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Summary     In order to predict the large-scale elements of the atmospheric circulation,
measurements must be made on a global scale. One such method of measurement
involves the telemetry of meteorological data from balloons floating at a constant level
over the earth. The balloons are interrogated and their data relayed through a
synchronous satellite to a central ground station.

A study, funded by the Environmental Science Services Administration, has been made
to determine the optimum electronics, in the sense of low cost, for the interrogation and
telemetry systems within the constraints of minimum weight and power.

This paper presents the problems of such a system, the approaches to the selection of an
optimum system, the system selected, and a discussion of the implementation of the
electronics of the selected system.

Introduction     To predict the large-scale elements of the atmospheric circulation,
measurements must be made on a global scale. One such method of measurement
involves the telemetry of meteorological data from balloons floating at a constant level
over the earth. The balloons are interrogated and their data relayed through a
synchronous satellite to a centrally located ground station (1).

Texas Instruments Incorporated was engaged by the Environmental Science Services
Administration (ESSA) of the Department of Commerce to study techniques for the
development of a low-cost balloon telemetry package compatible with the NASA
OMEGA Position- Location Equipment (OPLE) experiment (2).



ESSA requires a meteorological atmospheric monitoring system which will be
accomplished by untethered constant-level balloons. This system will ultimately consist
of a network of 3000 to 6000 balloons aloft simultaneously. A weather monitoring
system of this nature can be made economically feasible by establishing the balloon-
ground communication link via a satellite.

At present, a most promising approach to the implementation of a balloon system is one
based on the OMEGA Navigational System developed by the Department of the Navy
(3). In this system, the balloon location is determined via the OMEGA signals which are
received by a VLF receiver on the balloon platform. The OMEGA data along with the
meteorological sensor data is relayed to a ground station by means of a VHF (or UHF)
link to a satellite. The satellite serves as a transponder and provides no processing or
storage functions.

To establish the technical feasibility of this approach, NASA’s Goddard Space Flight
Center is undertaking an experiment with the ATS/C Satellite. This experiment is
scheduled to take place during the last quarter of 1967 or the first quarter of 1968.

To facilitate the transition from an experimental to an operational balloon system, ESSA
is conducting a program in parallel with the NASA experiment directed toward
developing operational parameters of the balloon system. The purpose of the already
completed design study program was to derive low-cost electronic techniques for use on
a satellite interrogated balloon system (4).

The general approach taken to synthesize the design of a low-cost balloon electronics
package was as follows:

Describe the constraints and requirements (functional, physical, economic) which
the system must meet to successfully carry out the intended mission.

List the possible configurations of each subsystem compatible with the functional
constraints and requirements previously established.

Review technologies available for the implementation of the different system
configurations.

Select that configuration and technology which best match the physical and
economic constraints and requirements.

Special consideration was then given to the detail design of the electronics package in
order to project expected development and production costs.



This paper describes the results of that synthesis with the implementation of the selected
subsystem configurations being given in detail. Some of the general considerations of the
interrogation subsystem, sensor data processor subsystem, and the implementation
considerations are also given.

Interrogation Subsystem     The interrogation subsystem is that part of the balloon
platform electronics package which determines when a sensor data and OMEGA data
transmission should be initiated. There are basically two types of interrogation
subsystems: (1) the internally actuated, self-contained preprograrnmed timer system, and
(2) the externally actuated, command receiver system.

The internally actuated subsystem is simply a timer which initiates data transmission at
preset intervals. The externally actuated subsystem consists of three basic elements: (1) a
command receiver which receives and demodulates a radio frequency carrier, (2) a
command detector which accepts the receiver output and produces command data, and
(3) a command decoder which decodes the command data and initiates the appropriate
action.

Certain classes of subsystem components were eliminated from consideration because of
their obvious complexity which would be reflected in an increased cost and difficulty of
unattended operation. One such class of subsystems are those which employ phase-
locked loops in their receivers or detectors. Another class are those which use an
automatic frequency control in their receivers, since an AFC circuit is as complex as that
of a phase-locked loop. Amplitude modulated receivers were not considered due to their
sensitivity to atmospheric noise.

Preprogrammed timer subsystems and analog decoding subsystems were eliminated from
consideration because of their inflexibility and the relatively small number of platforms
which could be addressed.

The command receiver and detector selected was an FM receiver with a wideband
discriminator detector using FSK split-phase modulation. The use of a wideband
discriminator allows the frequency stability requirements within the receiver to be
relaxed. It is necessary only to maintain the receiver intermediate frequency in the
discriminator bandpass, for with the use of split-phase coding, there is no dc component
of information. Thus, the discriminator will operate satisfactorily at any segment
of its dynamic range.

Only the leading rf stages need to be designed as extremely low- power circuits for
continuous operation. An rf detector in this section may be mechanized to recognize the
initiation of an interrogation sequence and command power turn- on to the remainder of
the platform.



A PCM decoder was chosen because it allowed a large number of platforms to be
operated with unique addresses, it allowed for error detection coding to be used, and
digital logic is inherently small.

Sensor Data Processor Subsystem     The sensor data processor subsystem is that part
of the balloon platform electronics package which is designed to accept data in analog
form from the meteorological and/or platform performance monitoring sensors, then
condition or format this data to be presentable to the modulator of the telemetering
transmitter. This sensor data and associated synchronizing signals in conjunction with
the retransmitted OMEGA position locating data comprise the total information content
of the platform response. This section of the paper synopsizes the results of the study of
the sensor data multiplexing only, with the position locating subsystem considerations
beyond the immediate scope of effort. The OMEGA data transmission will be considered
to occupy an invariant 180-second time period in each platform’s response.

The constraints imposed on the sensor data processor design were:
32.1 dB/Hz unmodulated carrier-to-noise power ratio
2 kHz bandwidth assigned to each platform
The aforementioned 180- second OMEGA data transmission time.

Variable parameters included:
Accuracy of the data (error introduced in the coding, transmission, and decoding
processes)
Number of sensors assigned to each platform
Number of platforms in service at any one time
Time duration of the platform interrogation sequence
Time interval between successive interrogations of each platform
Number parallel channels, or simultaneously responding platforms, which may be
accommodated by the communications link.

The purpose of the study was to define a system by the optimum combination of
parameters from the latter listing, under the constraints of the former list, that would
effect the lowest cost and be functionally adequate.

A popular basis for the comparison of multiplexing schemes is in the “information
capacity” of each technique. Sensor data to be formatted on the platforms will be
essentially dc; therefore, the implied zero bandwidth causes the classical information
capacity definitions to fail. A suitable substitute in the context of this study was to
consider the balloon system dimensions each technique would support. The normalized
variable BI/N comprised of the number of balloons in operation (B), the number of daily
interrogations of each balloon (I), and the number of parallel channels (N) was chosen to
denote system dimensions.



Of the many multiplexing techniques, three were selected as being adequate for the
sensor data processor application. These were:

PAM/FM/PM
PDM/PM
PCM/PM.

The PAM/FM/PM system contained a single low-frequency SCO with a commutated
input due to the very narrow 2 kHz bandwidth restriction. It was considered adequate in
this application by virtue of the low development costs made possible by off-the-shelf
equipment; The relatively low data accuracy of 10 percent is justified on a cost basis for
a small-scale experimental program.

The PDM and PCM systems incorporated a centralized organization, containing a single
pulsewidth converter or ADC. The higher reliability of the decentralized design was
unjustified when system cost was considered in the light of the balloon vehicle attrition
rate.

PCM is the better of the two systems, as would be expected. However, in the region
below approximately 20 sensors/balloon, comparable performance is provided by each
system with a data error allocation no less than about 5 percent, and I percent data
accuracy is attainable with the PDM system with relatively small expense in BI/N. A
subsequent examination of the two techniques in their full implementation revealed
PDM to be the better when cost consideration is paramount.

Implementation Consideration     In determining the least expensive technique for
producing the interrogation and sensor data processor subsystems, it was found that an
array approach was necessary in order to meet the physical and economic specifications
imposed on the system.

Two technologies suitable for array implementation were investigated. These were the
bipolar and metal oxide semiconductor (MOS). A comparison of the relative advantages
and disadvantages of these technologies with respect to application in this type system
resulted in the selection of the MOS technology. The major advantages of this
technology are: (1) greater functional complexity achievable in a given area, (2) low
power requirement, (3) superior operational characteristics at low temperature, and (4)
relatively low development and production cost per array chip based on an experimental
system consisting of 100 to 200 platform electronic packages to be produced in the
period from 1968 through 1970.

Once the selection of the technology was made, both of the selected techniques for
performing the functions required of each the interrogation subsystem and sensor data
processor subsystem were developed in logic block diagram form. From these, the



number of MOS array chips, the power required, and the weight of each subsystem
implementation were determined.

A comparison of this data was made. The result of the comparison was the selection of
the pulse duration modulation approach to the sensor data processor subsystem and the
pulse code modulation approach in which word synchronization is utilized for the
interrogation subsystem.

Implementation     The PCM interrogation subsystem, shown in Figure 1 in a
combination block and logic diagram, is an implementation of the general PCM decoder
discussed previously with the receiver and detector included. The receiver and detector
will not be discussed except to say that the PCM data format is split-phase so that there
will be no dc component which could be affected by frequency drifts. The output of the
discriminator is limited to provide as clean a PCM signal as possible to the decoder.

The bit synchronizer functions as follows. The split-phase data is differentiated to
produce pulses at each of its transitions. Next, the negative pulses (which come from the
negative transitions) are inverted and added to the positive pulses to give a stream of
positive pulses which occur at each of the original data transitions regardless of their
direction. If this pulse stream is observed carefully, it will be noted that there is a
substream of pulses which occur at the bit rate and occur at the center of each bit period.
There are also the other pulses which may occur at the bit period boundaries which must
be ignored or a phase ambiguity may occur.

These pulses are ignored by triggering a monostable multivibrator whose period is three-
fourths of the bit period. If the monostable triggers on the pulse at the bit boundary, it
will soon reach a point where there is no pulse on the bit boundary and will shift to the
pulses which occur at the center of the bit period. Once this has happened, the
synchronizer is in lock since there is no bit which does not have a transition at its center
and the monostable cannot respond to a trigger while it is in its active state.

The output pulses from the monostable clock the 19- stage register which samples the
input data stream at a point in time which is onequarter of the bit period. At this time the
data bit has the same level as the NRZ data from which it was derived and, therefore, the
correct data level is clocked into the register. Since the register responds only when
clocked, the data within the register has been restored to NRZ format.

As the data is clocked through the register, the frame synchronization code is recognized
by the frame synchronization gate. When this happens, the flip-flop is set opening the
gate to the five-stage counter. This counter puts out an interrogation pulse to the address
decoder every 19 bits; that is, whenever there is a new interrogation data word in the
register.



If the address of the platform is recognized by the address decoder gate, the interrogation
pulse is sent on to the command decoder where it is routed to the appropriate command
line. If the command is for a normal data transmission, the flip-flop is set sending an
“address decoded” signal to the sensor data processor.

The command format used here is 17 bits of address followed by two bits of command.
This provides for a maximum of 131,071 platform addresses and four commands. As
addresses are used they are set at the maximum coding distance possible consistent with
the number of platforms in use. At a minimum the platforms should be manufactured in
sequence such that there is distance two between each succeeding address; that is, such
that a minimum of two bit errors are required to give an erroneous response to an
interrogation. Such a pattern of manufacture will practically ensure that there are never
two platforms in use simultaneously whose addresses differ by only one bit.

The subsystem can be implemented on a single chip, 100-mil by 100-mil in area having
33 external leads. As the technology advances, it should become possible to integrate the
decoding matrix onto the chip and reduce the number of external leads to 16.

Considering only the logic portion of the interrogation subsystem, the production cost of
the logic array will be less than $50, the power consumed will be less than 100 mW, and
the weight will be less than 50 grams.

Although the receiver and discriminator cannot be included in the discussion of the MOS
array technology, microminiaturization of the circuits is at present possible with the use
of MERA rf amplifiers and bipolar video amplifier integrated circuits. VHF tuning
elements may necessarily be discrete components; however, printed circuit striplines are
feasible in the UHF spectrum.

The MOS array implementation of the PDM sensor data processor subsystem is shown in
block- schematic form in Figure 2. Each of the blocks shown is an MOS circuit or series
of circuits.

Operation of the subsystem begins with power turn- on. This occurs when the platform
receiver signals the power supply subsystem that rf is detected. The power supply
subsystem then applies power to the sensor data processor (SDP) subsystem. As power
comes on, a pulse circuit, implemented on the MOS chip, sends a pulse to each flip-flop
circuit on the chip. The signal is tied either to the set or reset line (preset or clear,
respectively, for the master-slave flip-flop) of each flip-flop in such a way that each is set
up in a known state.

Referring to Figure 2, at power turn- on, we see that all stages of the nine master-slave
flip-flop binary counter are preset. The astable multivibrator starts generating a 1.46-kHz



square wave at this time. This square-wave signal is counted down by the nine- stage
binary counter and an output is taken from the last stage. The square-wave output is
differentiated, with the result that a negative pulse 500 microseconds wide is generated
every 350 milliseconds. Each pulse, which can be defined as word sync, is applied as a
trigger to a one-shot multivibrator which provides a delayed strobe pulse to the
pulsewidth converter. The word sync pulses are also used to clock shift registers A, B,
and C.

Shift registers A and B are used in the relatively primed mode of operation. The purpose
of these registers is to generate fixed delays from the time power is applied to the
subsystem. Particular outputs are taken from each of the registers to coincidence gates.
In this manner, two different delayed outputs are generated. The first of these occurs
after 29 word sync pulses have shifted the logical ones, set into the first bit positions of
registers A and B at power-on, to bit positions which are coincidentally gated. The
resulting pulse occurs 29 x 350 milliseconds or 10.15 seconds after power is applied to
the subsystem. In this amount of time all platforms in a particular interrogation frame
will have been addressed. Therefore, at the end of 10.15 seconds a flip-flop is reset such
that two NOR gates are enabled. One of these produces an output depending on whether
or not the platform interrogation subsystem has decoded its address. If it has not, a flip-
flop is set which applies a signal to the power supply subsystem to turn off power (return
the platform to standby). If the platform address has been decoded, a different flip-flop is
set applying a signal to the power supply subsystem to turn on power to the transmitter
and the OMEGA subsystem. At this time, the transmitter begins transmitting an
unmodulated carrier frequency, and shift registers A and B continue their counting. A
second delayed output comes after 44-word sync pulses have shifted the logical ones,
circulating in shift registers A and B, to the last bit positions simultaneously. A
coincidence gate tied to the Q outputs of these bits produces a unique output at this time.
This output occurs 44 x 350 milliseconds or 15.4 seconds after power is applied to the
subsystem. The additional delay of 5.27 seconds from the time the platform transmitter
comes on allows the ground station time to acquire lock on the transmitted frequency.

The output resulting f rom the 15.4- second delay causes two things to happen: (1) a flip-
flop is reset to remove the “O” clamp signal which has been holding the output to the
modulator at ground up to this point; and (2) a logical one is applied to the data input of
the first bit in shift register C.

Shift register C is composed of 15 static shift register stages, each of which was reset at
power turn- on. Up to the time that a logical one is applied to the data input line of the
first bit, logical zeros have been propagated along its length as it has been clocked with
word sync pulses. The purpose of shift register C is to sequence the analog gates such
that analog input data from each of the sensor signal conditioners is time multiplexed
into the pulsewidth converter.



After a logical one has been applied to the first bit of register C, the succeeding word
sync or clock pulse sets that flip-flop to a logical one. This output sets a flip-flop which
blocks the coincidence gate on the delay registers. This is necessary because of the cyclic
nature of the relatively primed technique used to generate the delay. The Q output of the
first bit of register C is also tied to the enable input of analog gate 1. When Q goes to a
logical one, the analog gate turns on, like a closed switch, applying the output of sensor
1 to the pulsewidth converter. The logical one is shifted one bit to the right in register C
with each succeeding word sync pulse so that each analog gate is enabled in turn, thereby
sequencing the sensor inputs to the pulsewidth converter.

Several points should be noted here about the data multiplexer. First, shift register C is
15 bits long and each of 13 of its outputs enables an analog gate. The first three analog
signals multiplexed into the pulsewidth converter are calibration voltages which are
derived from the sensor signal conditioner power supply. The use of “in operation”
calibration overcomes sources of error such as long-term drift of the astable
multivibrator from which word sync is derived and threshold changes in the pulsewidth
converter. The second point to be noted is the use of the fourth and fifth bits of shift
register C to provide a frame sync. These two outputs are used to perform the same
function as the “O” clamp, in that they force the output to the modulator to ground for
the two words following the calibration data. This allows the ground station to recognize
the frame or block of data words being transmitted from the platform. After the two-
word frame sync, the output gate to the modulator is once more enabled such that the ten
following data words may be applied to the modulator. The third point pertains to the
feedback around shift register C. This feedback allows a logical one to be shifted
through the register twice, in order to read out two frames of data per platform
interrogation. The feedback is accomplished through the use of a master- slave flip-flop
and appropriate gating. The master-slave flip-flop, which was cleared at power turn- on,
is toggled the first time a logical one is shifted out of the eleventh bit of shift register C.
This enables a NOR gate so that when the logical one is shifted into the last bit the first
bit has a logical one reapplied to its data input. Thus, a logical one is once more shifted
down the length of the register. The second time the logical one is shifted out of bit 11,
however, the master- slave flip-flop toggles back to the opposite state, thereby clamping
the data input line of bit one to a logical zero and enabling a NOR gate such that when
the logical one is shifted into the last bit of shift register C, the second time, the data
input line of the output shift register bit is steered with a logical one. The succeeding
word sync pulse then sets this bit to a logical one. The output bit provides a signal to
start the OMEGA subsystem operation while setting the “O” clamp flip-flop, thus
reclamping the SDP output to the modulator to ground.



The SDP subsystem can be implemented on two chips, each 100-mil by 100-mil in area,
with the circuit division defined by the dashed line in Figure 2. One chip would require
26 external leads, the other, 16. Total subsystem power will be less than 100 mW, total
weight less than 100 grams. Estimated costs for the subsystem are $50 per chip.
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Figure 1.  PCM Interrogation Subsystem



Figure 2.  Sensor Data Processor PDM, MOS Implementation




