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ABSTRACT

Meteorological and oceanographic information is frequently
required from critical areas where routine environmental obser-

vations are either not made or can be made only at considerable

expense and time. As part of a continuing program to develop

environmental telemetering equipment for obtaining data from

remote or inaccessible regions, a code and sequencing system
has been developed.

This system includes an analog-to-digital converter which

employs a cyclic Morse-code number system. This number sys-

tem eliminates all possibility of ambiguity as the output changes

from any digit to any other digit. The code and sequencing sys-

tem consists of a multiplexer, encoder, and parallel-to-serial

code converter. The system translates the resistance of trans-

ducer elements to Morse code; its output is a contact closure at

a rate of 17 words per minute. The information is in the form of

three-letter groups. The first letter identifies the information

channel. The second and third letters provide the transducer

readout which will be one of 196 possible two-character words.

PROBLEM STATUS

This is an interim report on one phase of the problem; work

is continuing on this and other phases.

AUTHORIZATION

NRL Problem A03-11
Project FASS 00-006/652-1/F003-02-04

Manuscript submitted March 6, 1964.
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CODE AND SEQUENCING SYSTEM FOR
AUTOMATIC WEATHER STATIONS

INTRODUCTION

The need for global weather information has continued to increase in importance
over the past ten years. This growing need for complete coverage puts a strain on the
current manual methods of gathering environmental data. To meet this increased de-
mand for more data economically, with the higher level of accuracy currently required,
the Navy has embarked on a program to develop automatic observing systems.

As this program has progressed, a number of approaches to the problem of gather-
ing and making available meteorological and oceanographic information automatically
have been pursued. Some of these have been: store the data and physically retrieve the
records periodically for review, store the data and collect it via land line on a schedule
or on command, collect and transmit data automatically on schedule by radio telemetry,
or collect and store data and then transmit by radio telemetry when commanded by a
radio signal.

Various scientists have worked in the field previously, but, the coding and telemetry
system have been of secondary interest to them. Each of the coding and telemetry sys-
tems used has been different and was developed only to the degree necessary for the W-
dividual experiment. Based on a review of these coding and telemetry systems, the
principles used in the telemetry portion of the AN/GMT-1(XG-1) (1,2) offered the most
promising concepts. Therefore, they have served as a point of departure for the devel-
opment of the present device. The Morse-code message format used was chosen because
it is reasonably economical of power, has adequate resolution, can be monitored either
manually or automatically, and is compatible with existing major communication sys-
tems. The equipment described hereafter has been designed and developed to give the
scientist a proven device with a high degree of versatility. This will relieve him of the
necessity for the engineering of an important portion of the telemetry system.

THE CODE AND SEQUENCING SYSTEM

The code and sequencing system (NRL drawing D3437, Appendix A) consists of two
essentially separate electromechanical units (see Fig. 1 and the block diagram, Fig. 2)
as follows:

1. The code-generator, call, sequencing, and clock-switch unit (NRL drawing D3441,
Appendix B).

2. The code-selector unit (NRL drawing D3703, Appendix C).

These units are presently electrically connected and housed in a common container.
There are three connections to the system; two of these make the necessary connections
to operate the telemeter, and the third brings out leads for checkout and calibration
purposes.

When the clock hour-hand wiper grounds A or B circuit, it closes the clock relay
(Fig. 3). This energizes a 30-sec time-delay relay, giving the tubes in the telemeter

1
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Fig. 1 - Code and sequencing system

time to warm up. At the expiration of this 30 sec, the internal programming system is
activated and controls the equipment for the next 71 sec. During this time it generates a
specific set of call letters, identifies the channels, samples five variables, and selects
the corresponding code for each variable (Fig. 4). It operates the keying relay in the
transmitter to communicate this information in Morse code by means of radio. Finally,
this system turns off the telemeter and itself so that it is synchronized properly for the
next transmission.

The system is designed to accommodate either 0 to 2000 ohm elements or 2500 to
4500 ohm sensing elements. The electrical requirements for these elements are de-
scribed in the bridge-circuit section of this report. This system will accommodate a
variety of transducer elements when the appropriate signal-conditioning equipment is
used. A typical response is shown in Fig. 5.

The code-generator, call, sequencing, and clock-switch unit is turned on by the
time-delay relay. The motor on this unit turns a call and code drum at 17 rpm for 20
revolutions, a sequencing or multiplexer drum at 0.85 rpm for one revolution, and a
clock-switch drum at 0.2125 rpm for 1/4 revolution. A clock-switch vernier is also
used and is directly connected to the call and code drum. For the first five revolutions
of the call and code drum, the call portion of this drum is connected to the keying relay,
and the station transmits its assigned call letters once per revolution as a three-digit
Morse-code group. For the last 15 revolutions, the information section of the drum is
connected, and the station transmits Morse-code letters which identify a meteorological
variable and give its value. The information is given as a three-letter group, formed in

2
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Fig. 3 - Clock-circuit schematic

CLOCK SWITCH DRUM
S-233

Fig. 4 - Program of system and transmission sequence

one revolution, and each group is repeated three times. This allows the measurement of
five different variables.

The transfer from call to information is made by the sequencing drum. This drum
also selects the first letter of an information group and so provides an identification of
the variable being measured. At the same time it connects the appropriate sensor to the
measuring circuit, and turns on the code selector to make the measurement. After four
seconds the servo system is turned off, so that no change in value is possible during
readout. The preceding action is repeated for each of the five information groups. When

I.

Transmission Sequence

Order of Transmission Times Repeated Time On in Min.

Warm-up 1 1/2

1 Call 5 5/17

2 Channel - B 3 3/17

3 Channel - V 3 3/17

4 Channel - T 3 3/17

5 Channel - S 3 3/17

6 Channel - U 3 3/17

Average Time Station On - 1 Min. 40 Sec.
Average Time Transmitting - 1 Min. 10 Sec.
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NAVAL RESEARCH LABORATORY 7

the last information has been transmitted, the station is turned off in a manner that will
enable it to respond to a contact made to the alternate clock circuit. This is accom-
plished by the clock-switch drum and the associated vernier drum.

When the code selector is turned on by the sequence drum, the servo motor drives a
balance potentiometer to a position where its resistance equals that of the sensor. The
motor shaft is also geared to a shaft-position encoder which selects the second and third
letters of the information group. The second letter is the coarse or most significant
letter; the third is the fine or least significant letter. Each letter may have 14 values,
giving a total of 196 possibilities. No ambiguity is possible at any value, and the me-
chanical accuracy is one-fifth of a fine letter or better. Balance is accomplished in 1.2
seconds.

THE CODE-GENERATOR, CALL, SEQUENCING, AND
CLOCK-SWITCH UNIT

The code-generator, call, sequencing, and clock-switch unit (NRL drawing D3441,
Appendix B) has three commutators (Figs. 6, 7): (a) clock-switch vernier, call, and code
drum, S-231, (b) sequencing drum, S-232, and (c) clock-switch drum, S-233. These
drums are driven through a gear train by a 12-v dc governed motor whose output shaft
rotates at 24 rpm. This motor is lubricated for a temperature range of -55°C to +71°C

MOTOR

-,CODE DRUM

BRUSH
HOLDER.

SEQUENCING_ ý DRUM
AA S-232

CLOCK SWITCH DRUM
S-233

Fig. 6 - Code-generator, call, sequencing,
and clock-switch unit
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Fig. 7 - Block diagram of code-generator, call, sequencing, and clock-switch unit
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NAdVAL KESARKLH LABORATORY 9

and requires less than 280 milliamperes to run. The unit is designed so that the motor
can be readily removed without disturbing any associated parts.

The Clock-Switch Vernier, Call, and Code Drum

The clock-switch vernier, call, and code drum has three sections, all insulated fromground (Fig. 8). This drum revolves at a rate of 17 rpm and turns 20 revolutions for one
sequence of events. There are three sets of brushes (referred to as 1, 2, and 3) which
contact this drum. These are spaced around the circumference of the drum so that thereis 90 degrees between sets 1 and 2, 90 degrees between sets 2 and 3, and 180 degrees
between sets 3 and 1. This results in a three-letter code group and a one-letter space
formed by each revolution of the drum.

CHANNEL
CALL IDENTIFIER
CODE CODE

•( FIRST LETTER

BRUSH HOLDER

Ar AV SECOND LETTER
BRUSH HOLDER

B V T I S N U -- THIRD LETTER

AM BRUSH HOLDER

K WA H DM INFORMATION CODE COMMON

G INFORMATION CODE GENERATED

BY SECOND 8 THIRD BRUSH

INFORMATION CODE COMMON

CLOCK RELAY COIL C

GROUND CLOCK SWITCH VERNIER

Fig. 8 - Clock-switch vernier, call,
and code drum

To make the code, a one-inch-diameter drum is used. All the drums are designed
so that they can be made either by machining or by photo-etching processes. To machine
the drum, metal is cut away except for the contact areas; then the cut-away area is filled
with nonconducting plastic, giving the brushes something to run on between the conduct-
ing areas. On the code drum, the bits and spaces are equal; this makes a bit 7 degrees
30 minutes long, a space 7 degrees 30 minutes long, and a dash, which is three bits,
22 degrees 30 minutes long. This results in a convenient set of dimensions to work with
on the one-inch-diameter drum; the bits are 0.065 ± 0.002 in. long and the spaces are
0.065 ± 0.002 in. long. This makes it convenient to fabricate with conventional machine
tools when the end mill is set up with its center line corresponding to that of the drum.

When the drum is turning at 17 rpm, a bit holds the keying relay down for 73 milli-
seconds. The key-down time is slightly longer than key-up time, due to the fact that thelength of contact on the brush is added to the bit. This comes about because the brush
touches the bit on one edge and leaves it on the other (Fig. 9).

r
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BIT ON DRUM
APPROACHING BRUSH

BIT ON DRUM
LEAVING BRUSH

(c)

SOFT SOLDER

ELECTROPLATED SWAGED FLAT

0.014 IN DIAM. BRASS WIRE

BERYLLIUM RECEPTACLE
COPPFP

The wear is kept to a minimum by electro-
plating the brushes with 0.00005 to 0.00010 in.

rhodium. The bits will become longer after the

system has been in service for a long time.

From experience so far, this would be in ex-

cess of 60,000 revolutions of the code drum,

equal to two years' service of an equipment

with five variables transmitting every six

hours. The unit will need periodic checking

and overhauling. For this reason, the unit is

designed so that brush changing is quite simple.

The clock-switch vernier section on this

drum is in parallel with the clock-switch drum.

It acts as a precise switch to stop the system

the following turn of this drum after the clock-

switch drum breaks its contact to circuit A or

B. This synchronizes the system properly for

the next transmission. Its two brushes are

located on brush holder 3, with one connected

to the clock-relay coil and the other to ground.

(b) The call-code section on this drum gener-

ates the call that identifies an individual telem-

Fig. 9 - Details of code drum eter. The call, assigned the system by the

and brush project engineer, is made by the brushes

grounding bits (thereby closing the keying re-

lay) as the drum passes. The call can be

selected from a chart (Fig. 10) which shows the 260 calls assigned to the Automatic Sys-

tems Section of NRL. As the chart shows, 188 of these can be made by this mechanism.

There are three call brushes wiping this drum, and they are located on brush holder 1.

The common brush is grounded, and the other two are connected to the call-selector

section of the sequence drum. The call is repeated five times during five revolutions of

the drum.

The call code is made in three-letter groups, the first being a letter, the second a

number, and the third a letter. To design call-code segments, the same geometry is

used as for the information-code drum; that is, a dash equals three bits, spaces within

letters equal one bit, and spaces between letters equal three bits.

The channel identifier and information code section of this drum has three sets of

brushes contacting the drum, as previously described. Since there are three sets of

brushes, three letters are made for each revolution of the drum. To send the informa-

tion, this drum turns 15 revolutions, three revolutions for each channel, resulting in

three repeats of the information. The end "common-ring" brushes connect to the keying-

relay coil through the sequence drum call or information section. Code is made as the

bits on the drum pass a wiper that is grounded by the channel identifier on the sequence

drum or the code-selector wipers in the encoder. The first letter identifies the channel

with five brushes in brush holder 1, connecting to the sequence drum. These are

grounded independently in order to identify the five channels. These letters are B--wind

direction, V-wind speed, T-air temperature, S-low pressure, and U-high pressure.

The next two letters represent the quantitative information and are the second (coarse

letter) and third (fine letter), with seven brushes each connected to the two commutators

in the encoder. The encoder has two double-pronged radial displaced wipers. Each of

these wipers grounds the appropriate brush lead or pair of brush leads from brush

holders 2 or 3 on this drum to make the code selected for a particular variable (Fig. 11).

10
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First Second Letter Third
Letter 1 2 3 4 5 6 7 8 9 Letter

N X X X X X X X X X X A

N X X X X X X X B

N X X X X X C

N X X X X X X X X X D

N X X X X X X X X X X E

N X X X X X X X F

N X X X X X X X G

N X X X X X X X X X H

N X X X X X X X X X X I

N X X X J

N X X X X X X X K

N X X X X X X X L

N X X X X X X X X X M

N X X X X X X X X X X N

N X X X X X 0

N X X X X X P

N X X X Q

N X X X X X X X X X R

N X X X X X X X X X X S

N X X X X X X X X X X T

N X X X X X X X X X U

N X X X X X X X V

N X X X X X X X W

N X X X X X X

N X X X y

N X X X X X Z

Calls that are possible are indicated by . Of the 260 calls that are assigned to
NRL by CNO, Code OP943F, the call-letter chart shows the 188 that can be formed by
the call-letter section of S-231 drum. Additional calls not assigned to NRL for
automatic weather-station use can be formed by changing the first letter, using a letter
rather than a number for the second letter, or by interchanging the orders of the char-
acters making up the call.

Fig. 10 - Call-letter chart

I-

A..

I.
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BRUSH B V T I 5 N U

PAT TERN
O N- - - - - -

CODE DRUM

BRUSHES B V T I S N U

USEDTO B V T I 5 N U 6 8c 8ý & 8 8 8

MAKE CODE IV T 1 5 N 0 B

MOR5E - iII- iI
LETTER BVTISNU KWAHDMG

GENERATED

Fig. 11 - Code made by grounding
brush leads

The Sequence Drum

The sequencing drum is essentially a multiplexer that performs several functions
(Fig. 12). It turns one revolution for a sequence of events while the code drum turns 20
revolutions. The call is connected for 90 degrees, and the information is connected for
270 degrees; this drum switches the lead from the keying relay to accomplish this. In
addition, three other operations are performed by this drum: (a) every revolution of the
code drum connects to ground the brushes from brush holder 1 on the code drum to iden-
tify the channel of weather information being transmitted, (b) it connects the proper
weather-transducer resistance element to ground, thereby placing it in the "unknown"
leg of the bridge circuit, and (c) it applies voltage to the bridge circuit and bridge am-
plifier for four seconds as each transducer is connected. The last is accomplished by
grounding the bridge-relay coil. The bridge amplifier is not allowed to stay on for the
entire ten seconds each channel is connected, because four seconds is adequate time for
the servo motor to balance (in fact, this is about twice the time normally needed). This
makes it desirable to cut the amplifier and bridge off so that once the transducer has
been sampled and its value encoded, slight hunting will not change the characters during
readout. Further advantages are that this arrangement saves power and reduces heating
in the transducer elements.

Clock-Switch Drum

The clock-switch drum turns one-fourth revolution for one revolution of the se-
quencing drum (Fig. 13). It has three brushes on one brush holder, with the center brush,
common to alternate circuits A and B, connected to the clock-relay coil in parallel with
the clock-switching vernier. The other two brushes are connected to the clock printed-
circuit contacts A and B respectively, where they are grounded as the clock wiper on the
hour hand passes. The drum is insulated from ground and is made so that it alternately
connects A and B to the clock-relay coil. The drum is made so that the circuits are
connected for a little less than one-fourth of a revolution, thereby allowing the clock-
switch vernier to turn off the system. When the drum interrupts one circuit (A, for
instance), it has already connected the other circuit (B) in order that the clock may turn

12
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0.39 SECOND AFTER
CHANNEL IS CONNECTED,
THE BRIDGE AMPLIFIER
IS ENERGIZED.

3.92 SECONDS-BRIDGE
CIRCUIT ENERGIZED.

10.19 SECONDS- CHANNEL
CONNECTED.

10.58 SECONDS ALLOCATED
FOR EACH CHANNEL.

GND FOR BRIDGE AMPLIFIER RELAY
TRANSDUCER SELECTORý CHANNEL. U
CHANNEL IDENTIFIER
TRANSDUCER SELECTOR' CHANNEL. S
CHANNEL IDENTIFIER
TRANSDUCER SELECTOR' ........
CHANNEL IDENTIFIER * CHANNEL -T
TRANSDUCER SELECTOR CHANNEL..
CHANNEL IDENTIFIER -v
TRANSDUCER SELECTOR CHANNEL-8
CHANNEL IDENTIFIER J

INFORMATION SELECTOR
CALL SELECTOR
FROM KEYING RELAY COIL

Fig. 12 - Sequencing drum (S-232)

Fig. 13 - Clock-switch drum (S-233)
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the system on when the hour-hand wiper grounds the B circuit. The clock hour-hand
wiper has to remain connected to ground for a minimum of 100 sec. There is no limit
on how long it remains closed, provided it is interrupted before the next circuit is made.
A nominal clock hour-hand wiper connection is 14 ± 1 min for the system as it is
presently designed; however, when a shorter contact duration is mandatory a latching
relay is added to the circuit to accommodate this.

Drum and Brush Design

When manufacturing these drums by the machining process, the procedure required
on the clock-switch vernier, call, and code drum should be the same as described ear-
lier; however, the machinery system adapted for the sequence drum and clock-switch
drum was to set one edge of the end mill to correspond with the center line of the drum
to achieve the accuracy desired and reduce manufacturing cost.

The drums are designed as smooth cylinders to give the highest degree of code ac-
curacy and long life. They are machined from commercial brass and flash nickel plated;
then the sections are aligned and the unit potted with ceramic-filled epoxy plastic. After
casting, the drums are cured four hours at 50'C, then rough turned and ground to a fin-
ish of 16 microinches rms. This is followed by electroplating rhodium on nickel. The
nickel plate is 0.00025 to 0.00050 in. thick, and the rhodium plate is 0.00005 to .00010 in.
thick. The drums are checked dimensionally, then tested for run-out, finish, and conti-
nuity before they are assembled; they remain stable at low temperatures, and have not
shown any effect from low-temperature exposure.

The brushes (Fig. 9) have a rating of 200 milliamperes at 12 v dc. They are assem-
bled with 15 to 25 grams contact pressure on the drums. Each drum is wiped with DC5
compound to control the freezing of condensation on the drum's surface. The brushes
are each precisely aligned in the brush holders, and the assembly is installed to give
the required initial contact pressure. The drums are synchronized with the aid of a
testing and synchronizing unit; then the drums and gears are pinned to the shafts.

CODE-SELECTOR UNIT

The code-selector unit described in NRL drawing D3703 (Appendix C) and shown in
Fig. 14 contains the shaft-position encoder, balancing (servo-drive) motor, and the bal-
ancing potentiometer. This unit makes up part of an integrated code-selection system
(Fig. 15) for automatic weather stations. This system is an analog-to-digital converter
and employs a cyclic Morse-code number system. It consists of a multiplexer, a bridge
circuit, a signal amplifier, a balancing motor with appropriate gearing, and an encoder.
To understand fully the operation of this code-selector unit, the system and the associ-
ated components in the loop will be described briefly.

This system translates the resistance of five weather transducer elements to Morse
code; it has an output of a contact closure at a rate of 17 words per minute in three-
letter groups. The encoder contacts have a rating of 200 milliamperes at 14 v dc. The
multiplexer connects each transducer in turn to a self-balancing Wheatstone bridge,
which is utilized as the resistance-measuring device. The resistance of each transducer
is connected in the "unknown" leg of the bridge circuit. The "known" leg of the bridge
circuit contains the balancing potentiometer. This potentiometer is driven in the proper
direction by the two-phase, servo-type motor through an appropriate gear train until a
null occurs in the bridge circuit. At the same time the encoder is positioned; this per-
mits the simultaneous measurement of the "unknown" and the encoding of its value. An
amplifier is employed to operate the servo motor from the bridge signal. The potenti-
ometer position at null is linearly proportional to the bridge input resistance.

14
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Fig. 14 - Code-selector unit, two views

CHANNEL-B CHANNEL V CHANNEL-T CHANNEL-5 CHANNEL U
WIND WIND SPEED TEMPERATURE PRESSURE PRESSURE

CODE SELECTOR UNIT
NRL DWG NO. D3703 (20°PA.GEAR SYSTEM)

2t LETTER (8251)

H-

)HM.S RATIO RATIO V

EEENCODER'

II

BRGEAE

- - s _ I I< U

7:1
GEAR
RATIO

TO 115 V

SEQUENCING 115- 8 L
FROM L

DRUM BRIDGE

RELAY

O-7 5 T R 5
H

J3D LETTER (A 252)

PHASE 2)

Fig. 15 - Block diagram of code-selector unit and associated components
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Code Selection

The encoder shaft position is converted to Morse code by the location of two brushes
on each side of the two commutators (Fig. 16). One character is selected by these wipers
from each commutator. The brushes rotate with the brush shaft for one commutator
connected by gears to that for the other commutator, so that the least significant digit
passes through a complete cycle for each value of the most significant digit. Fourteen
Morse-code characters are utilized in the system. Successive code is generated by a
single contact change to make a new value. Further, the change in value of the most
significant character occurs at a time when the least significant character is not chang-
ing. With this arrangement no ambiguities are possible. This technique has a distinct
advantage, and is believed to be the most advanced in this field of encoding.

COARSE CHARACTER
COMMUTATOR POTENTIOMETER

BRUSHE

,,: •MOTORS~'/

FINE CII ARACTA RS7: '• COMMUTATOR,

PRINTED
CIRCUIT

Fig. 16 - Encoder, printed circuits, brush
assembly, and gear train

The circuit is arranged so that the grounded commutator segment is utilized as the
output. This output is in the form of contact closures between a common ground and 14
output leads. Seven of these leads are used for the least significant digit, and seven for
the most significant digit. A digit may be made by a single closure to one of these leads
or by closures to two leads. In the latter case, the possible combinations are restricted
to seven specific pairs. Each digit then may have 14 values, seven made by connecting
one of seven wires to a common and seven made by connecting two consecutive wires to
the common. These leads are connected to the code-drum brushes; this allows the key-
ing relay to be actuated as the Morse-code pattern on the drum is rotated past these
brushes (Fig. 17).

Code Generation

The code-drum or serial readout (described under the code-generator, call, se-
quencing and clock-switching unit) converts the output of the encoder to real-time Morse
code. It does this by means of seven brushes for each digit. The surface of the drum on

16
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KEYING I
RELAY

S-232` •
CALL INFORMATION CHANNEL

IDENTIFIER

B B B

1st LETTER 2nd LETTER 3rd LETTER
CHANNEL INFORMATION

Fig. 17 - Keying circuit for typical transmission

which each brush rides is configured to generate a discrete Morse character when the
drum is revolved. This provides seven values for this digit corresponding to the sevenoutputs of the encoder which are one-wire closures. By properly selecting and phasing
two Morse characters on the drum surface, and connecting both simultaneously, a third
character may be formed (Fig. 11). It is by this process that the additional seven values
are provided corresponding to the two-wire outputs of the encoder.

The digital output from this unit is 14 different Morse characters formed for theleast significant digit and the same for the most significant digit, giving a total of 196
two-character pairs (Fig. 18). These two characters make up the second, or coarse,
letter and the third, or fine, letter on each channel of the weather information.

Bridge Circuit

The Wheatstone bridge (Fig. 19) is used to measure the resistance of the transducer
element. The bridge operates on 115 v, 115 cps, and requires a current of approximately
16 milliamperes. The bridge has an output impedance of about 7500 ohms and generates
a signal of not more than 12 volts into an open circuit.
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I

Change-over point

Change-over point
Stop

lRFirst letter channel identification is selected by sequencing drum (S-232).

Fig. 18 - Letter combinations made. This code mechanism is capable
of selecting for transmission a total of 196 letter combinations.

The bridge circuit consists basically of two fixed legs and two variable legs. The

variable legs are composed of fixed resistors in series with variable resistors. The

combined resistance of the fixed resistor and the variable resistance of the weather

transducer in that leg should be equal to the combined resistance of the fixed resistor
and the balancing potentiometer in the adjacent leg.

The fixed resistors in the variable legs have a temperature coefficient of 0.002 per-

cent per degree Centigrade, as do the fixed legs of the bridge. Their values were chosen
to limit the current through the transducer element to 14 milliamperes, as well as to

accommodate two varieties of transducer elements.

I I
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BRIDGE AMPLIFIER

SEQUENCING DRUM ENCODER SERVO MOTOR
S-232

Fig. 19 - Bridge-circuit schematic

The system is designed to accommodate either 0 to 2000 ohm elements or 2500 to
4500 ohm elements, and it may be adapted for use with other inputs by appropriate
signal-conditioning equipment. A 4000-ohm ±0.1 percent resistor with a temperature
coefficient of 0.002 percent per degree Centigrade is used in series with 0 to 2000 ohm
A1 percent elements, which are usually in the form of a wirewound potentiometer with a
temperature coefficient of 0.06 percent per degree Centigrade. With these elements,
this leg of the bridge will vary from 4,000 ohms to 6,020 ohms. A 1500-ohm ±0.1 per-
cent resistor with a temperature coefficient of 0.002 percent per degree Centigrade is
used in series with a 2500 to 4500 ohm element. This is usually in the form of a re-
sistance element that is sensitive to temperature. A typical value is 4000 ohms ±1/4
percent at 25°C with a temperature coefficient of 0.5 ± 0.005 percent per degree centi-
grade. With such an element, this leg of the bridge will vary from 4000 ohms to 6020
ohms over a temperature range of -58 0 F to +124 0 F.

The variable resistance of each transducer element is connected into the "unknown"
leg of the bridge by the sequence drum, or multiplexer, in proper order as the station
operates. Where the elements, except for the temperature element, are used in the
proximity of the system, the temperature coefficient of the element should be matched to
the balancing potentiometer to minimize the temperature correction needed. Where the
transducers are used away from the system, a reference temperature element located
with the remote transducers should be placed in one channel to provide a reference from
which to make the necessary temperature corrections.

r
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The fixed resistor in series with the balancing potentiometer in the other leg of the
bridge circuit is 4,000 ohms ±0.1 percent with a temperature coefficient of 0.002 percent
per degree Centigrade. This potentiometer is located in the code-selector unit, and is
driven by the gear train of the encoder. This is a rotary type potentiometer with syn-
chro type mounting for ease of adjustment. Its resistance is 2040 ohms ±1 percent at
25°C with a temperature coefficient of 0.06 percent per degree Centigrade; this resist-
ance covers 310 degrees rotation of the shaft; the mechanical rotation is unlimited. This
potentiometer has a 1-percent linearity, and a resolution of better than one part in one
thousand over this region. The life expectancy of the unit is believed to be in excess of
1,000,000 balancing operations. Considering half of them to be in each direction, this
corresponds to a continuous operating life of over 100 years in a system of five channels
operating four times per day. The resistance of this potentiometer is varied by the gear
train to match the resistance of the "unknown" leg of the bridge. This leg of the bridge
will vary from 4,000 ohms to at least 6,020 ohms, for the lowest value the balance poten-
tiometer can have, 2020 ohms, and will match the highest value the transducers can have.
This combination will match the full range of the transducer to the full range of the en-
coder, 196 characters. Should both potentiometers vary in the opposite sense to the
tolerance limit, the full range of the transducer will be encoded in 188 characters. This
gives about ten ohms resistance and about five wire turns on the potentiometer for each
of the 196 characters encoded.

When the balance potentiometer is driven to zero to match a low resistance in a
transducer element or a shorted transducer element, the encoder gear train may en-
counter the mechanical stop, and will balance, in most instances, not more than one
character from the stop. On the other hand, when the potentiometer is driven to a high
value of resistance to match a high-resistance transducer, or an open circuit in a trans-
ducer element, the encoder gear train may again encounter the mechanical stop. For-
merly, scattered readings of several characters in this region would indicate an open
circuit. Now, under these conditions, hunting and pitch-off by the stop (when the ampli-
fier is deenergized) are kept to a minimum by connecting the potentiometer tap located
at the high end to the movable arm.

In order to insure that the resistors in the bridge circuit vary in the same direction
and magnitude over the temperature operating range of the station, one must adhere to
the resistance tolerances and temperature coefficients indicated in Fig. 19.

Bridge Amplifier

The bridge amplifier is one unit of the servomechanism system. Other units are an
error detector and servo motor.

The error detector is the Wheatstone bridge circuit, which converts the difference
between the input potentiometer and the balance potentiometer to a voltage signal. Its
output impedance varies from 7,000 to 8,000 ohms, depending on the value of the varia-
ble. Since the functions of this bridge circuit have been described in an earlier para-
graph, they will not be repeated here.

The electronic bridge amplifier converts the bridge signal to a form capable of
driving the servo motor. This bridge amplifier consists of two resistance-coupled
stages (Fig. 20). The first stage employs a 12AU6 pentode voltage amplifier tube whose
grid receives the output signal from the bridge circuit. The grid resistor for the 12AU6
is one megohm, and this is substantially the input impedance of the amplifier. This
stage amplifies the input signal to the level required to drive the power stage.
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_j 056 K I 4 T401
I MEG OO47jsF

K33K
560a1 *820n2O47s

-. 1-T PHASE SHIFTING

25K CAPACITORtlo L- OUTPUT

+ 14V f TO SERVO MOTOR____________________ CONTROL PHASE

B- 
APPLIES DC TO
MOTOR FOR DAMPING

Fig. 20 - Bridge-amplifier schematic

The second, or power, stage employs a 12AQ5 beam-powef output tube. The plate of
this tube is coupled to the control field of the servo motor through an output transformer.
This transformer is used to match the impedance of the 12AQ5 tube to that of the servo
motor control field.

The 115 v at 115 cps applied to the bridge circuit, and to one field of the two-phase
servo motor, are derived from the same source. Therefore, to operate the two-phase
servo motor, the voltage applied to the control field from the output transformer has to
have a phase shift of 90 electrical degrees with respect to the applied source. This is
accomplished with a phase-shifting 0.47-uif capacitor in series with the output trans-
former.

To keep hunting to a minimum, some direct current (in the order of 14 milliam-
peres) is allowed to flow through the control winding of the servo motor, providing a
degree of magnetic damping. This current flows from the B+ to the control field of the
servo motor, after the phase-shifting capacitor, through a 25,000-ohm, 10-watt resistor.

The bridge voltage, servo-motor voltage, and the B+ voltage to the amplifier are
applied by the bridge relay. The heaters of the tubes are energized when the station is
turned on, and remain energized as long as the station is on. This bridge relay, con-
trolled by the sequence drum, energizes these circuits for 3.9 sec for each variable.
This is adequate time for the bridge to balance. The circuit on time is limited to 3.9 sec
to keep the encoder from possibly varying characters during transmission, to conserve
power, and to minimize heating of the transducers.

A signal of 20 millivolts is required to drive the servo motor. A change of two
ohms in the variable leg is sufficient unbalance in the bridge circuit to cause the motor
to move. The motor rotates the balance potentiometer through a gear train in the proper
direction to balance the bridge circuit, thus reducing the voltage applied to the grid of
the 12AU6 tube to near zero. The servo motor simultaneously encodes the weather
variable.
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Encoder

The encoder converts the position of the balance potentiometer shaft to Morse code.
The fine-character-brush shaft is driven by the servo motor through a gear ratio of
about 7 to 1. In turn, this shaft drives the coarse-character-brush shaft through a 7.2
to 1 gear ratio. Finally, the balancing potentiometer is driven through an 8 to 9 gear
ratio by the coarse-character shaft (Fig. 21).

TERMINAL

COARSE CHARACTER
COMMUTATOR WIPER

COMMON CONTACT

STOP

FINE CHAR
COMMUTAT

COMMON C

TER

'S

260 TEETH

-90 TEETH

POTENTIOMETER

80 TEETH

170 TEETH

SERVO MOTOR

EETH

Fig. 21 - Encoder gear train

The potentiometer position is converted to cyclic Morse code from the locations of
the two brushes on the commutators. The digital output of this encoder is 196 two-
character words (Fig. 18).

The encoder has two commutator patterns on one side of a piece of flat, etched cir-
cuit material. Epoxy-glass plastic double printed circuit material is used for the basic
encoder (Fig. 16). The contacts are flush pressed, and the surfaces are rhodium plated
to give a smooth, oxide-free surface. Each commutator pattern has two radially dis-
placed segment tracks with connecting links to a row of terminals. During manufacture,
the wiped edges of the commutators are controlled to ±15 min to assure accurate, re-
producible code.

The second, or coarse-letter, pattern contains seven segments of equal length;
space has been allowed for the stop. The brush on this commutator turns nearly one
revolution, and in the process forms 14 characters with a code progression of I, A, T,
W, V, K, B, G, U, M, N, D, S, and H. The third, or fine-letter, pattern contains 28

equal spaces, occupied by one or two of 13 segments. The brush on this commutator
turns seven revolutions, and in the process forms 14 characters for each half revolution.
The cyclic feature of the number system is formed by this brush; its code progression is
I, A, T, W, V, K, B, G, U, M, N, D, S, H, H, S, D, N, M, U, G, B, K, V, W, T, A, I.
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A basic problem in obtaining precise readout from all shaft-position encoders is
that of ambiguity at the change between successive values. The problem is particularly
acute if two digits are required to change value simultaneously. The object of the cyclic
feature of this system is to eliminate all possibility of ambiguity at the coarse-character
changeover points (Fig. 22). The design of the commutator and the gear train is such
that the coarse character changes value when the fine letter is in the middle of the
double-width letters I or H. Thus, as the coarse-letter brush approaches a change
point, the fine letter encoded will be an I (or H) for 107 min of arc before the change
point, and will remain I (or H) for 107 min of arc after the change point. Thereby, the
change in the coarse letter is associated with an unvarying fine letter for two quanta.
This results in unambiguous code. Manufacturing tolerances limit the maximum error
to 1/5 of one least count when the coarse letter changes value. When the fine letter
changes value, the error is less than 1/50 of one least count.

The gear on the coarse-letter shaft has a pin (parallel to the shaft) riveted into it.
This pin engages a spring-wire stop that is attached to the frame. The spring-wire stop
is adjustable and must be locked in place after the unit is synchronized. Should the pin
be inadvertently forced past the stop, the fine-letter and coarse-letter shafts will be out
of synchronism. They may be resynchronized by reversing the procedure, but the align-
ment and calibration should be rechecked.

The sliding wipers are made of round wire 0.020 in. diameter, resulting in an ap-
preciable wear in the contact area when the brushes are new. During life testing this

IH
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Fig. 22 - Cyclic code-progression chart
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wear is stabilized after 2,000 balances; this is equal to 2,000 revolutions on the coarse
letter and 14,000 revolutions on the fine letter shafts. To make sure the encoder would

perform with the highest degree of accuracy, provisions were made to cope with this

wear. To do this, the edges of segments of the commutators where characters are

changed were set back 0.005 in. to allow for the average flat worn on the sliding wipers

during their life. To make sure all the wipers have flats, each unit is run-in for 15 min

in each direction (stop removed), equal to 2000 balances (normally 400 transmissions of

five variables), before adjustments are made. This also assures running-in of the gears

and bushings. For motor connections, see the section on the motor in a later paragraph.

Each commutator is wiped by a grounded brush that has two radially positioned slid-
ing contacts. These contacts are rhodium plated to assure a low-resistance, long-

wearing, oxide-free wiper. The geometry of the brush design combined with the selec-

tion of a suitable material and appropriate contact pressure contribute to the accurate

encoding and long life of the unit (Fig. 23). When the two wipers of one brush contact

only one segment of the code pattern, a character is generated which corresponds to this

segment; when these two wipers contact separate segments on each track of the code

pattern, each generates a letter simultaneously. This results in a third character gen-

erated from the overlapping of the two letters corresponding to the two segments (Fig.
11). With this arrangement of bridging segments, 14 Morse-code characters can be
made with seven fundamental characters.

To utilize the output from this encoder, the segments of the coarse-letter code pat-

tern are wired to the code-generator brush holder 2, and the segments of the fine-letter
code pattern are wired to the code-generator brush holder 3.

When the sliding wiper grounds segments of either track on the commutator, the 12-v

dc keying relay coil (with suitable contact protection) is connected to ground through the

code drum. This keys the transmitter, sending out the characters encoded (Fig. 17).

COARSE CHARACTER COARSE BRUSH
COMMUTATOR WITH TWO WIPERS

STOP

FINE CHARACTER FINE BRUSH
COMMUTATOR WITH TWO WIPERS

Fig. 23 - Encoder brush and stop assembly
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Other factors entering into the accuracy of the encoded characters are the gears and
bearings in the gear train. To a great degree the accuracy of the gears determines the
accuracy of the code as much as the encoder itself. For this reason, aluminum and
stainless steel precision gears are used throughout the unit. The use of aluminum for
the large gears also helps to reduce the inertia of the system. The supporting shafts are ý7
made of stainless steel and run in oilite bearings, purged in low-temperature instrument
oil.

The response of the converter is 1.2 sec, or 6 millisec per character, wifh a slight
increase at lower temperatures and lower voltages. The mechanical accuracy of the
shaft-positioning encoder is better than 0.1 percent. This much error can occur only at
14 values; at all the other values the accuracy is considerably better. The accuracy of
the gear train and potentiometer are compatible with the above accuracy.

Servo Motor

The servo motor is located in the encoder. It is a size 18 induction type motor with
an impedance of 3200 ohms on each phase. The resistance of each phase is 2160 ohms.
The motor is rated 3450 rpm (no load) at 115 v, 60 cps; the speed is increased when it is
used on 115 cps. The motor used is made by Kollsman Motor Corporation as part No.
951-0161. This motor is furnished with the drive gear and is lubricated for low-
temperature use. The motor is modified to have a servo mounting ring so it will be
simple to install and service.

The unit is run in 15 min in each direction by connecting this motor to 115 v ac at
60 cps (Fig. 24). To do this, the stop is removed and a small amount of lubricant is ap-
plied to the printed-circuit commutator in the path of the wipers. After run-in the unit
is cleaned, inspected, and prepared for service. Just prior to placing the covers on the
unit and sealing it, a thin coat of DC-5 compound is wiped on the printed circuit in the
path of the wipers to control the freezing of condensation in this area.

REVERSING
SWITCH PHASE I

OFFi I GRE

115V 60CPS

Fig. 24 - Servo motor run-in schematic

YELLOW PHASE 2
BLACK • GRAY

0.6/,F

SERVICE EXPERIENCE

A number of these units have been manufactured and tested in the Laboratory and in
the field in telemetering equipment with satisfactory results.

Ten units of the present design have been manufactured in accordance with the engi-
neering drawings and quality-control procedures in Appendixes A, B, and C. The alloca-
tion of the units has been as follows:
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Unit
(Serial No.) Current Status

0 Used in laboratory evaluation.

1 In Navy Environmental Telemeter (NET) 101, in use in Antarctica since
December 1962.

2 In Navy Environmental Telemeter (NET) 102, in use in Antarctica since
October 1963.

3 In Navy Environmental Telemeter (NET) 103, retained at NRL as proto-
type model.

4 To be used in converting AN/GMT-1(XG-1) NAFI serial no. 1 to NET
configuration.

5 To be used in converting AN/GMT-1(XG-1) NAFI serial no. 6 to NET
configuration.

100 For use in a new telemeter now in the preliminary development stage.

101 For use in a new telemeter now in the preliminary development stage.

200 Used to adapt one AN/SMT-I(XN-2) for oceanographic studies.

201 Used to adapt one AN/SMT-1(XN-2) for oceanographic studies.

Technical reports from the field commands on the operation of this unit in the Navy
Environmental Telemeters have been published (3,4).

CONCLUSIONS

As part of a continuing program to develop means for obtaining data from remote or
inaccessible regions, a code and sequencing system has been developed to use with envi-
ronmental telemetering equipments. This system has been designed to give the scientist
or engineer a unit that will accommodate a resistance input of either 0 to 2000 ohms or
2500 to 4500 ohms, and provide an output in the form of Morse code in three-letter
groups. The first letter identifies one of the five channels of information, and the second
and third letters make one of 196 possible letter combinations which provide the infor-
mation. The output of 196 available combinations has proved adequate to match the
resolution of the most critical environmental transducers.

The most important design considerations of the system were as follows:

1. Weight

2. Compactness

3. Low power consumption

4. Fast response

5. Wide range of operating temperatures

6. All essential parts accessible for inspection or adjustment

7. Components located for convenient wiring and cabling

8. Maximum unattended service life.
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An extensive study and test program has resulted in a system designed for ease of fab-
rication, quality control, and alignment, as well as for reliable trouble-free service.

The system will accommodate a variety of transducer elements as it is now designed
and may be adapted to other elements when a special range with higher resolution or
more accuracy is desired. If the system is used in a manner other than as described in
the text of this report, the new use should be backed up with appropriate study and test-
ing of the instrument under the new conditions.

There is no equipment known to the authors that will perform the functions of this
system in an environmental telemeter with all possibility of ambiguity in the output, at
the change between successive values eliminated. During test and evaluation, the output
code sent from the system has remained very distinct and uniform. To date there has
not been a single component failure or part alignment requiring adjustment. It seems
certain that this system or portions of this system will be used by research groups and
engineers in meteorological and oceanological telemetering equipment.
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APPENDIX A

CODE AND SEQUENCING SYSTEM

FOR AUTOMATIC WEATHER STATIONS

NRL DRAWING D3437, REVISION A (7 SHEETS)
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APPENDIX B

CODE GENERATOR, CALL, SEQUENCING,

AND CLOCK-SWITCH UNIT

FOR AUTOMATIC WEATHER STATIONS

NRL DRAWING D3441, REVISION A (16 SHEETS)
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APPENDIX C

CODE-SELECTOR DRAWINGS

FOR AUTOMATIC WEATHER STATIONS

NRL DRAWING D3703, REVISION A (10 SHEETS)
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