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TELEMETRY AND LOCATION FOR LONG-DURATION
BALLOON FLIGHTS

Ernest W. Lichfield
National Center for Atmospheric Research

Boulder, Colorado

ABSTRACT

Small 3-meter diameter balloons have flown for as long as 744 days, circling the
globe 50 times. The balloons carried instrument packages weighing only 200 grams. These
light systems require simple low power telemetry location techniques. HF telemetry and
sun angle location were used on the original flights. More recently, polar orbiting satellites
have collected telemetry and located the balloons. These satellites carry a location system
called ARGOS, which locates by measuring the doppler shift in frequency as the satellite
overflies the balloon. The doppler location technique requires an ultra-stable balloon
transmitter frequency. A new polar-orbiting satellite location system promises an even
greater reduction in balloon electronic complexity. This system locates using an
interferometer to measure the direction from which the signal arrives. No ultra-stable
transmitter is required.

At the opposite end of the balloon spectrum are large 20-meter diameter
superpressure balloons carrying 250 kg payloads containing complicated experiments.
These balloons can theoretically fly for 20 years and will have solar powered propulsion
systems that will move them in latitude. The balloon systems will require onboard
navigation, high data rate telemetry, and command reception capability. A network of
geostationary satellites is needed to provide the required telemetry link. Future location
systems should combine orbiting and geostationary satellites to provide accurate global
location and real-time data collection.

INTRODUCTION

There continues to be considerable international interest in using balloons flying in
the atmosphere to collect experimental and operational data. There is current interest,
particularly, in long duration balloon flights. In general, telemetry systems used in
ballooning have been inadequate for such flights. The system usually consists of line-of-
sight telemetry and the experimenters try to make use of wind reversals and down range
receiving systems to compensate for inadequate telemetry.



This paper discusses first the kinds of long duration balloon systems that are now
flying and then addresses telemetry and location systems for use on these balloons.

LONG DURATION BALLOON SYSTEMS

GHOST

A promising technique for collecting data on a global basis has been the Global
HOrizontal Sounding Technique (GHOST). This technique is based on the use of strong
plastic superpressure balloons to trace air curculation patterns by drifting with the wind at
altitudes of constant density.

Since late 1966, an NCAR team has launched several hundred GHOST balloons
from Christchurch, New Zealand, and several tropical stations to test their ability to remain
aloft for long periods. These balloons have been capable of providing temperature,
pressure, altitude, and, most important, wind data. The sensors on the balloon telemeter
data to the orbiting satellites, and the position of the balloon is calculated from the known
location of the satellite. The GHOST balloons have been shown to fly stably at a constant
density level, with maximum deviations of less than 100 m. Balloons flying at 100 mb and
higher are able to remain aloft for many months, and some have been flown for over a
year. The longest duration is 744 days at the-100 mb level. Balloons at lower altitudes
(200, 300 , and 500 mb) suffer in varying degrees from ice or frost accumulation, which
limits flight durations at these levels to months, weeks, or even a few days, respectively.

Superpressure balloon and satellite technology is now available to establish an
operational meteorological balloon system for the middle latitudes. This system would
complement satellite observing systems by providing measured reference points for IF
sounders.

The proposed balloon network should consist of at least 120 µ-GHOST balloons in
the air at one time. The µ-GHOST platform is envisioned as a low-cost superpressure
balloon and state-of-the-art microelectronics. These platforms will provide a reference
level and data set of the global wind and temperature fields at the 200 mb level in the mid-
latitudes of the southern hemisphere.

Carrier Balloon System

The Carrier Balloon System (CBS) was designed to provide essential tropical wind
data from the surface to 24 km. These superpressure balloons were 21 m in diameter and
were designed to float at 24 km. Each balloon carried 100 dropsondes, each weighing
300 g. They were commanded for release from one of four geostationary satellites. As the



dropsondes descended, they relayed signals to their parent balloon from a worldwide
network of Omega navigation stations spaced around the world. Signal strength and phase
relationships among separate Omega signals were registered by electronics aboard the
balloon. The Omega data were digitized and retransmitted via one of the geostationary
satellites to a ground station, where signals were converted to the wind field.

CBS was tested in 1974 and 1975 from Kourou, French Guiana. Fourteen systems
were flown to determine balloon life and the performance of the complex electronics
system. The program demonstrated that 100 kg payloads could be flown successfully at
30 mb, that the wind profile from 24 km to the surface could be determined by
retransmission of Omega signals from dropsonde to balloon to synchronous satellite to
ground, and that balloons flown in the equatorial stratosphere remained in the equatorial
belt as they circled the globe.

LLAMA

The Long-Lived Atmospheric Monitoring Airship (LLAMA) is designed to fly at an
altitude of 20 kilometers with a payload of 200 kg. It is a spherical balloon, 25 meters in
diameter, powered by a large propeller similar to the design of the Gossamer Condor and
Albatross propellers. Power is derived from a solar-cell array which provides power for
the scientific experiments, communications and the 100 watts required to move the balloon
at a speed of 5 knots.

The balloon moves around the world on the zonal winds performing its scientific
experiments. It can be moved into the polar regions for a summer research program and
back to the tropics as desired. Since the mean meridional circulation is near zero, a 5 knot
velocity and advance planning are sufficient to ensure that the balloon is in the desired
latitude band for an experiment.

In order to ensure that the LLAMA vehicle will fly for several years, it must be
meticulously tested for pinholes prior to launch. It must ascend to its design altitude in a
fully-inflated condition to ensure that folding stresses do not produce new defects. The test
and launch requirements call for a ballonet design since the helium gas constitutes less than
10 percent of the balloon volume prior to launch. As the balloon rises the air which fills the
major portion of the balloon must be exhausted. The ballonet is a membrane which
separates the two gases.

The only structures available for test of a fully-inflated 25-meter balloon are the
blimp hangars at Lakehurst, El Toro and Tillamook. The balloon must, therefore, be tested
at one of these hangars and then flown to its initial assignment. A voyage from Lakehurst
to the Antarctic will take approximately three months - but with a logistics cost savings in



movement of helium, launch crews, scientific experiments and experiments which will
delight the Bureau of Budget.

It is presently planned that the propeller will be fixed and direction control for
LLAMA will be achieved by rotation of the balloon on its perfect air bearing.

Anchor Balloon

Initial tests of large superpressure balloons capable of carrying 300 kg at 40 km
indicated the difficulties in scaling up to this goal. The balloons of 60 meters diameter
were expensive to build, impossible to test, and difficult to launch without damage. An
approach that is now being tested is the Anchor Balloon concept. This involves the use of
a zero-pressure polyethylene balloon which carries a suprepressure sphere in lieu of
ballast. As the main polyethylene balloon ascends to its design altitude the anchor sphere
becomes superpressured. At higher altitudes the buoyancy of the sphere decreases until it
overcomes the lift of the main balloon. Increase in the supertemperature of the main
balloon will increase its lift and the system will ascend until the decrease in buoyancy of
the anchor balloon offsets the increased lift.

TELEMETRY AND LOCATION SYSTEMS

Transit

Several location systems utilize the location techniques first employed by the
TRANSIT satellites. Five or six TRANSIT satellites orbit the earth in a near-polar orbit.
The orbit of each satellite is predictable and periodically updated. On board the satellite is
a transmitter which has high frequency stability. The satellite continuously transmits its
ephemeral data using phase modulation. A platform that wants to locate itself phase locks
on the received carrier and measures the frequency shift caused by Doppler as the satellite
orbits past. A detailed description of how location is computed is beyond the scope of this
paper. However, a simplified description that is useful in understanding the concept
follows.

If a satellite passed within a few centimeters of a receiver, the received frequency
would instantly shift from a higher frequency to a lower frequency. If the satellite passed
within several hundred kilometers, the shift in frequency would be more gradual. The rate
of change in Doppler frequency gives the distance and the time of zero Doppler shift
identifies the time at which the receiver is at a point that is normal to the satellite and its
trajectory.



TRANSIT provides excellent location, but the major problem with it is that all of
the information arrives at the balloon platform where it requires complex measurement and
processing before it can be retransmitted to the experimenter.

EOLE and Interrogation Recording Location System (IRLS)

These were the first satellite systems that were useful for balloon location and data
collection. They were polar orbiting satellite subsystems that obtained range by measuring
the time delay between a transmitted signal from the satellite and a signal returned from
the balloon. The satellite collected telemetry and position data and dumped them at a near
polar data collection station. The French space agency flew 500 balloons from Argentina
in the EOLE project and NCAR flew a small number of balloons from Ascension Island
that were successfully tracked by the IRLS system. The major disadvantage of these
systems was their high cost. They required both a receiver and a transmitter to be located
on board the balloon platform. Neither of these two satellite systems is flying at the present
time.

Random Access Measurement System (RAMS)

The RAMS was developed to reduce the cost and complexity of the flight
expendables of the IRLS. It is similar to TRANSIT except that the direction of
transmission is reversed. The balloons transmit to the satellite, which measures the
Doppler frequency. Each balloon transmits a message once every minute for a duration of
one second. The message contains an identification code and four channels of telemetry
data. The Doppler frequency, ID code, data content and time are recorded for each
transmission on a magnetic tape. The satellite is a polar orbiter and dumps data from each
orbit at Fairbanks, Alaska. Location and data are determined by a ground computer.

This system puts a minimum of complexity at the balloon. The only critical element
in the balloon electronics is a stable frequency source, as the frequency stability required is
five cycles in 400 MHz for 20 minutes.

Four hundred balloon systems were flown using RAMS on the Tropical Wind,
Energy Conversion and Reference Level Experiment (TWERLE). The results were
excellent. Balloons were located to within 5 km with a velocity accuracy of 1.5 m/s.
Transmitter power requirements were very low. A peak power of 0.6W gave reliable data.
Since the duty cycle was only one transmission every minute, the average power became
1/100W.



The major disadvantage of this system is the small amount of data and locations that
can be obtained in a single day. The satellite is polar orbiting and is synchronous with the
sun and, therefore, passes over the equator at solar noon and solar midnight. Balloons in
the tropics are only located two or three times near noon and two or three times near
midnight. At higher latitudes, locations are more frequent. A second disadvantage is that
the data are not immediately available to the user. First, they must go through the NASA
communication and computational processes.

The RAMS system is on the NIMBUS-6 satellite and has been in orbit for five
years, which is well beyond its projected lifetime. The system is now showing signs of
wear and there are no plans for replacing the one existing satellite.

ARGOS

The ARGOS system is very similar to the RAMS system and has now replaced
RAMS as the operational system. Two ARGOS-equipped satellites are now flying. The
two orbits maintain a fixed orientation with respect to the sun so that the first satellite
crosses the equator at 0800 and 2000. The second satellite crossing is at 1400 and 1600
and the revolution period is 101 minutes.

ARGOS locates and collects data in a similar manner to RAMS. The major
differences are in details of bit rate, telemetry format and amount of data the system will
accept. The following table shows a comparison between ARGOS and RAMS:

TABLE 1.   Comparison Between ARGOS and RAMS

ARGOS RAMS

Transmission Frequency 401.650 401.2 MHz
Bit Rate 400 BPS 100 BPS
Repetition Period 40 s 60 s
Transmission Duration 360 ms - 920 ms 1 s
Peak Transmission Power 3W 0.6W
No. of Satellites 2 1
No. of Eight-Bits Data Words 4 - 32 4

The ARGOS system is built by CNES at Toulouse, France, and data collected by the
satellite is computer-processed in Toulouse.

Some of the limitations of the RAMS system were improved on the ARGOS system
using two satellites and more data words, but those who want their data immediately must



still wait for them to come out of the data pipeline. However, there is a way to get data
immediately from the ARGOS system. There is a VHF beacon operating at 136.77 or
137.77 MHZ that continuously transmits balloon data as they are collected. By building or
buying your own ground station, you could collect data directly from the satellite. This, of
course, does not give global coverage but you could collect from all balloons which are
within sight of the satellite while they are in sight of your ground station.

Tracking and Data Relay Seattle System (TDRSS)

The next generation of satellite-based data collection and tracking, due in 1982, is
designed to provide a broad service for satellite-based experiments. It is not limited to
satellites, however. Earth-based platforms and balloon platforms can be accommodated for
data collection but the system’s utility as a balloon location system is extremely limited. It
will consist of two satellites in geosynchronous orbit at 41EW and 171EW longitude. The
two satellites will provide two-way communication between White Sands, New Mexico,
and orbiting satellites, balloons or ground stations. Fast-moving objects such as satellites
can be located by a combination Doppler shift and range measurement, but slow moving
objects such as balloons could not be lcoated in this manner. The only possibility
remaining is to measure range from both satellites, but the amount of the earth’s surface
seen by both satellites is very limited so, in its present form the TDRSS has value only as a
data collection system for balloons.

The NCAR Scientific Ballooning Facility in Palestine, Texas, is developing a
balloon telemetry system using TDRSS. The up-link to TDRSS is at S-band. Radiated
power will be 25 watts from an omni-directional antenna. The balloon-to-satellite data link
has a ground receiving terminal at White Sands, New Mexico. This provides a real-time
data rate of 800 bps. If required data can be transmitted at a rate up to 50 KB.

Omega will be the prime onboard location system. There will be some onboard data
processing of the Omega signals (such as lane counting). A TRANSIT receiving system
will be flown as a backup. This will provide relocation in case Omega is temporarily
interrupted.

OMEGA

Omega stations are distributed around the globe and transmit at 10.2 kHz, 11.3 kHz
and 13.6 kHz. At these very low frequencies, the ionosphere acts as a wave guide and the
radio waves propagate completely around the earth.

Omega locates position by measuring the phase difference between three or more
very low frequency radio signals.



The problem with Omega is that for each set of phase differences there are a great
number of possible positions and only one of them is correct. Many of these ambiguous
locations can be resolved by using all of the Omega frequencies but, even with multiple
frequencies, all ambiguities are not resolved. The most suitable way to use Omega is to
continuously track balloon location. If the starting position is known, it is relatively simple
to track the incremental changes in position. The National Scientific Balloon Facility in
Palestine, Texas, has successfully used continuous Omega tracking for balloon flights.

Global Positioning System (NAVSTAR/GPS)

The location capabilities provided by the satellites discussed above do not provide
real-time global coverage. The next generation satellite system (NAVSTAR/GPS) is
designed to permit location and velocity measurement globally at all times. The accuracy
obtainable is several meters for position and tenths of meters/sec for velocity.

NAVSTAR/GPS system will eventually use 24 satellites in 12-hr orbits in three
intersecting orbital planes. A three-dimensional position fix requires the airborne receiver
to obtain range measurements from four satellites. Five are now in orbit for systems tests.
When the total constellation is operational, a given user will be able to view six to ten
satellites at any given time and select the best four to minimize GDOP errors. The system
has already demonstrated accuracy of better than 10 m in three dimensions.

The NAVSTAR/GPS uses a two-frequency (1575.4 and 1227.6 MHz) pseudo-
random-noise coded spread spectrum signal for noise immunity and accurate ranging. The
two-frequency transmission permits calibration of ionospheric propagation delays. There
are two PRN codes: the CA code at 1.023 MHz chip rate with a 1 msec length and the
P code at 10.23 chip rate with a code length of over 300 days but truncated to seven days.
The data is modulated on the carrier at a rate of 50 bits/sec with a message length of
1500 bits (30 sec).

GPS data includes accurate satellite ephemeris corrections, satellite clock
correction, and a handover word to permit acquisition of the long P code after having
acquired the short CA code by a search algorithm. The data demodulation requires code
acquisition and phase-lock loops.

The range difference measurement to each of the four satellites is obtained by
measuring the correlation peak of each spread-spectrum signal. The most complex receiver
utilizes both carrier frequencies, has four channels for receiving signals from four satellites
simultaneously, demodulates the data from the carrier, and tracks both the CA and P
codes.



The simplest receiver utilizes a single carrier frequency, tracks the four satellites
sequentially with a single channel, uses only the CA code for range measurements, and
uses stored ephemeris data rather than demodulating the data on the carrier.

The RF, IF, and digitial circuit technology used by the GPS receivers is developing
in a manner to permit low cost receivers in the future. Receiver cost ranges from $1,500 to
$40,000 (in 1980 dollars) depending upon complexity. In addition to accurate position
information, the GPS receiver provides an accurate time reference, since the internal
receiver clock is updated with each fix.

REFSAT

The balloon platform location electronics and computational system required for
GPS is so complex that a Reference Satellite has been proposed to provide information
and signals used in location. Figure 5 shows the configuration of the REFSAT GPS
system. Figure 5 shows the configuration of the REFSAT GPS system. Figure 6 shows
how the NAVSTAR location system can be simplified using REFSAT.

The Ideal Balloon Location Telemetry System

Balloon location and telemetry has usually been improvised from existing location
telemetry systems that were designed for some other application. Examples of this are
Loran, Omega, GOES, TDRSS. In a few cases, systems were designed specifically for
balloon location programs. Examples are RAMS, ARGOS, EOLE. In the case of RAMS-
ARGOS, the system was so useful that it is now being used by more non-balloon programs
than balloon programs.

If balloon experimenters were to specify a system that best met their needs, it would
probably contain the following features.

1. There would be polar orbiting satellites similar to the ARGOS providing location.
Polar orbiters provide the simplest location system because the balloon platform is only
required to transmit and does no on-board location calculations. Details of the polar-
orbiting system will be discussed later.

2. There would be geosynchronous satellites for continuous data collection. This
requires three or more satellites for global coverage. The geosynchronous satellites would
provide continuous real time data from balloons flying anywhere except the polar region.

3. Data would be available to users located anywhere by a return data link from the
geosynchronous satellite back to the ground. This requires a satellite-to-satellite data link.



Each geosynchronous satellite relays data received to the other two satellites, and the
geosynchronous satellites collect data from the polar-orbiting satellites.

4. A command link would be provided to relay commands from the ground through the
geosynchronous satellites to the polar-orbiting satellite, and then to the balloon platform.
Commands relayed directly through the geosynchronous satellites to balloons require too
much antenna gain at the balloon platform.

The above satellite system may appear to be too much to ask for use in ballooning,
but it is also what is needed for a world-wide meteorological data interchange system. For
meteorology the three geosynchronous satellites provide infrared and visual imaging, and
provide a world-wide data communications link for meteorological data. The polar orbiting
satellites provide visual imaging, infrared imaging, collect data in the polar and other
regions, and locate and collect data from Lagrangian balloons and floating buoys.

Polar Orbiting Satellites

There are two polar-orbiting satellite location concepts that are now being
invetigated. These are the interferometer location system and a two-satellite doppler-
difference system. Both of these are improvements to RAMS-ARGOS in that they do not
require a stable frequency reference located at the balloon.

The two satellite system was first described by Vincent Lally of NCAR. It consists
of two polar-orbiting satellites that are in the same orbit. One satellite is 500 km in front of
the other. The leading satellite (satellite A) receives ARGOS-like signals, transposes the
carrier frequency, and retransmits to the following satellite (satellite B). Satellite B also
receives the ARGOS-like signal, and hetrodynes it to a frequency for comparison with the
signal relayed from satellite A. With no doppler shift the frequencies of the signals
received from both satellites would be the same. With doppler there is a frequency
difference. The difference frequency is a function of the satellite velocity and orbit with
respect to the balloon. Figure 7 shows the doppler difference curves for different distances
from the satellite orbit.

The other polar orbiting location technique under study is the NASA interferometer
system. This system consists of two or more antennas separated several wavelengths. The
phase difference between signals from the two antennas describes the direction to the
signal source. The accuracy of direction measurement is increased by increasing antenna
separation. Figure 8 describes how direction measurement accuracy “2” is related to
antenna separation “T”.



Paper studies for an interferometer system with four antennas mounted on cross-
arms 20 meters long indicate that balloon position can be located to 1 km.

Another concept being investigated is a gravity gradient stabilized antenna system.
Because of the difference in gravity, two orbiting masses connected together by a cable
will tend to orient themselves in a vertical position. This is a convenient way to separate
two antennas for an interferometer system. The geometry of the gravity gradient antennas
is not as efficient as a cross-arm parallel to earth, but the ease of obtaining a very long
base-line permits equivalent performance.

FIG. 1. Global Horizontal Sounding Technique (GHOST) Electronics Package
Located by Sun Angle Measurement



FIG. 2.  TIROS-N Spacecraft

Fig. 3.  TIROS-N Block Diagram



Fig. 4.   ARGOS Orbit Characteristics

For TIROS-N, the local times of the sub-satellite points at the Equator are:

8 h or 20 h for the first satellite
4 h or 16 h for the second one

The other orbit characteristics are:

- attitude 830 k. ± 18 k. for one satellite
 870 km ± 18 k. for the other one

- inclination: approximately 98E

- revolution period: 101 min (1h 41 min)



FIG. 5.  NAVSTAR GPS CONCEPT USING GEOSTATIONARY REFSAT

FIG. 6.   REFSAT vs. CONVENTIONAL RECEIVER



FIG. 8.



FIG. 9

TABLE 2   Tracking and Data Relay Satellite System (TDRSS)
Basic Data Collection Capability



TABLE 3   Platform Data Collection Systems

TABLE 4   Platform Data Collection Systems
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