497; Sept., 1962.

National
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APPENDIX J

RADIATION VULNERABILITY OF MOS-FET DEVICES

FOR A TYPICAL LUNAR MISSION

J.l INTRODUCTION

This appendix summarizes the findings of a brief investigation of the

possible radiation damage that a MOS-FET device may experience during

a typical lunar mission, i.e., passage through the van Allen belts,

followed by passage through the average cosmic ray background of

solar space; also including the possibility of encountering a solar

flare.

J.2 TYPE AND INTENSITY OF RADIATION ENVIRONMENT

The types of primary radiations considered relevant to this brief study
are:

(i) Electrons of van Allen belts.

(2) Protons of van Allen belts.

(3) Cosmic radiation comprised of protons, k-particles,

gamma and X-radiation, and other heavy nuclei.

(4) Protons of solar flares.

J.2.1 VAN ALLEN BELTS

The van Allen belts are usually considered as two concentric toroidal

belts: the inner belt extends from about 600 km to 104 km altitude (above

the equator) and is sometimes called the proton belt, since it includes

J-i



most of the protons, but also someof the electrons; however, the latter
extend to muchgreater distances from the earth, reaching maximumintensity
at about 23,000 km. The intensity of radiation in the belts and the posi-
tion of contour lines within the belts vary somewhaton a daily basis. The
particle density represents a balance between the integrated accumulation
(from cosmic background solar flares, and atomic weapons), and depletion
caused by leakage to the earth and into space, and recombinations.

The peak intensity of electrons is approximately:

I0II electrons/cm 2 sec on an "excited" day

2 x 108 electrons/cm 2 sec on an "quiet" day

These electrons have energies ranging from about 0.i Mev to about 0.7 Mev.
The time-integrated spectrum (elect/cm2 Mev) for a typical earth exit on a
lunar mission follows an energy dependenceE-n over this range, where n_6.

The proton peak intensity (average day) is on the order of 104 protons/cm2
sec at an altitude of about 3600 km. The proton energies range from about
i0 Mev to 600 Mev. The energy dependenceof the proton spectrum is

N(E) _E -72 , i0 Mev < E <80 Mev

-E/170
_e 80 Mev< E < 700 Mev.

J. 2.2 COSMICRADIATION

The cosmic radiation originates outside the solar system. The particle
energies are extremely high - up to 1020 ev. The chief constituents are
protons, but there is a significant fraction of _-particles (N15%), and
lesser amountsof heavier nuclei. The differential energy spectrum of the
proton componentis given as

0.3 L protonsn(E) = --
E2.5 2cm sec sterad Gev

for E >i0 Gev. (OneGev = 109 ev)

These fluxes are, of course, extremely low compared to the fluxes of the
trapped radiation within the van Allen belts. The dosages associated with
the cosmic backgroundwill be seen (Paragraph J.3) to be negligible in
comparison with that associated with the van Allen belts for a lunar
(unmanned)mission, even though much less time is spent in the latter. In
solar space, a muchmore significant environment is that of the solar
flares, discussed in the following paragraph.
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J. 2.3 SOLAR FLARES

Solar flares are bursts of nuclei, predominantly protons, emitted from the

sun during magnetic storms. There is a high degree of correlation between

the frequency of such flares and the ii year sunspot cycle, which has a

maximum in about 1969. During the most recent maximum in the sunspot

activity (July 1957 through December 1958), there were a total of 6762

flares, of which 41 where Class 3 or 3+, those of maximum intensity. This

av_rage_ out to about 2.3 per month of the more intense flares. Each such

flare may have a duration of from 2 to 3 hours to to 2 to 3 days. Advance

predictability of their occurrence is low, at least on the time scale of a
lunar mission.

The energy spectrum of the protons in a typical Class 3+ flare is

dN

dE
2.6 x 108 E -2"86 protons/cm 2 sec Mev,

where i0 Mev < E < I000 Mev. This amounts to a total flux of protons

(integrating over the indicated energy range) of

,w 106 2N = 2 x protons/cm sec

It is beyond the scope of this study to dwell in more detail on the rela-

tive probabilities of the flare occurrence, intensity and spectral varia-

tion. In Paragraph J.4, it will be seen that the dosage associated with

such a flare as the one just described is fairly severe, but not definitely

intolerable (for unmanned vehicles).

J.3 ABSORPTION MECHANISMS AND SECONDARY RADIATION

When a charged particle impinges on a solid (or liquid or gas), it

exchanges energy with the nuclei and electrons of the medium by means of

either elastic or inelastic collisions. Electrons may be stripped from

the atoms (ionization) or raised to existed states; nuclei may be displaced

from lattice sites; emission of radiation may (or may not) accompany the

collisions with the nuclei (bremsstrahlung); the incident particles may

simply exchange energy elastically with the nuclei, conserving momentum

(nuclear back scattering); or a number of less probable reactions may

occur, such as nuclear excitation and Ramsauer effect.

The relative effectiveness of each of the possible energy-loss mechanisms

depends on the atomic number and ionization potentials of the medium and on

the velocity and mass of the incident particle. In the case of lunar mis-

sion environments, involving 0.i to 0.7 Mev electrons and 30 to i000 Mev

protons, it is found that the overwhelming mechanisms of energy loss is the

ionizationprocess; however, the disposition of the balance of energy loss by

the less effective mechanism varies greatly, depending upon whether the

J-3



particles are protons or electrons. These secondary mechanisms,while
usually negligible in accounting for the total energy loss of the incident
particle, are important in determining the final state of the medium, and
the amountof secondary radiation emitted, after primary irradiation. A
realization of the latter effects is especially important in view of the
fact that there is a tendency amongthe experimentalists to characterize
their irradiation experiments simply by the rad dosage administered to the
sample or device. A rad is a measure of the energy per unit mass absorbed
by the medium(i rad = erg/gm). However, in manycases, the dosage is not
necessarily indicative of the permanent damage suffered by a device, as

will be demonstrated in the following paragraph.

J.3.1 ELECTRON INTERACTIONS

The predominance of ionization in stopping electrons is exemplified in

Table J.l, which shows the cross section per aluminum atom for incident

0.i Mev and 0.5 Mev electrons. The cross sections are in units of

barns/atom (i barn = 10 -24 cm2).

TABLE J.l

Cross Section

(barns/atom)

Energy Loss Mechanism

0.i Mev 0.5 Mev

electrons electrons

Ionization 1950 4280

Nuclear Back Scattering 470 75

Scattering by Atomic Electrons 290 50

Bremsstrahlung 3.3 i+

The secondary particulate products of the first three processes listed in

Table J.l are lower energy electrons, many of which, however, still have

sufficient energy to produce further ionization. Thus, the electrons con-

tinue to degrade in energy until, ultimately, the energy is equilibrated by

means of excitation photons, lattice vibrations (heat), and leakage of

excess charge. As the electron energy becomes very low, they tend to

wander about, some of them straggling on to fairly great distances before

leaking off, or becoming attached. It is difficult to define a true range

for electrons for two reasons: (I) the straggling process cross sections

follow essentially different energy dependences than ionization processes

by fast electrons, and (2) the collisions of the fast electrons are erratic

in energy exchange and consequently in direction. However, it is possible
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to define a "practical" or extrapolated range which accounts for practically

all the energy. In aluminum, it is found that ranges of 0.I and 0.5 Mev

electrons are approximately as shown in Table J.2.

TABLE J.2

Energy Range Range

(Mev) (gm/cm 2) (cm)

0.i 0.015 0.0055

0.5 0.20 0. 074

The results shown in Tables J.l and J.2 indicate that it is not difficult

to shield against the bulk of the electron energy. Furthermore, the

greater part of the damage is transient in most materials. Exceptions are

(i) the possibility of affecting the cross-linking and general electronic

structure of polymeric materials, (2) the possibility of charge build-up in

systems having insulated regions that prevent the charge from leaking off,

(3) the possiblity of "breaking down" insulation, or potential barriers in

components which have voltage applied across them, or (4) propagating large

signals through electronic equipment which is turned on and has a large

gain factor.

The bremsstrahlung (X rays and gamma rays), although not involving a very

large fraction of the total energy, is much more penetrating than the

primary electrons. The mean free path of a 200 Kev X-ray in aluminum is

about i0 gm/cm 2. Thus, prolonged orbiting within the van Allen belt would

make for a difficult shielding problem.

There is very little displacement damage associated with electrons. The

small mass of the electron, relative to the mass of the nucleus, requires

a high threshold energy for the reaction in order for momentum to be
conserved.

J.3.2 PROTON INTERACTIONS

As is the case with incident electrons, the predominant energy exchange is

in the ionization process. The concept of range is more applicable to the

stopping of protons, primarly because they are sufficiently massive to

travel in a more or less straight line, and because they lose their energy

rapidly near the end of their paths. For proton energies up to about

500 Mev, the deposition profile is characterized by a fairly uniform energy

loss rate over half the range, losing in the process from lh4 to 1/2 the

energy, followed by a steeply increasing loss rate over the second-half-

range. Table J.3 shows, for protons incident on aluminum, the range (cm),
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the energy loss rate over the first half-range (Mev/cm), and dosage in the

first half-range (rad/proton/cm2).

TABLE J. 3

Incident Energy Loss Dosage in

Proton Range in Rate First

Energy Aluminum (i st Hal f-Range) Ha If-Range

(Mev) (cm) _Mev/cm_ ._ (Rad/proton/cm2_

4 0.01 200 1.2 x 10 -6

i0 0.06 i00 6.0 x 10 -7

20 0.23 65 3.9 x 10 -7

40 0.80 30 1.8 x 10 -7

i00 4.4 17 1.0 x 10 -7

200 24.0 9 5.4 x 10 -8

Table J.3 indicates that there would be no severe problem in shielding

against protons of up to about 50 Mev, but very difficult for high energies.

The bremsstrahlung energy associated with the incident protons is very low,

in fact, negligible. However, there is bremsstrahlung associated with the

secondary electrons produced in the ionization process. No calculation of

this effect is made here, as a fairly detailed spectrum of the electrons

would be required.

Contrary to the case of incident electrons, the protons are sufficiently

massive and energetic to produce a significant number of displaced atoms.

The efficiency of this process depends on (i) the maximum amount of energy,

Em, that can be transferred, which is determined by the principle of con-

servation of momentum and depends on the masses of the incident particle

and the struck nuclei, and on the kinetic energy of the incident particle,

(2) the Wigner energy, Ed, which is related to the amount of energy required

to remove the struck nucleus from the lattice, (3) the cross section of the

interaction, which depends on Ed, Em, on the atomic numbers of the incident

particles and the nucleus, on the velocity of the incident particle, and on

the reduced mass of the system.

In addition to the displaced atoms produced directly by the incident

particle, which are designated primary displaced atoms, the primaries,

themselves, may produce additional secondary displacements. The number of

such secondaries for a given target material has been calculated by
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Harrison and Seitz, and depends on Ed, the Wigner energy, and on the

spectrum of excess energy delivered to the primary displaced atoms. By

making some rather crude assumptions concerning the excess energy spectrum,

the total number of displaced atoms per unit volume per incident proton/

cm 2 may be estimated, as a function of incident proton energy. The results

are shown in Table J.4.

TABLE J.4

Energy Atoms/cm 3 per

(Mev) Proton/cm 2 Incident

i0 260

20 140

40 73

i00 31

200 16.5

In Table J.4, the tabulated values in the right column are equivalent to

the number of displaced atoms per centimeter of path of each proton• To

get the total number formed, it is necessary to multiply by the path length.

Thus, the lower energy protons produce more displaced atoms per centimeter

of path, but the greater range of the higher energy particles produce more

displacements provided the medium is thick enough. (Actually, the number

per unit path length near the end of the range is greater than indicated in

the tab_ .)

To sum up this paragraph, the following points are noted:

(z) Both electrons and protons lose most of their energy

by ionization; this energy loss is characterizable

by the rad dosage.

(2) Incident electrons produce bremsstrahlung directly,

while protons do not; however, the secondary elec-

trons ionized by the protons may contribute to

bremsstrahlung.

(3) Displaced atoms which may cause permanent damage to

semiconducting materials, are created by protons, but

not by electrons. This effect is not characterizable

by the rad dosage unless the dosage is delivered by

the same or similar massive charged particles.
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J.4 DOSAGEESTIMATES

To calculate accurately the dosages and atomic displacements in a lunar
vehicle, it would be necessary to perform integrations over the energy
spectra of the particles, over the time-space variables of the van Allen
belt contours as determined by the trajectory, and over the stopping-power
formulae peculiar to the incident particles and mediumfor each of the
possible reactions. For media situated on the interior, it would be
further necessary to modify the environment in accordance with the shield-
ing and nature of the secondary radiation and particulate reaction
products produced.

Needless to say, such a calculation, even as accurately as would, in
principle, be possible, has never been done. An approximation, utilizing
a computer program, has been carried out, for the case of a lunar mission,
by R.A. Miller and C. Cranford, of General DynamicsNuclear Aerospace
ResearchFacility (hereafter abbreviated GD). The GDcalculations are
carried out for a mediumin the vehicle situated behind 2 gm/cm2 of
aluminum. The vehicle was assumedto experience the following environment:

(i) 0.82 hr through the heart of the proton belt.

(2) 3.4 hr through the electron belt.

(3) 55 hr through a Class 3 flare.

Before summarizing their results, it may be of interest to perform a few
crude calculations using the data of Paragraphs J.2 and J.3:

(i) van Allen Electrons

Assume 108 electrons/cm 2 sec, 0.5 Mev electrons

Time in belt = 1.2 x 104 sec

Range in AI = 0.2 gm/cm 2

These assumptions lead to a dosage ofN5 x 104 rad

(averaged over a depth equal to the 0.2 gm/cm 2 range).

(2) van Allen Protons

Assume 104 proton/cm 2 sec, 20 Mev protons

Time in belt = 3 x 103 sec

Range in A1 = 0.62 gm/cm 2

Dosage _ 16 rad (over 0.6 gm/cm 2)
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(3) Solar Flare

Assume 2 x 106 proton/cm 2 sec, i00 Mev protons

Time in flare = 2 x 105 sec

Energy loss rate = 17 Mev/cm

Dosage _ 4 x 104 rad (over 5 to i0 gm/cm 2)

Displaced atoms = 1.2 x 1013/cm 3

The GD calculations for the same trajectory yielded the following dosages

in rads from the various sources. (Recall that this calculation assumes

2gm/cm 2 AI shielding)

Radiation Component

van Allen electrons

Dose (rads)

14

van Allen protons 0.3

Cosmic protons 0.062

Other heavy particles 0. 035

Solar flare protons 2.2 x 104

It should be noted that the 2 gm/cm 2 A1 shielding has effected a signifi-

cant reduction(factor of 3 x 103) in the electron dosage, and that the van

Allen proton dosage has been decreased by a smaller factor. (Not too much

confidence should be placed on this comparison, because of the crudity of

the hand calculations.)

The solar flare protons were not apparently affected significantly by the

shielding. Actually, an additional amount of shielding, in this case,

might increase the dosage if the thickness should happen to correlate with

the mean range of the protons.

GD also carried out a supplementary calculation to determine shielding

effectiveness against the solar flare protons. They showed, for example,

that an additional 6 gm/cm 2 (2.2 cm) of AI, followed by i0 gm/cm 2 (_ 7 cm)

of polyethylene would reduce the dosage to about 300 rads. This is a

reduction of about a factor of i00, but the severe weight penalty may be

taken as an indication of the difficulty in shielding.

The number of displaced atoms computed for the assumed mission (_lol3/cm 3)

may be a significant permanent damage mechanism in semi-conducting materials,

but is not expected to be damaging to materials such as fuzed quartz, used
as an insulator.
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J.5 RESLrMEOFRADIATIONEXPERIMENTSONMOSFETDEVISES

A very brief search of recent literature on the subject of radiation damage
to MOSFETdevices revealed four similar experiments. The first was per-
formed by F. Gordon of Army Signal R&DLab, Fort Monmouth,N.J. (hereafter
designated the Signal R&Dexperiment); the second, third and fourth were
conducted by H.L. Hughesand R.R. Giroux of NRL(designated the NRL
experiments).

In all experiments, a numberof p-channel and n-channel MOSFETdevices were
exposed to]-radiation from a CO60source. Total dosages administered
were 106 rad in the NRLexperiment and 0.5 x 106 rad in the SIGNALR&D
experiment. In addition, the SIGNALR&Dworkers exposed similar devices
to fluxes of 2 Mevelectrons in amounts of I0 II, 1012, 1013, and
1014 electrons/cm 2

In the NRLexperiments it was found that changes in bulk semiconductivity
were negligible. However, in before and after measurements, they found
changes in channel conductance (at fixed gate voltage), a factor of
650 decrease for p-channel and a factor of 15 decrease for n-channel. They
reported a change in gm (transconductance), as a result of the decrease in
drain current concomitant to the channel conductance change, but also an
intrinsic changeat fixed drain current. They noted little permanent
degradation in gate leakage current. Table J.5 shows their results for
5 n-channel, and 6 p-channel devices.

TABLEJ°5

Type Unit

Leakage Current Fixed Gate Voltage

<_ amp_ gm (_mhos)
Before After Before After

Fixed Drain Current

gm _mhos)
Before After

n-Channel I 1.0 1.0 600 200 450 200

2 1.0 0.2 500 160 400 160

3 3.1 5.0 600 30 400 20

4 2.5 0.15 750 40 400 60

5 2.0 3.0 1400 200 375 120

p-Channel I 0.01 0.01 1500 600 800 600

2 0.01 0.01 1300 35 500 N.M.

3 0.015 0.01 1700 i00 600 N.M.

4 0.01 0.01 1700 900 I000 900

5 0.01 0.03 1025 425 ii00 600

6 0.01 0.01 1250 725 750 725
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(3) Solar Flare

Assume 2 x 106 proton/cm 2 sec, i00 Mev protons

Time in flare = 2 x 105 sec

Energy loss rate = 17 Mev/cm

Dosage _ 4 x 104 tad (over 5 to I0 gm/cm 2)

Displaced atoms = 1.2 x 1013/cm 3

The GD calculations for the same trajectory yielded the following dosages

in rads from the various sources. (Recall that this calculation assumes

2gm/cm 2 AI shielding)

Radiation Component

van Allen electrons

Dose (rad s)

14

van Allen protons 0.3

Cosmic protons 0.062

Other heavy particles O. 035

Solar flare protons 2.2 x 104

It should be noted that the 2 gm/cm 2 A1 shielding has effected a signifi-

cant reduction(factor of 3 x 103) in the electron dosage, and that the van

Allen proton dosage has been decreased by a smaller factor. (Not too much

confidence should be placed on this comparison, because of the crudity of

the hand calculations.)

The solar flare protons were not apparently affected significantly by the

shielding. Actually, an additional amount of shielding, in this case,

might increase the dosage if the thickness should happen to correlate with

the mean range of the protons.

GD also carried out a supplementary calculation to determine shielding

effectiveness against the solar flare protons. They showed, for example,

that an additional 6 gm/cm 2 (2.2 cm) of AI, followed by i0 gm/cm 2 (_ 7 cm)

of polyethylene would reduce the dosage to about 300 rads. This is a

reduction of about a factor of I00, but the severe weight penalty may be

taken as an indication of the difficulty in shielding.

The number of displaced atoms computed for the assumed mission (_1013/cm 3)

may be a significant permanent damage mechanism in semi-conducting materials,

but is not expected to be damaging to materials such as fuzed quartz, used
as an insulator.
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J.5 RESUMEOFRADIATIONEXPERIMENTSONMOSFETDEVISES

A very brief search of recent literature on the subject of radiation damage
to MOSFETdevices revealed four similar experiments. The first was per-
formed by F. Gordon of Army Signal R&DLab, Fort Monmouth,N.J. (hereafter
designated the Signal R&Dexperiment); the second, third and fourth were
conducted by H.L. Hughesand R.R. Giroux of NRL (designated the NRL
experiments).

In all experiments, a numberof p-channel and n-channel MOSFETdevices were
exposed to]-radiation from a CO60source. Total dosages administered
were 106 rad in the NRLexperiment and 0.5 x 106 rad in the SIGNALR&D
experiment. In addition, the SIGNALR&Dworkers exposed similar devices
to fluxes of 2 Mev electrons in amounts of i0 II, 1012, 1013, and
1014 electrons/cm 2

In the NRLexperiments it was found that changes in bulk semiconductivity
were negligible. However, in before and after measurements, they found
changes in channel conductance (at fixed gate voltage), a factor of
650 decrease for p-channel and a factor of 15 decrease for n-channel. They
reported a change in gm (transconductance), as a result of the decrease in
drain current concomitant to the channel conductance change, but also an
intrinsic changeat fixed drain current. They noted little permanent
degradation in gate leakage current. Table J.5 shows their results for
5 n-channel, and 6 p-channel devices.

TABLEJ. 5

Type Uni______t

Leakage Current

(_ amp)
Before After

Fixed Gate Voltage

gm (_mhos_
Before After

Fixed Drain Current

gm _mhos>

Before After

n-Channel I 1.0 1.0 600 200 450 200

2 1.0 0.2 500 160 400 160

3 3.1 5.0 600 30 400 20

4 2.5 0.15 750 40 400 60

5 2.0 3.0 1400 200 375 120

p-Channel I 0.01 0.01 1500 600

2 0.01 0.01 1300 35

3 0.015 0.01 1700 i00

4 0.01 0.01 1700 900

5 0.01 0.03 1025 425

6 0.01 0.01 1250 725

800 600

500 N.M.

600 N.M.

i000 900

ii00 600

750 725
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The NRL group further reported that matched pairs of devices were damaged

equally up to a dosage of 2 x 105 rad, with noticeable changes occurring

after only 60 rad0 Beyond 2 x 105 rad, the matched nature of the devices

began to fall off.

The general tendency of the SIGNAL R&D results seems somewhat at variance

with the NRL results. The former reported no definite tendency in the

change in slope of'the drain current-gate voltage characteristics. Thus,

_f the transconductance, gm, is defined as _Ip/_VG, then no trend was dis-

covered. They did, however, report changes in the ;_dc;;uranscondu_tance,

i.e., the ratio Ip/VG0 They reported large changes, up to a factor of ID4

increase, in the drain leakage, and factors of 2 to 3 increase in gate

threshold voltage. In their electron beam exper.iments, no definite trend

in gm change was observed. Certain changes in gate threshold voltage were

detected, which they represented as an improvement. Further experimen-

tation in this area was suggested. Highes in Reference i and 2 concludes

that the major contribution to surface contamination is a positive space

charge buildup in the silico-dioxide film. In Reference 3, Hughes con-

cludes that certain circuit configurations, such as differential amplifiers

allow the use of n-channel MOSFET's (in the depletion mode) with a minimum

of radiation sensitivity.

J.6 RELEVANCE OF EXPERIMENTAL IRRADIATION AS SIMULATION OF ACTUAL

ENVIRONMENTS

A substantial effort in the past has been made to establish the equiva-

lence of changes in macroscopic properties of various components and

devices in radiation environments that are characterised only by the total

rad dosage administered. To a very great extent, this equivalence has

been demonstrated for most conventional devices when exposed to electron

beam, X ray sources, and _ ray sources. The equivalence is less well

established for neutrons, protons, and other heavy particle beams. The

basic reason for this is that the photon and electron beam irradiation is

primarily effective in producing only ionization effects (ultimately),

while the heavy particles produce displacement damage as well.

iHughes, H. L., "Surface Effects of Space Radiation on Silicon Devices,"

IEEE Transactions on Nuclear Science, December 1965.

2Hughes, H. L., "Radiation Effects on MOS Devices," Paper presented at

Third Navy Microelectronics Conference, Monterey, California, April 1965.

3Hughes, H. L., Giroux, R. A., "Space Radiation versus MOS Devices and

Circuits," Paper presented at 12th East Coast Conference on Aerospace

and Navigational Electronics, Baltimore, Maryland, October 1965.
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Ionization effects are predominantly transient in nature, and the perma-
nent effects obtained are not at all well understood. To a degree, the
permanenteffects are specific to the particular device; the degree of
damageis related to the function of the component, and to the particular
circuit involved.

Probably, the most significant long-lasting effect in non-polymeric
materials is the accumulation of charge on surfaces, particularly in
devices where exceptionally high impedancesto ground are involved. For
this reason, it is advisable, if possible, to arrange for irradiation of
circuits which simulate closely the operational circuits contemplated.
If sufficient care is taken in this regard, there is every reason to be-
lieve that equivalence assumptions are justified for the ionization effects.

Atomic displacement effects are the major cause of damagein semi-
conducting materials, and maylead to gross changes in the bulk con-
ductivity of transistors and diodes. There is a good correlation between
measuredchanges in properties and the numberof displaced atoms/cm3,
based on parametric variations in flux levels for other identical, mono-
chromatic beamsof particles. Extrapolation of results to other particles
or energies is not straightforward, however, for several reasons:
(I) energetic electrons (>i Mev) tend to produce a (relatively small)
numberof more or less isolated displacements, while heavier particles tend
to produce clusters of displaced atoms, (2) the theory of displacement
probability is not particularly well developed, so that the energy
dependenceis both complicated and uncertain in manymaterials, and
(3) annealing effects are possible, and are even less well understood.

In summary,two points are worthy of mention in connection with the
applicability of the CO60 V-ray experimentation to the question of MOSFET
behavior in lunar mission environment:

(1) The CO 60 radiation very likely does not simulate

adequately the possible displacement damage that

may be expected in the proton environments. This

damage could be expected to have an effect on the

semiconducting properties of the device (gm, etc.)

rather than on the high impedance fuzed silica

layer.

(2) The ionization effects measured probably simulate

those for any MOSFET device which is used in circuits

similar to those of the experiment, but there is a

possibility that the isolated (from ground) branch

of the device could be peculiarly sensitive to

charge accumulation. The changes noted in the

transconductance are believed to be generally

applicable.
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J.7 CONCLUSIONS

The data at hand do not provide conclusive evidence concerning the

vulnerability of MOSFET devices to the radiation that may be encountered

in a lunar mission. If it were to be assumed that solar flares could be

avoided, then the calculated dosage administered to interior components

of a vehicle with even very modest shielding capacity would appear to be

of negligible importance. This conclusion assumes that prolonged orbiting
w_thin the van Allen belts is avoided.

The rad dosage associated with the simulated mission described in Para-

graph J.3, involving passage through an intense flare, may be sufficient

to cause alarm. The flare environment is admittedly more intense than

the average flare that might be expected. A judicious consideration of the

likelihood of encountering such a flare, in the light of the parameter

variations obtained in the experiments described in Paragraph J.4, which

involved a dosage level approximately two orders of magnitude greqter than

that calculated from the flare, may indicate whether further concern is

warranted. Any facility capable of providing the necessary dosages may be

utilized to simulate the ionization effects on the actual circuitry

contemplated.

There is some basis for concern that the displacement damage accompanyin_
the high energy protons may not have been adequately simulated in the CO °0

experiments. There are available two possible procedures for obtaining

additional displacement data should it be felt to be warranted: (i) a

neutron source, as from a reactor, may be utilized to induce equivalent

numbers of displaced atoms within a device, and the data may be correlated

with proton displacement calculations, or (2) a direct beam of protons of,

for example, 6 to i0 Mev protons (as from a van de Graaf facility) may be
used.
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APPENDIX K

BUFFER AMPLIFIER CONNECTION COMPARISONS

A direct comparison of the common base and common emitter connections is

presented below.

The T equivalent circuit for the common base connection is

-----o-I

I ie _ ' C°

| e c

| o o

I

I
I

I

where:

26

re = le

rb, = intrinsic base resistance
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It is assumed that the collector circuit is tuned to resonance and can be

represented as a pure resistance, R L. The current through r b, can be

written

(Ve - Vb,) + S C (Vc , V b )I = I(i - _) + S C e c '
r b ,

le 1

- Vb, =Ve C I
e s+--

re C e

If the voltage gain is large,

V b _VcVc - I =

If XCc _ RL'

Vc = _o I R L

Assuming _ _ i, the equation is rewritten
O

s I
e

I - i +SIR_ Cc
rb' s + --

r C
e

V - Vb,e le i

r rC Ce is + --

i

Define W L _ Cc

s I +
e

I =

rb, s + Wt

The voltage across rb, is

Vb, = I
rb,r b ,

r Ce
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I The equivalent impedance at rb, is thus

I 7. Vb ' s rb, i + __

-b' = -_e = s + W t

This has the form of the of shunt R - L whereimpedance a circuit,

Z= sR

rb, I W t

0I

|
... . .

Wt

'I If W < _- , the circuit can be redrawn as

I le re

I rb' Wt _o g ; "Wt

I

I
I
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The percentage variation in the input inductance is

i00 W t

% - WL = i00 W t RLC c

The high frequency cormnon emitter equivalent circuit is well known to be

RL
C +--C

r_, e r c
e

0

=c (I+e WtRLCc)

\ Vb,e

re
_m

O

The percentage variation in input reactance is again

% = i00 W t _ C c

It can be seen that the two connections are equivalent. For additional

isolation, either circuit must be neutralized. Since common base

neutralization is in general more difficult and requires dissipating

input power in a resistor, the common emitter circuit seems to be the

logical choice for this application since it may be neutralized if

necessary.
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