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Section I-1

INTRODUCTION

Angle measuring techniques employing spaceborne interferometers have
previously been considered for use in navigation, air traffic control, and wind

measurement balloon systems. 1,2

This study evaluates a system which will locate to within 1 km 15, 000
meteorological balloons scattered throughout the world dat known altitudes to
determine wind velocity profiles. These balloon beacons must be able to transmit
two data measurements, pressure and temperature for example, fo an aécuracy
of 1 percent as they are being located. The balloon platform electronies, in-
cluding solar power supply, when produced in quantity, must be frangible and
inexpensive.

The most economical balloon package is merely an RF beacon uplink with
no command downlink, A geosynchronous satellite with a long baseline crossed
interferometer on the spacecraft is used to determine the direction to the
balloon. This, together with the balloon altitude, determines position. The
uplink from the balloon will be in L-band. The signals received by the
interferometer antennas are multiplexed and transmitied to a ground processing
center, where all phase measurements are made. Three geostationary

satellites provide global coverage except in the vicinity of the poles.

The Interferometer Position Location Concept described above was
analyzed and evaluated. Several implementations of the concept were con-
sidered, and the most promising was analyzed in detail. The effort was
primarily on the system design, with less effort on the spacecraft and ground

systems and with the least emphasis on the halloon electronic package.
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The report is divided into two parts. PartIis a summary of the resuits of
the study. Details of tradeoff studies, error analyses, and derivations are con-
tained in Part II, which contains nine sections. The first section discusses
systems considerations and tradeoff analysis, error budgets, choice of frequency
and length of haseline, calibration considerations, multiple-access method, and

effects of boom motion.

Section II-2 presents a derivation of position error equations in terms of
beacon phase noises, calibration phase noise, ephemeris and ground station
survey errors. A computer program, which simulates the geometry of moving
platforms and satellites and provides a statistical error analysis is also

described.

Section II-3 gives a detail derivation of multipath effects for an interferom-
eter, and Section II-4 contains an analysis of refraction errors for the three
frequencies, i.e., 400, 1000, and 1600 MHz. In Section II-5, errors caused
by antenna polarization mismatch are derived and analyzed. This is followed
by Section II-6 which presents the considerations for the interferometer
antenna selection. Section IT-7 Mechanical Studies, includes analysis of hoom
dynamics and thermal effects, and Section -8 describes the satellite hardware
and the signal processing and phase extraction in the ground station. The last

section of Part II, Section II-9, gives the balloon beacon considerations..

i-1.1 SUMMARY AND CONCLUSIONS

Position location to an accuracy of 1 km (1 ¢ error) by means of an inter-
ferometer in geostationary orbit is feasible. Wind velocity is determined from
successively detérmiﬁed positions. Thus the wind velocity (averaged over 2
hours) can be estimated to approximately 1 km/hour. For weathei' prediction
this is considered to be excellent.

The system concept is shown in Figure I-1-1. There are four calibration
transmitters, a crossed baseline interferometer with seven antennas, and a

ground receiving site. The electronics in the satfellite perform the function of
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Figure [-1-1. System Concept



multiplexing the signals received by the seven antennas and {ransmitting the
composite spectrum to the ground receiver. All acquisition functions and
phase extractions are performed on the ground. The system parameters are

summarized in Table I-1-1.

A nominal operating frequency of 1600 MHz was chosen as a compromise
for the following reasons:
a. Multipath signal is more likely to be diffuse and bandspread than at
lower frequencies
b. Ionospheric refraction is less than at lower frequencies

c. Phase accuracy requirement for a given baseline length is less than
for lower frequencies

d. At higher frequencies, .the decr‘?aased signal power to noise density
ratio increases acquisition and phase extraction problems

e. Generating higher frequencies is more costly in terms of balloon de
power,
The baseline length of 400 wavelengths was chosen as a compromise between
a smaller 1L-which makes phase measurement problem more acute to meot 1

km accuracy and a larger -)]t—'which increases the ambiguity resolution problem.

A random multiple~access scheme is recommended as it requires mini-
mum equipment in the balloon. Separation of the balloon signals is obtained
through the randomness of balloon transmissions in time and frequency. A 10 s
transmission time is recommended assuming a 1 W balloon tranamitter with
essentially a hemispheric coverage antenna. Increasing the transmission time
beyond 10 s or decreasing the 2-hour interval between transmissions would

increase the multiple-access problem.

The data transmissions (9 bps) are biphase modulated. The bandwidth of
the signals is thus small, and phase measurements can be made simultaneously
with data extraction.
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Table I-1-1

SYSTEM PARAMETERS

Cperating Frequency (uplink) 1600 MHz (nominal)
Baselines (vernier) 2 orthogonal; 75 m
400 wavelengths (400-A)
Ambiguity Resolving Baselines 3, 190 ), 400 X (physical)
20 A (differential)
Interferometer Arms Extendible booms
Interferometer Antennas Short backfire, gain 17.5 dB on axis,
' 22° half power beamwidth

Polarization Circular for all antennas
Access Technidque Random (in frequency and time)
Balloon

Beacon Power iw 5

Oscillator Stability 1 part in 10

Transmission Time i0severy2h ;

Data Modulation Phase shift keying (biphase)

Bit Rate . 9 bps
Calibration Transmitter

Number 4

ERP 20 dBw

Transmission Time Continuous
Downlink Frequency X~-band

Bandwidth 1 MHz
Signal Processing

Acquisition Method Phase-locked loop aided by comb filtex

Acquisition Time (frequency) 0.3s

Beacon Phase Measurement Time 9.7 8

Filter Bandwidths (minimuin) 40 Iz

Effective Noise Bandwidth 0.1 H=z

Data Processing (for each satellite)
Average Simultaneous. Balloon

Transmissions 7
Position Fix Rate 0.7s
Computer Operations (equivalent
additions) 20, 000 instructions/s
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The baselines are formed by four extendible booms. The important
reqguirements of the booms are:
a. They must be deployable (including coaxial cable) with an antenna at the
end )

b. The deployment mechanism must have provision to twist boom on
initial deployment and as required

€. Boom thermal distortion must be low
d. Angular rates of baseline (or boom tip) motion must be low.

The second and third requirements are based primarily on antenna gain
considerations. The design goal of maintaining antenna pointing accuracy of
i1° is a more stringent requirement for the booms than has been imposed in
other applications. TFor this reason, some additional testing of booms in a
thermal vacuum chamber is required and possibly some development effort will
be required.

The last requirement minimizes the effect of boom motion on the phase
extraction. Stiff booms have a higher natural frequency of vibration than flexible
booms, but the amplitude of the vibrations is also less, so that the maximum
angular rate of baseline motion tends to be independent of hoom stiffness. A
typical rate of phase change due to boom motion for a 400-wavelength system
1s 2 electrical degs maximum. Both stiff and flexible booms exhibit this property.

The phase measurement accuracies required to meet a 1 km (1 o) position

location accuracy are approximately: '

a. 0.7° (10) for the beacon

b. "0.5° (10) for the calibration transmitters (3.6 s smoothing time),

Phase biases common to both calibration transmitter and beacon phase
measurements affect position location accuracy one or two orders of magnitude
less than random phase errors.
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Four calibration transmitters, emitting CW signals of 20 dBW ERP, are

used to continously calibrate the system. The calibration consists of:

a. Determining the instantaneous lengths and orientation of the baselines

b. Estimating the differential phase biases.

Phase measurements of the calibration sigﬁals are made at 0.1 s intervals,
which is sufficiently short that boom motion cannot appreciably degrade these
phase measurements. The phase accuracy of 0.5 deg (L o) is achieved by fitting
36 measurements to a first-order polynonimal which models the boom motion
for 3.6 s.

Errors in position location due to multipath are highljgeometry dependent.
At an elevation angle of 20 deg and a balloon altitude of 9 km, an equivalent signal-
to-multipath power ratio of 36 dB is required for an error of 1 km or less.
Directly under the satellite, multipath will not cause an error, unless it is
large enough to cause fading and thus decrease the signal-to-thermal noise
power. The antenna on the balloon package can be designed to give a gain in
the direct direction relative to the multipath direction of 10 dB or more.
Attenuation due to reflection and use of circular polarization will contribute on
the order of 6 dB advantage to the direct signal. Effective-narrowband filtering
will suppress multipath, which is due to diffuse scattering, because the relative

motion of the balloon and the earth's surface produce bandspreading.

I-1.2 RECOMMENDATIONS -

Studies to date have indicated that the interferometer position location
concept is feasible. It is recommended, therefore, that the program be ex—
tended. The following 4-step program, culminating in a flight experiment, is
suggested:

a. Laboratory Experimentation and Analysis—to verify that phase measure-
ments can be made to the required accuracy in the multiple-access,
low signal-to-noise power density environment required; to test phase
center stability of circularly polarized antennas as a function of angle
off boresight and of frequency; to continue the analysis efforts,
especially including tradeoff among interferometer antenna gain, beacon
power and allowable boom twisting and flexing.
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.b.

Boom Development and Testing-to fest samples of promising boom
designs in a thermal vaccum chamber for thermal bending and thermal
twisting; to develop a boom package including deployment mechanism
and boom with enclosed coaxial cable; to continue the dynamic analysis
of booms and interaction with spacecraft

Ground~-Based Experiment—build a single baseline interferometer
(including one movable antenna) and illuminate with three transmitters
{two calibration transmitters and one beacon to be located); to demon-
strate that the interferometer baseline can be calibrated and the
unknown located with boom motion present

Flight Experiment—i{o demonstrate that booms can be deployed and can
maintain the antennas pointed to the desired accuracy; to demonstrate
that multipath effects can be kept to acceptable levels; o complete the
demonstration of the concept and obtain data to allow an operational
system to be designed and built.
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Section I-2
USE OF INTERFEROMETER FOR POSITION LOCATION

System concepts which use spaceborne interferometers for position location

are shown in Table I-2-1.

Table I-2-1
SYSTEM CONCEPTS USING INTERFEROMETERS

System Concept Interferometer Characteristics Comments
One Direction and Transmitting or Receiving Altitude of user in-
Altitude dependently deter-

\ . mined
One Direction and Transmitting or Receiving Transponder re-
Range quired to obtain range
Two Directions Transmitting or Receiving Two satellites re-

quired

The system concept considered in detail in this repoxrt is the first one listed,
implemented with a receiving interferometer. A constant pressure weather
balloon drifts at an approximately constant altitude. This altitude plus the

direction from the spaceborne interferometer determines the position.

I-2.1 INTERFEROMETER PRINCIPLE

A radio interferometer determines the angular position of an RF signal
source by measuring the difference in radjo signal path lengths from the emitting
source to each of a pair of antennas (see Figure I-2-1). The phase difference
(v ) is related to the angle between the baseline and arriving wavefront (o ) by
the following equation:

= ZWLSin
Y= X P .
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For large baselines L > > A, a small change in ¢ results in a change in ¥
exceeding 2 7, resulting in ambiguous regions (lanes) acress the earth's surface.
This is shown in the upper lines of Figure I-2-2, To resolve the angle com-
pletely and determine in which vernier interval the measurements falls, coarse
measurements with one or more short baselines are needed. This is shown in
the bottom line of Figure I-2-2, where the permissible coarse space angle

measurement is shown covering one of the vernier intervals.

I-2.2 TLONG BASELINE SPACEBORNE INTERFEROMETER

To locate a balloon to an accuraey of 1 km, a spaceborne interferometer
must be able to resolve space angles ¢ to about 10"3 deg. It can be seen from

Edquation I-2-1 that, for small space angles, the electrical angle is obtained by
27L
hZl=

multiplying wit 5

,» which may be called the "magnification" of the inter-

ferometer.

Although the accuracy of the electrical phase measurement may be limited,

any desired fineness of space angle resolution can be obtained by a sufficiently
L
illustrated in Figure I-2-3, which shows fhe required phase measurement

large ratio of baseline length to wavelength., The effect of varying

accuracy for 1~km resolution as a function of elevation angle from the beacon

to the interferometer with-ili as a parameter. However, increasing the base-
line to gain resolution is limited by certain effects such as structural con-
siderations and pointing accuracy of the antenna elements (hence, less usable
antenna gain). For long baselines consisting of lightweight, flexible structures,
relatively large boom tip motions may be encountered. From Figure I-2-3 it

is apparent that, for a fixed wavefront direction, a rotating baseline will produce
a time-varying phase history. Since practical considerations related to SNR
necessitate measuring this phase over several seconds, the baseline rotation
produces an erroneous indication of phase. There are essentially two solutions

to this problem:

a. Reduce the rotation to negligible amounts

b. Reconstruct the time-varying phase during the measurement interval
and remove the unwanted effect,
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Since the former solution did not appear to be practical for the balloon signals,
the latter solution was chosen. The process of reconstructing the phase and the
removal of unwanted effects will be referred to as hoom motion compensation.

1-2.3 AMBIGUITY RESOLUTION

There are ambiguities in the space angle measured at the interferometer
every %rad. This corresponds to a distance of approximately 80 km on the
earth's surface for a 400~wavelength system. A short baseline of 3 wavelengths
‘is required in order to have no ambiguities on the eaxth's surface, The SNR
available for the phase measurement for the balloons precludes resolving all the

ambiguities of the 400-wavelength system in one step.
A system such as shown in Figure I-2-4 is indicated.

Seven antennas are used; one of these is common to the two crosséd arms.

The individual baselines used are:

a. 3 )\ —formed by anfennas 2 and 3

b. 20 ) —a differential baseline formed by the difference between the 210
baseline and the 190 baseline

c. 190 A —formed by antennas 1 and 2
d. 210X —formed by antennas 2 and 4
e. 400 ) —formed by antennas 1 and 4.

Ambiguity resolution is performed in two steps. The 3 X baseline resolves the
ambiguities in the 20 X baseline. The 20 A baseline is used to resolve the
ambiguities in the 400 A baseline,

There is no necessity for the baselines to be colinear, since they are
independently calibrated.

1-2.4 CALIBRATION

Calibration is to estimate accurately the length and orientation of two
nominally orthogonal baselines. The principle of the calibration technique is

perhaps best explained via Equation I-2-1, The unknowns in this equation,
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sofar as the calibration is 'concerned, are L and ¢ . If two ~'s are measured
from f{wo different illuminators such that the relative angle befween the wave-
fronts is known, there are now two equations in two unknowns. Solving these
equations simultaneously yields L and ¢ .

In three dimensions the baselines are described by a length and two angles.
A third equation is therefore required, and it is obtained by incorporating a
third phase measurement from a third illuminator. These illuminators are
called calibration transmitters (CTs).

Figure I-1-1, System Concept, shows four CTs instead of the three referred
to above. The fourth CT is included to provide a fourth phase measurement
which accommodates a fourth unknown, the phase bias caused by phase shifts in
the satellite and in the ground equipment, e.g., unequal cable lengths, ‘

The fact that there are multiple baselines has no impact on the number of
CTs. Each baseline is illuminated from four CTs and the length, orientation,
and phase bias are determined independently of all other baselines. Thus four
CTs. will calibrate any number of baselines. This is used to advantage in ‘

calibrating the coarse as well as the vernier baselines.

The compound motion of the spacecraft and the booms causes the baseline
orientations fo change continuously and fairly rapidly. This is the primary

reason for performing continuous calibration.

1-2.5 LINK CALCULATION

The link calculations are presented for the calibration transmitters (ground
stations) and the balloon beacons in Table I-2-2. The link budget iior the cali; ’
bration transmitter is shown only at the lowest elevation angle, or worst case
in this respect. The calibration transmitter effective radiated power (ERP) of 20
dBW requiresonly a 1 W transmitter and a 3 ft dish, for example, and can be

easily increased to provide additional margin.

The link power budget for the bhalloon beacon is much more critical, so

that it is shown for three elevation angles. A power of 1 W is assumed for
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Table I-2-2.

LINK POWER BUDGET

(Emitter through Spacecfaft—to—Ground Receiver)

Emitter Calibration Balloon
Transmitter| E = 20° | E =30 | E =90°
Transmitter Power (dBW) - 0 0 0
Transmit Antenna Gain (dB) - +0.7 +3.0 +2.2
ERP (dBW) 20 +0.7 +3.0 +2.2
Path Loss (dB) ~189 ~188.5 | -188 187.5
Polarization Loss (dB) ~0.5 -0.5 -0.5 -0.5
Interferometer Antenna Gain (dB) +15 +15 +15.5 +17
Received Signal Power (dBW) ~154.5 -173.1 | -170.3 | -168.9
Receiver Noise Figure (dB) +4.5 4.5 +4.5 +4.5
Receiver Noise Density ({BW/Hz))| -199.5 -199.5 | ~199.5 | ~199.5
Signal-to-Noise Density Ratio
(dB-Hz) +45 ~26.4 +29.2 +30.6
Time or Bandwidth Enhancement
Factor (dB) 0% LO%% L0 10%*
Final Signal-to-Noise Power
Ratio (dB) +45 +36.4 +39.2 +40.6
of Phase Measure- 0.33° 0.9° 0.6° 0.5

Resultant o Ay

ment, (electrical deg, due to
thermal noise)

o = standard deviation =57.3 (SNR)

SNR = power signal-to-noise ratio

* 1 s effective integration time,
** 10 s effective integration time,

/2
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the balloon beacon. If a nominal 3 dB is included in the link for margin, a
modest increase in the standard deviation of the phase measurement due to
thermal noise results. For example, at an elevation angle of 30 deg, the

standard deviation would be 0.85 deg instead of 0.6 deg.

I-2.6 ERROR BUDGET

Table I-2-3 shows the error budget for an elevation angle of 30 deg. The
position location error is a function of the 3~-dimensional system geometry, so
that the results presented are for-a typical 30 deg elevation angle. Details of
position fix exrors as a function of longitude and latitude, which were obtained
from a simulation program, are shown in subsection I-2.7.

As can be seen, the major sdurces of error are the phase measurements
of the beacon and calibration signals and the multipath error. Each phase
measurement error is a result of both thermal noise and instrumentation
errors. The latter includes effects which are not eliminated by using thé cali-
bration transmitter signals. Systematic errors, such as phase biases, are

eliminated from affecting the position location determination.

The multipath error is a function of balloon altitude, velocity, and location,
as well as antenna pattern, polarization, and surface reflection coefficient.
The 0.8 km error assumes an altitude of 9 km and a velocity of 30 km/hr,
The antenna gain in the direction of the satellite, compared to the gain in the
multipath direction, is taken to be 10 dB.

The position location error due to calibration transmitter location errors
is less than for the satellite ephemeris error because there are four calibration

transmitters and the resulting position loeation error is reduced somewhat.

The altitude error of 100 m results in a 0.2-km position error at this eleva-
tion angle. If the altitude of the balloon does not change between position fixes,
the velocity determined from these fixes will be negligibly affected by the

altitude error.
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Tahle I-2-3

ERROR SUMMARY

Phase Error (in km)
Error Source Error (1 o, absolute)
1. Beacon Phase Measurement* 0.67° 0.45
Thermal Noise 0, 6°
Instrumentation Errors
0.3°
2. Calibration Transmitter Phase| 0.45 0.30
Measurement*
Thermal Noise 0.33°
Instrumentation Errors
0.3°
3. Multipath (9 km Altitude,
vel = 30 km/h) 0.80
4, Satellite Ephemeris Error
(60 m) 0.10
5. Calibration Transmitter 0,03
Location Error (60 m)
6. Altitude Error (100 m) 0.20
7. Antenna Phase Center 0.20° 0.10
Refraction Error 0.01
9. Polarization Error 0.10° 0.05
TOTAL ERROR (Root Sum Square) 1,0 km

Elevation Angle = 30

instrumentation errors.

[+]

*Root sum square of thermal noise and
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Errors due to antenna phase center changes, refraction errors, and errors
due to polarization effects are relatively small. .

The resulting total error depends upon the statistics of the individual errors.
To a first approximation we can assume the errors add in a root sum square

manner, so that the resulting position location error is 1 km.

The thermal noise errors shown are 1 ¢ , so that the measurements will be
within the accuracy shown 68 percent of the time. If, as a first approximation,
we assume that all errors have Gaussian statisties, the exrrors will be less than
a 3 o value, or the position location error will be less than 3 km more than 99

percent of the time,

I-2.7 ACCURACY -~ POSITION LOCATION

Figures I-2-5, I-2~6, and I-2-7 summarize the accuracy of the system
based on the error model and CT locations specified in the legend. Circular
error probable (CEP) is defined as the radius R such that there is a 50 percent
probability that the position location error will be less than R. For example, a
CEP = 1.5 km means that the probability of mak{ng a 1.5-km position location

error in any direction from the true location is less than 50 percent.

Figures I-2-6 and I-2-7 give the 1 ¢ North~South and East-West components
of position error. The error cllipses are, for the most part, nearly circular
as the correlations between East-West and North-South components are small
(less than 0.3) and the standard deviations are about equal. Exceptions were
noted in the northern latitudes (e.g., above 50 deg) where the correlations ex-

ceeded 0.7, causing a noticeable degree of ellipticity.

The contours are almost completely dependent on the beacon and CT phase
noise and much less dependent on the survey errors, the satellite ephemeris,

and beacon altitude errors.

The-orientation of the baselines is not critical. If the baselines were
rotated 45 deg, the shape of the contours would change sgmewhat, but the range
of CEPs would remain the same.
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The locations of the CTs are not critical, though it is advantageous to have
them spaced uniformly about the sub-satellite point with about a 20 deg to 30 deg
elevation angle to the satellite.

The accuracy in the Northern and Southern hemispheres is roughly the same.

The figures do not include the error caused by multipath. The multipath
error (see subsection I-3.1 and Section II-3) is included in the errox budget (see
subsection I-2.6). To include multipath, an error component of approximately
1 km for low elevation angles and smaller for high elevation angles must be

added (root sum square) to the error shown in figures I-2-5 to I-2-7.

1-2.8 ACCURACY - VELOCITY

The velocity of the beacons is estimated by taking the difference between
two successive position location fixes and dividing by the time between fixes.
1t is assumed that the beacons move at a constant rate, and the velocity estimate

is referenced to a point halfway between fixes.

Figures I-2-8, I-2-9, and I-2-10 summarize the accuracy of the velocity
estimate, The error models and CT locations are identical to those used for
the position location accuracy shown in Figure I-2-5. In Figures I-2-8 and
I-2~3, the contours represent the standard deviation of the velocity error com-
ponents ( 1 o) in the North~-South and East-West directions.

TFigure I-2-10 gives the 50 percent error probability contours that the
velocity error in any direction will not exceed the value indicated on that

contour,

I-2.9 ERROR BREAKDOWN - POSITION LOCATION

Since the system uses four CTs to calibrate most of the parameters (such
as baseline lengths, orthogonality, and phase biases) involved in the position
location calculations, the accuracy of this calibration and hence the positionl
location is dependent on the random CT phase errors and not on phase biases,
baseline lengths, and orthogonality of baselines. However the CT surveys, the
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satellite location, and the beacon altitude are used in the position location calcu-
lations and are not calibrated out. Thus any errors in these parameters will

produce a balloon position location error.

An analysis was made to determine the position location errors due to
beacon phase noise, CT phase noise, CT survey errors, satellite ephemeris
errors, and beacon altitude errors, Analysis results are summarized by
Figure I-2-11. The magl:.titude of the position errors is related to the magnitude
of the error sources as specified in the legend. For example, if the satellite
ephemeris errors were increased to 600 m normal error, 600 m in track error
and 100 m radial error, the ordinate of the satellite ephemeris error contribu-
tion would be mulfiplied hy 10.

The error breakdown shows that the beacon and CT phase noise dominates.

The previous results did not account for the case in which the calibration
is slightly incorrect because, for example, the interferometer antenna phase
centers did not track perfectly. Therefore an analysis was conducted to deter-
mine the sensitivities of position location errors due to errors not included in

the simulation. Figure I-2-12 summarizes the results.

As an example of how these curves can be used, assume that the interferom-
eter antenna phase center shifts by 10 mm axially. This shift may be caused
by the difference in frequency between the balloon and CT signals. The sen-
sitivity of position error to a change in the length of the baseline is seen to be
about .125 km/cm. Thus a 10-mm shift in each antenna phase center in opposite
directions (the worst case) causes a position location error of 0.25 km.

Now assume that the antenna phase center shiits normal to the baseline
axis by 10 mm. This causes the baselines to be slightly nonorthogonal. The
10 mm x 2 =10.26 mrad. (The 75 m is

79 m
the baseline length and the factor of 2 accounts for the two baselines.) The

worst-case nonorthogonality exrror is

position location sensitivity is about 1.5 km/mrad. Thus the worst-case posi-

tion error is about 0.41 km for the assumed phase center shift.
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The effect of random and bias phase errors on position location is also
shown. Highly correlated random phase errors will also have highly atten-

uated sensitivities relative to uncorrelated random phase errors.

-

The sensitivities were generated for a variety of geometries. As expected,

the sensitivities are geometry dependent, but the results shown are typical.
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Section I-3
PROPAGATION AND POLARIZATION EFFECTS

The major propagation effects on the signals in an interferometer system
are multipath due to reflection on the earth's surface and ray bending due to re-
fraction. Polarization of the transmitting and receiving antennas affects the
multipath, but can also produce phase errors if there is a mismatch in the an—

tennas,

I-3.1 MULTIPATH

A signal transmitted from a weather balloon and received at a satellite
interferometer will be disturbed by a multipath signal retlected from the earth,
This multipath disturbance will distort the phase measurement and consequently
produce a position location error. The multipath error can be very significant
(see Table I-2-3).

The angle error is a function of the geometry and the multipath-to-signal
ratio, Figure I-3-1 shows the maximuin position error resulting from multipath,
The analysis is 2-dimensional, i.e., the interferometer arm is in the plane of
the direct and reflected rays, The elevatit;n angle E was chosen to be 20 deg.
This figure shows that the multipath error is very strongly dependent on the
signal-to-multipath ratio (SMR). At low altitudes, it is almost independent of
the interferometer arm length expressed in wavelengths ()\L)’ but at higher
altitudes, the error decreases with increasing _7% . For a large SMR (35 dB to

40 dB), the position error can be kept to values around 1 km.

A study was made to determine what affects the SMR and how it can be

improved. In general, the reflected signal will be spread over a frequency band
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rather than being sinusoidal. This bandspread results from diffuse scattering
and from the balloon motion or wave motion of an ocean surface. The multipa;ch—
to-signal ratio may be expressed as:

P

(SMR) * = [—1;9-] [filtering factor] [G dm] -l (1-3-1)
d ' 1 -

The balloon antenna front-to-back ratio G dm €20 be kept to about 10 dB, The

P
ratio of reflected power to direct power =2 is a function of reflectivity and ~

Pa
geometry and will differ for land, sea, horizontal, and vertical polarization.. The

aB

filtering factor can be expressed as erf ( ) where B, is the equivalent

2VJZ,
filter bandwidth, In the system under consideration, BM is on the order of 0.1
Hz. The bandspread is a function of geometry and furthermore depends
linearly on the balloon velocity and the transmission frequency. The value

2 /27 can be interpreted as the 2-sided "10* bandwidth of the multipath spec-
trum, For the balloon system under consideration, the bandspread is of the
order of 10 to 100 Hz,

When all factors are considered and the multipath portion error is calculated,
the curves shown in Figure I-3-2 are obtained., The parameters chosen are a

relative velocity of 30 km/h, an interferometer of 400 wavelengths, and a sur-

face characterization parameter % = 0.1. (O is the mean surface bump
o . . 3
height, while T is the correlation interval; hence T is the average slope incli-

nation.) The curves are for linear horizontal and vertical polarization, and
present upper and lower bounds for circular polarization, for which case the
error-will fall somewhere hetween the curyves. Circularly polarized transmission
signals are desirable, because on reflection the sense of polarization, would be
reversed and would further reduce the multipath error. From the curves it can
be seen that the multipath error is zero directly under the satellite, but increases
as the elevation angle decreases., With effective narrowband filtering and an
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antenna front-to-back ratio of 10 dB, a position location error of less than 1 km

can be achieved.

1-3.2 REFRACTION

- Signals emitted from the calibration transmitters and the balloons will be
subject to bending when passing through the troposphere and the ionosphere. The
rays are deflected towards earth in the troposphere, follow a S-shaped path in
the ionosphere, and then travel straight through the vacuum of space. This peace-
wise curved path of actual propagation will deviate by a small error angle from
the straight path.

This error angle can be calculated by using a ray tracing program, The at-
mosphere and the ionosphere are assumed to consist of thin concentric spherical
shells with each shell having a fixed index of refraction, By using Snell's law,
the path of the ray is traced through the medium, The curved path is then com-
pared to straight path, and the error angle determined.

Figure 1-3-3 shows the resulting error angle. The model for the atmosphere
is assumed to have a 100 percent relative humidity, which represents a worst
case; the model for the ionosphere is assumed to ‘have a Chapman distribution. 3
The error angle was calculated as function of the elevation angle, with the signal
frequency as parameter. All curves go to zero for an elevation angle of 90 deg. &
can be seen that, for elevations above 20 deg, the error for 1600 MHz will be less

2

than 10'5 deg, which corresponds to a position error of 2 x 10" km, For a fre-

quency of 400 MHz, a 30 times larger error occurs at low elevation angles,

The frequency-dependent part of the error is produced by the ionosphere,
Partial correction of the refraction error is possible by prediction of the iono-
spheric bending, However, since the resulting position error is relatively small,

no correction is necessary.
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POLARIZATION MISMATCH ERRORS

1
1 20 30 40 50 60 70 80

In the balloon-interferometer transmission link, the antenna polarization

must be chosen appropriately. The best performance, i.e., least loss and least

error, would result in the case in which linearly polarized signals were used

and polarization would be matclu::d.’l‘4 For the balloon-interferometer link, this

case is impractical, because no capabhilify exists to mechanically align the

interferometer antennas and the balloon antenna to produce the polarization

match, Furthermore, a Faraday rotation of the polarization can be expected,
Consequently, one of the link ends — transmitter or receiver — must be circularly

polarized.

*This approach was used for the ATSF&G altitude reference interferometer, see

Reference 4.
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The alignment of the polarization characteristics of the two antenna elements
constituting an interferometer arm is limited by imperfection of technology. This
‘imperfection in alignment, particularly in angular orientation of the polarization
ellipses, will appear in the measurement as an error component. This error
. component can be calibrated out, aﬁd the residual error generally has the nature
_of a phase bias. A case exists, however, in which the error becomes dependent
" on the geometry, i.e., orientation of the arriving beam with respect to the plane
in which the interferometer elements lie. This orientation varies for the different
ground stations and the balloons, and it wouldbedifficult o remove the residual

error by calibration.

The polarization error has been analyzed for different combinations of
polarization. In this analysis, it was assumed that the maximum angle of signal
arrival with respeét to the plane formed by the interferometer antennas does not
" exceed 10 deg., Furthermore, it was assumed that the axial ratio of the.inter-
ferometer antennas is no more than 0.5 dB and relative major axes of two polar-

ization ellipses can be kept within 2 deg of each other. The resulis are shown in
Table I-3-1.

Table I-3-1

RESIDUAL PHASE ERROR RESULTING FROM POLARIZATION MISMATCH

Calibration . Approximate Residual
| Satellite Transmitter Beacon | Electrical Angle Error | Combinations
LP LP 0.0 (1)
LP LP CP 5.0 (2)
-CP cp . 0.0 (3)
LP LP 0.0 (4)
CP Lp CP 0.9 (5)
CP CP 0.1 (max) (6)
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In the table, cases are shown for which the polarization of the calibration
transmitter differs from the beacon polarization. It is nofed that in these cases
the errors are prohibitively large. The choice of signal polarization is between
three possible combinations, i.e., (3), (4), and (6). Although (3) and (4) show
no error, there will be a 3 dB polarization loss, which is undesirable, since
this would increase the electrical phase error due to thermal noise. Consequently,
it is recommended that circular polarization be used throughout the system, This
will also be beneficial in suppressing multipath errors. The resulting maximal
polarization error of 0.1 deg will cause, at most, a 0.08 km position error
component,
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Section I-4
SPACECRAFT SYSTEMS

The interferometer position location system consists of spacecraft systems,
a ground system, and balloon beacons, This section concentrates on the essential

interferometer system elements carried aboard the spacecraft.

I-4,1 ANTENNA ELEMENT

Investigation of the requirements for the interferometer antenna element
showed that a ecircularly polarized antenna with a 22 deg beamwidth and 17.5 dB
gain is necessary. To limit phase error effects, the antenna must also have
high degree of polarization circularity (+0,5 dB axial ratio tracking and +2 deg
polarization ellipse tilt angle tracking). The overall spacecraft design and en-

vironment also limit the antenna size, weight, and construction materials,

The antenna candidates studied fell into two classes: aperture fypes and
endfire types. The aperture types were the backfire, corner reflector, turnstile
array, and planar spiral or conical spiral, The endfire types were the helix and
the Yagi-Uda.

The tradeoff analysis showed that all the candidates except the—backfire
antenna would require arraying to achieve the desired beamwidth with the con- -
comitant penalty of increased weight. Since the back{ire antenna also has ex-
cellent polarization and phase center characieristics, it was chosen as the

optimum antenna element.

The backfire antenna consists of an axial surface wave structure made up of
crossed dipoles (Yagi) with a large flat reflector with a rim at one end of the

structure and a small flat reflector at the other end. The phase center was
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measured on a simple model of this antenna. The stability of the phase center
over the 22 deg beamwidth is 0.2 deg. It was observed that the phase centers
of two antennas tend to track each other, which further reduces the effect phase
center shifts,

-1-4,2 MECHANICAL SYSTEMS

This subsection presents the significant conclusions of that portion of the
study dealing with the mechanical subsystems, These studies include a prelim-
inary definifion of the spacecraft attitude control system (ACS), a study of the
dynamic coupling between the interferometer booms {(baseline) and the spacecraft,
and the environmental effects on the baseline. The baseline is defined as the line
connecting thé phase centers of the antennas. The antennas are mounted on sup-
port plates which are at the tips of a set of ilexible booms. The motion of the
booms, and therefore the apparent motion of the baseline, are affected by ACS
perturbations, boom configuration characteristics, weights of the anienna

element (boom tip weight), and the forces associated with thermal gradients. In
the study, two boom configurations were considered: Astro Research Corporation's
Astrocolumn and Fairchild Hiller's TEE {Tabular Extendible Element).

In the space enviromment, the interferometer booms will defiect either
symmetrically or antisymmetrically (see Figure I~4-1), with the experiment
affected primarily by the antisymmetric bending mode. The symmetric bending
mode, which merely translates the baseline, is excited by stationkeeping, Gravity
gfadient and orientation controls perturb the antisymmetric mode, which rotates
the baseline. Finally, thermal deflections are primarily symmetric, with an

antisymmetric component of less than 10 percent of the total thermal deflection.

A linear analysis of the disturbance torgues, which included gravity gradient,
solar torque, and lateral thrust misalignment, shows that an ACS torque level
of 10-‘l foot pounds is required to maintain orientation. A nonlinear dynamic
analysis of the interaction between the ACS and the motion of the baseline indicates
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that a torque level as high as 10_3 foot.pounds would result in acceptably small
deflections and rates. of baseline deflection, The ACS logic used therein is a
worst case on-off system which could be implemented with either reaction wheels

or micro~thrusters,

The boom configuration characteristics thought to have the greatest effect
on the baseline motion are its stiffness and weight. These parameters, along
with the satellite body's inertia, define the system's natural frequency and,
given equal boom deflections, the higher the frequency the higher the baseline .
rates will be, As shown in Figure I-4-2, the tip weight has liitle effect on the
system frequency in the antisymmetric mode. Hence, it should have little effect
on the baseline rates-as well.

However, dynamic simulations of the equations of motion indicate that the
average baseline rate is essentially independent of both the bocom characteristics
and the tip weight for tip weights between 2.0 and 15.0 lbs. The dynamic simu-
lation leading to these conclusions is characterized by the on-off ACS discussed
above with a dead band of + 1 deg baseline rotation. Only local dynamics were
considered in the simulation, Neither disturbance torques from external sources
nor damping of any type were included. The initial conditions ior each case are
a "rigid body" roll rate of 10_5 rad/s and a roll angle of 1.0 deg. Figures I-4-3
and I-4-4 show the time histories of the baseline ailgular position and the haseline
angular rate, respectively, for a typical simulation. It should be noted that the
oscillations shown on the time history of the rate would also show up on the curve
of position; however, the position change due to these oscillations is three orders
of magnitude less than the scale used.

Figure I-4-4 yields the approximate baseline rate formula,

0 =-1.05x10"° + 2.5 x 10~° sin 0.095t rad/s.

The first term in this equation reflects the initial roll rate and would be -1,0 x
10_5 for a rigid body. The amplitude of the second term reflects both the tip
deflection, in this case 0.1 ft, the system frequency, and the angular rate of
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the hub. The argument of the sine term defines the system natural frequency. As
stated previously, very little difference is found in the ampilitude of either term
regardless of the boom configuration or tip weight being simulated and in spite of

large deviations in system frequency.

Worst-case- calculations show that solar pressure, aerodynamic drag, and

gravity-gradient deflections are negligible for all configurations.

The environmental effect which can cause the greatest deflection is the
thermal gradient across the hoom, Fortunately, state-of-the-art technigues make
it possible to virtually eliminate thermal gradients and thermal bending in an
interlocked TEE with perforations and proper coatings. Thermal bending and
twisting of an Astrocolumn should likewise be small because of the open type

of construction resulting in uniform heating.

Twisting of the boom tip will occur as the boom is extended. This would
cause the antennas at the boom tips to point away from earth, This twisting is
different from hoom—t'o—boom and may be caused by an unpredictable imbalance
of the stress distributions inherent in the tapes used to form the booms, The
twisting is essentially a reproducible function of the length to which a particular

boom is extended,

The recommended method to circumvent problems caused by this effect is
to include a rotary joint at the root of the boom, through which the boom is rotated
after extension. The calibration transmitter signals can be used to determine the

antenna pointing, :

I-4.3 ELECTRONIC SYSTEMS

The satellite electronics combines the CT and beacon signals received by
the interfexjometer antennas in a frequency multiplex, and transmits these to a
central ground station, Frequency multiplexing is used to transmit each signal
from the various interferometer antennas separately, allowing simultanegus
reception and phase measurements at the central ground station,
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Figure I-4-5 illustrates the suggested implementation of the multiplexing
repeater, The Irequency offsets among the signals from the different antennas is
achieved by use of offset local oscillator frequencies, The loecal oscillator
synthesizer is provided with a 60-kHz reference signal, which is used within
the synthesizer toproduce a set of sevenlocal oscillator frequencies related by the 60 kHz
and its second and third harmonics, In this manner, the phase relationships
among the appropriate antenna pairs with respect {o the spacecraft-generated
60 kHz and its harmonics are maintained, This reference frequency must be
continuously transmitted fo the central ground station, where it and its harmonics
are used as the references for phase measurement, The continuous transmission
is provided by the modulation of a subcarrier and the addition of this 60 kHz-
modulated subcarrier to the received signal just prior to upconversion to X-band,

as shown in Figore I-4-5, |

Generation of fourth-order intermodulation products in the upconverter or
third-order intermodulation products in the output amplifier would result in -
unwanted inhand components which would interfere with the tracking loops and
phase measurement. For this reason, the frequency translation device of the
IF signal spectrum to X-band must be carefully designed fo ensure low inter-
modulation products. For the cutput amplifier, a TWT operating far below
(about 20 dB) its output capacity is recorhmended, since operation in this region
will ensure satisfactory linearity. These topics are discussed further in subsection
I-8.1,

Figure I-4-6 shows the typical spectrum format of the input to the repeater
upconverter, Each block contains the signals received at one antenna, The ex-~
panded signal block shows the CT signals along both edges of the band. Most of
the frequency spectrum is used for the-balloon signals, On the average, there
will be seven balloon transmissions received at any given time by a ground
station, assuming 15,000 balloons worldwide,

-4-7



8-%-1

. 1600 MHz
Antenna {1} > Preamp
m;>—;—;
X L o
. Baseline ﬁ .
(4)‘>— —_
- P
(5) >— _—
Y
Baseline j
w;>~—-—
tn;>_———
L
£, = 50 94 MHz fg
f,=59.88
fo=59.76 T
fy =59.82
fg = 59.58 Local
fg = 59.64 Osc.
f7=59.70
1540 MHz

60 MHz

Cable
Mixer/Preamp

60 kHz

fg - fﬂ
? f8‘ 1f3
1 f8 '*f 4

f1 T2 3 fafs fgty

Prettte

Local Osc.

180

S Combiner

Fulter

120

L. A

420 '

360

300

Main

Amp ‘l

A

Synthestzer

60 kHz Reference

& Madulator

—

A

Subcarrier

QOscillator

Oscillator
540 kHz

Figure 1-4-5. FEunctional Diagram of Satellite Repeater

Combiner

Upéonverter

Power

X-band
Downlhink



6-F-1

- 30 kHz >
3 o 24 kHz - 3 N
ot e -t -
i 1
cT 1 CT
! 1
Signals Balloon Signals ) Signals
1 1
| i
| 1
1 T T I
1 i | <
Expanded View of
One Signal Block
From
Antenna
i 3 4 2 7 B 5
' 30 [ - | 30 ) :
[ 1 1 1 3 = L I}
T T T LIS ] 1 I 7
Frequency G0 120 180 240 300 360 420 N 540 -
kH - N ) ’
: X Baseline Common * Y Baseline Reference

Figure i-4-6,

) . . ) Frequency
Typical Spectrum Format at Input to Repeater Upconverter



1.4,4 MULTIPLE ACCESS

Since the balloons will be transmitiing essentially at random times with
respect to each other and will use osciilators with low frequency stability, a
combination of frequency division and time division can be used as the multiple-
access't’echniqﬁe. A large number of balloons can be operated in the sysiem
because of.the low transmission time (10 s every 2 hy required of the balloons
and because the bandwidth of the signals is low (20 Hz),

The probability of obtaining a position fix given that a balloon transmits

" d_epeniilé upon how close in frequency transmissions two balloons can be and not
interfére with signal acquisition and the phase measurements, The probability
~of no interference from other signals given that a balloon transmits, Pno’ can

- be shown tp‘ be

_ " N At Af ‘ ;
Pro = &P [’ 10800 T+ W ] v (I-4-1)
where '
N. = number of balloons worldwide
At = transmission time in s
T = time between balloon transmissions in h
Af = frequency band within which another fransmission would
interfere with acquisition or phase measurements
W = bandwidth over which balloon transmissions are spread.

. For N=15,000, At=10s, T=2h, Af=100 Hz, and W = 24 kHz, this
'probabifity is 0,97. Since two séparate position fixes are required to obtain
velocity, t'he probability of obtaining a velocity fix from two given transmissions
is 0.94. The probability (of obtaining any two successive position fixes out of

three (which would be.a 6 h period) is greater than 0,99.
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Section I-5
BALILOON BEACON

The primary components of the balloon electronic package are the timer, the
encoder (data formatter and identification word generator), the transmitter, the

antenna, and the power system.

[-5.1 DATA TRANSMISSION

In Figure I-5-1, which is diagram of the balloon electronics package, the
meteorological data points appear as analog voltages across some nominal im-
pedance, These data points are saﬁpled sequentially under timer control along
with some additional fixed voltages for calibration which will be required to at-
tain the requisite accuracy of 1 percent. The analog voltage is then converted to

a digital form in an A/D converter.

The format of the 10 s signal transmitted from each beacon is headed by 2 s
of CW to facilitate acquisition at the ground receiver. This is followed by the
necessary digital information. The digital format consists of the sequential

transmission of the following blocks of bits:
e 10 bits for bit timing*
e 18 bits for frame syncl;ronization*
® 16 bits for ID word (including 1-bit parity check)
8 9 bits for sensor calibration

® 18 bits for meteorological data samples (2).

* Approximate requirements
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Figure I-5-2 is a time diagram of the transmission.
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Figure [-5-2. Balloon Transmission Format
The time available for data transmission is 8 s; hence the data rateis 8.9

bps.

I-5.2 IDENTIFICATION

During the 10 s balloon transmission, a binary word of sufficient length
(number of bits) must be modulated onto the carrier to identify the source of the
transmission. For 15, 000 possible balloons, a 14-bit word length is sufficient

for this purpose.

The signal-to-noise den'sity ratio at the ground station will be in excess of
126 dB-Hz for all cases. The bit energy-to-noise density ratio will be greater
than 13.5 dB (allowing 3 dB degradation in the system) so that a bit error prob-
ability of 10™6 should be easily obtained with phase-shift-keyed (PSK) modulation,
Thus errors in decoding the identification word will be few, aﬁd it is suggested
that merely one bit be added for parity check. This enai)les the detection of
single errors, which will be virtually the only existing errors. The identifica-

tion word is shown as 16 bits in length to allow some expansion of the system,

I-5.3 TIMER

The function of the timer is to periodically activate the balloon electronics
for a certain period during which the balloon transmits. The turn-on period will
be every 2 h; during the 10~s active interval, the timer must provide for timing

of the identification coder and the data encoder.

The timer, consisting of an oscillator and divider circuits, operates con-

tinually, enables the transmitter circuitry at the preset intervals, and controls
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transmission of the identification code (gating and bit timing). The timer oper-
ates as a free running clock during the lifetime of the system. The bit timing
pattern, synchronizing pattern, and identification code are generated in a pre-

set register under control of the timer,

An accurate timer for controlling the 2 h period is neither required nor de-
sired. By having a low 2ccuracy timer, the transmission timer of the balloon
packages will be random with respect to each other, as desired for muliiple-

access reasons,

I-5.4 BALLOON (DC) POWER REQUIREMENTS

An estimate of the power requirements is tabulated in Table I-5-1. The
necessary solar cell array area is 2800 sqg.cm. The weight of the array would

be approximately 1 lb.

Table I-5-1

BALLOON PACKAGE POWER REQUIREMENTS

Mode 1 (ON)(in W) = Mode 2 (STANDBY) (in W)
Transmitter 4.0 ’ 0
Transducer Bias Circuits 0.3 0
A/D Converter 0.5 0 ’
Code Generator 0.2 "0
Timer Circuits 0.5 0.1
TOTALS 5.5 0.1
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Section I-6
GROUND SYSTEMS

[-6.1 ELECTRONICS

The functions of the ground station receiver are to measure the phases be-
tween appropriate signals received at the interferometer antennas, and to demod-
ulate the data sent from the balloons. As shown in Section II-8, the signals re-
ceived by a particular interferometer anténna occupy a predetermined portion of
the received spectrum. The first function of the ground receiver after the base-
band signal is recovered is to filter the incoming signal spectrum into those por-
tions corresponding to particuldr antennas and the reference frequency subcar-

rier,

Next, due to large uncertainties in balloon trarism’issiOn frequencies, a2
technique for acquisitioh and narrowband filtering ié required. Figure I-6-1il-
lustrafes the essence of this acquisition and filtering technique. A bank of nar-
rowband filters and detectors is used for acquisition. Each filter will have a
bandwidth of about 50 Hz, so that about 480 filters are required to cover the 24
kHz within which balloon transmissions will occur, These filters are used solely
to make the initial settings of the voltage-controlled oscillators of the phase-
locked Loops for acquisition.

In the steady state, the output of the filter due to the signal input at antenna

1 will be at the frequency w,, which is the frequency of a fixed stable offset

0 H
oscillator used as part of the phase-locked loop. The output of the filter due to
the signal input at antenna 2 will be at the frequency «,+ %, , where «, is the
reference oscillator frequency in the satellite. This signal will be at phase

8. +6 with respect to that signal from antenna 1. When the signal from antenna
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2 is mixed with the recovered reference and filtered, the output will be at the

offset oscillator frequency The 2 signals at frequency ¢, are introduced

o
to a phase measuring circuit to obtain the desired phase 8,

It should be noted that, while it is necessary for the phase-locked loop to
reach frequency lock so that there is cycle slippage, it is not necessary for com-
plete phase lock to have occurred before phase is measured, Any residual phase
error of the loop is transferred to both signals and will cancel out when the phase

is measured.

Figure I-6-2 is a diagram of the essential parts of the ground receiver con-
figuration. The bank of filters across the top of the diagram accomplished the
separation of signal blocks, after which the acquisition and filtering of Figure
I1-6-1 is implemented with a bank of phase-locked loops and mixers, Each ‘
phase-locked loop is designed to be capable of being set to track a signal any-
where in the 24-k¥z band when the presence of a signal is detected, Also shown

at the phase-locked loops are the data demodulators.

The bandwidth of the phase-locked loops will bé approximately 25 Hz. This
will give a loop SNR of about 12 dB for the balloons at elevation angles of 20 deg.
This gives an adequate margin for the loop to be able to acquire the signal,
Since the filters used to locate the signals are 50 Hz apart, the initial setting of
the VCOs will be within 25 Hz of the correct value.

The time for a second-order loop to pull into lock under these conditions is
about 0.1 s. Thus, essentially all of the 10-s transmission time is available
for phase measurements.

The actual phase measurement can be made using a digital phase meter.
To decrease the standard deviation of -the phase measurements, many phase
measurements are made during the 10 s transmission time, so that effectively
an average over the 10 s is obtained. This gives an equivalent noise filtering

bandwidth of 0.1 Hz for the balloon signals.
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1-6.2 DATA PROCESSING

Preliminary computer sizing estimates indicate no inordinate data proces-
sing problems associated with the position location algorithm. The throughput,
or equivalently the number of simultaneous solutions that must be generated in
a given interval of time, is limited more by the phase exiraction design than by
the computational load. The phase extraction requires 10 s of averaging and
can process 15 beacons' signals simultaneously (including ambiguity resolution

and baseline survey).

The worst-case situation for the data processor entails 15 position fixes

every 10 s, or equivalently, an average of 0.67 s between position fixes.

Table I-6-1 gives a cursory count of the instructions involved in the position
fix calculations excluding such things as data editing, data formatting, displays,

and other auxillary functions.

Table I-6-1

PRELIMINARY INSTRUCTION COUNT PER BEACON POSITION CALCULATION

Total Equivalent Additions per
Beacon Solution plus 10 x

Function Quantity Equivalent Additions Baseline Calibration Computations
Add 40(140) 40 (140) 1440
Multiply 100(250) 500 (1250) 13000
Divide 11(4) 220 (80) 1020
Square Root 4 (4) 80 (80) 880
Trigonometry 2 40 40
Shift, Log- 200(300) 200 (300) 3200
ical, Read
Totals 357(698). 1080 (1850) 19580
{ ) indicates baseline calibration computations
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The baseline calibration must be treated separately as its nominal solufion rate
is 0.1 s whereas the beacon solution rate is 0.67 s. Table I-6-1 indicates that
the computer must perform about 20, 000 operations per second. This is cer-
tainly well within the state-of-the-art of many commercially available computers.
Preliminary numerical analyses indicate that an accuracy (round-of error) of
about 1078 is required throughout the calculations. This translates into a 21-bit

word.

Figure 1-6-3 is a functional flow diagram of the data processing. The left
hand column describes the steps of the baseline calibration. Actually several
simultaneous baseline calibrations are being conducted. In subsectionI-1.4 it
was shown that the beacon signal ambiguity must be resolved in four steps which,
in effect, establish eight separate coarse baselines plus two vernier baselines.
The algorithms for each baseline calibration are identical, however. Data edit-
ing is achieved by comparing the actual phase measurement with the predicted.
This approach makes maximum use of the small time interval between measure~

ments and the near deterministic physical motion of the booms.

The curve fit to determine boom motion is envisioned as a low-order poly-
nominal least squares fit. The least squares fit provides estimates of each
baseline's orientation and length as well as the derivatives of its motion. The

fit also provides some additional CT noise suppression.

The right hand columh of Figure I-6-3 is concerned with the beacon's loca-
tion. The beacon's ambiguity is resolved in the classic manner; an unambiguous
fix is computfed, with no provision for boom motion compensation, followed by
the second and third levels of lane resolution. Finally, the vernier case (the final )

position fix) is computed, complete with boom motion compensation.

The logic given in the lower right hand corner sets up the calculation and

display of the beacon's velocity.
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Section II-1
SYSTEM CONSIDERATION AND TRADEOTFF ANALYSIS

The study plan called for study of an interferometer system for determining
constant pressure weather halloon locations fo an accuracy of 1 km. By periodi-
cally determining the balloon locations, thevelocity of the balloons and hence the

wind velocity could be derived and used for weather prediction on a global basis.

Many of the system parameters, such as the interferometer baseline length,
the operating frequency, and the type of 24h orhit into which the satellite would
be placed, were subject to tradeoff. In fact, the position acecuracy reqﬁirement
appeared so stringent that it was also made a parameter, and methods were,
studied to obtain a velocity accuracy of 1 m/s (3.6 km/h), which could be
'obtafned from less precise position data but which may be sufficient as an input
to the computerized weather prediction model. However, during the study it was

found that 1-km position accuracy could be achieved.

This section presents the tradeoff studies and the rationale for system

parameter choices.
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1I-1.1 RELATIONSHIP AMONG ELECTRICAL ANGLE, SPACE ANGLE, AND
POSITION LOCATION

A radio interferometer is uged to determine the angular position of an RF
signal source by measuring the difference in radio signal path length from the
emitting source to a pair of antennas. Figure II-1-1 shows the wavefront going
through antenna element 1, but still at a distance d from antenna 2, This distance,
expressed in terms of the baseline L, corresponds to the electrical angle y of
the wave traveling betzween the Wa\;efront and antenna 2. This results in the

interferometer equation
L .
v =27 —l- sin ¢ . (II-1-1)

The angle y, which is the phase difference between signals arriving at
antennas A1 and Ay, will be measured, and fr(.)m it ¢ can be derived. If the
attitude of the baseline is known in a reference frame, then the direction to the
emitter can be determined, Although this is generally a complicated 3-dimensional
problem which will be treated in Section II-2, 2-dimensional considerations provide
insight into the possible tradeoff between measurement accuracies and position

location.

The accuracy Ay with which ¥ can be determined is limited by precision of
instrumentation, system noise, and other interferences. The angular accuracy
A as a function of Ay becomes

Ay =Ap 217% CO8 ¥ . (II-1-2a)

Since 0 << 9°,
cos o =1

and
Ay = 217% Agp. (II-1-2b)
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The space angle uncertainty A¢ equals the electrical angle difference uncertainty
A y multiplied by the magnification of the interferometer, which is Zn% .

Knowledge of the space angle to an accuracy A permits calculation of the
balloon position to an accuracy AX, where it is assumed that AX is along the
shell in which the balloon moves. For an explanation consider Figure I1-1-2,

The angle between the direction of propagation (which is a line normal to the

wavefront) and the local normal at the interferometer is 8. The uncertainty in

determining ¢, i.e., A¢p, equals an uncertainty in B, i,e., AB. For simplicity,

the figure shows the interferometer in its nominal position, i, e., parallel to a

plane tangential to earth's surface. Since Af= Agp, one can write, applying the

law of sines to the cross-~hatched triangle, '
gin B

sin Dp = Ap = AX ==, (I1-1-3)

The relationship given by Equation 1I-1-3 is shown in Figure 1I-1-3, which
displays the required space angle as a function of elevation angle with position '
error AX as parameter. It is impoxtant to note that the required accuracy drops
by one half order of magnitude (./10) between elevation angle values of E = 10 deg
to 30 deg. This steep drop points out that a lower limit of the elevation angle E
must be chosen for system design purposes. It will be seen later (subsections
II-1-5 and I1-9-4) that the system can be made to work quite well between elevation
angles of 20 deg = E = 90 deg.

A relationship between the electrical angle accuracy Ay and the position
location can be established by combining equations II-1-2a and II-1-8. This yields
L sinE

A-}/ = zﬂ»_——.

> Ty A% (i-1-4)

Figure II-1-4 shows the relationship given by Equation II-1-4 as a funetion’'of
elevation angle with %AX as parameter. Figure II-1-4 also illustrates the same
effect of a rapid increase in required accuracy for very low elevation angles.
Furthermore, it can be seen that, as }X“'-—is increased for a given AX, the
electrical angle accuracy requirement drops,
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If the small angle approximation for the angle ¢ is not made, Equation
(II-1-4) would be

PN 2 1/2

Ay= 272 X sinE [1- (=8) cos?E (II-1-5)
AT Pg

where we have used the relation

pe+h

. Pe
cos E = — cos E, (11-1-6)

Sin(p=
pS S

1I-1.2 POSITION LOCATION DETERMINATION AND VELOCITY DETERMINA-
TION TRADEOF¥F

In subsection II-1.1 the position location accuracy AX was derived as a

function of the electrical angle accuracy Ay. From Equation II-1-6 follows

X r P 2 2 ~1/2
—_— e — -
AX = Ay orL SinE [lm(——ps ) Ccos E] . {(II-1-7)

The standard deviation ¢ of the phase of a sinusoidal signal corrupted by
Gaussian noise5 is given by

o= —% (I-1-8a)

V2 ENR
where SNR is the signal-to-noise power ratio, This equation applies when the
phase of a noisy signal is measured with respect to a clean reference, If the
phase difference y is measured beiween two noisy sine waves, each with the
same SNR (and with independent noises), the standard deviation of error Ay
{or of the phase) would be

1
o . =1 (II-1-8b)
Ay /SRR

Figure II-1-5 graphically represents equations II-1-8a and II-1-8b.
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The SNR of each signal can be expressed as

G P G
_ BB
SNR = 5= 5 (11-1-9)
NanLp

I ___4771‘2
P A

where LP is the space loss, GS is the satellite antenna gain, GB is the antenna

with

gain of the halloon beacon, PB the effective radiated power produced by the balloon
1
beacon, Nois the noise density, and B, is the receiver noise bandwidth.
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Combining equations II-1-8 and II-1-9 yields

[NB
o n (4111') . (1I-1-10)

%ay “VPE G5\

This relationship is shown in Figure I~1-6, which presents the required equiva-
lent noise bandwidth for a given electrical phase measurement error with the
balloon beacon power and the frequency as parameters, From the knowledge of
the value of ¢ By’ the standard deviation of AX can be determined using Figure
m-1-4,

It is of interest to investigate how the position accuracy o AX depends on the

other system parameters. Combining equations I-1-7 and JI-1-10 yields

o /Nan [ rz_ ][1_ (&)2 o E] _1/2
AX GSPBGB Lsin E Py (I-1-11)

This shows that the position accuracy is independent of the operating frequency

for a given Bn’ L, Gs’ and PB’ except for slightly inereased noise figures at
higher frequencies. The increase in the standard deviation of the phase measure-
ment due to increased space loss at higher frequencies is offset by the increased
resolution capabilities at the higher frequency due fo a higher YL . However, more
de power will be required to produce the RF balloon power at the higher frequency,
and the beacon cost may increase owing to the increased cost of higher frequency
components. This result is important when it comes to choosing an operating

frequency for the system.

Next, the impact of the position accuracy on the velocity acecuracy is examined.
This tradeoff is discussed hereusing a 1-dimensional model and considering only
the component of the position error caused by random noise errors. This approach
simplifies the explanation and brings out the pertinent points. For the 3-dimen-

sional calculation, the reader is referred to Section II-2 of this report.
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The standard deviation of the velocity can be expressed as

Opy QES%.& (1I-1-12)

where T is the time between two position fixes and independence of the two

fixes is assumed,

This relationship is shown in Figure II-1-7. For a given position location
error, the average velocity measurement-can be determined to a higher accuracy
as the interval between measurements increases, For example, since the wind
velocity may be needed to an accuracy of 1 to 2 m/s for weather prediction, for
an interval T between measurements of 2 hours the position need only be
determined accurately to 5 to 10 km to meet the requirements, This indicates that
if wind velocity determination alone is the purpose of the system, the position

accuracy requirement of 1 km might be considerably relaxed.

II-1-3 CALIBRATION

The interferometer baseline is defined by a line joining the two antenna phase
centers and not by the shape of the booms. The baseline calibration (both length
and orientation), therefore, involves determining the relative location of the
antenna phase centers at the tips of the booms. Changes in orientation of the
satellite's hub, thermal distortion of the booms, and transient fluttering of the
booms all cause changes in the baseline orienfation and length, Therefore, the
calibration must be carried out sufficiently often to follow these baseline changes.
The boom analysis shows that the resonance ﬁeriod of the booms is on the order
of 60 s. The data link analysis indicates that, for 20 dBW ground transmitters,
an acceptably low phase error can be achieved with only a 0.1 s integration,
These two resulis indicate that phase measurements can be made often enough
that the phase will not be smeared due fo averaging in the presence of boom_

motion,

A simplified explanation for one baseline calibration in the 2-dimensional
case is shown in Figure II-1-8. The simplified explanation is realistic, because

in the 3-dimensional case the basel_ines'are calibrated independently.
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The phase measurements y, and vy, across the baseline from ground transmitters
1 and 2 are given by equations II-1-13 and [-1-14, as follows:

- 2nL - 1
Y1 =y cos (o + 90 - B,) (11-1-13)
2gL
o, = {' cos (a+ 90 - By) . (I-1-14)

The unknown quantities of these equations are o and L,

n-1-11



- -

LOS4 and LOS2 are the lines-of-sight to two
b

reference line known ground transmitters, hence §; and f,

(]
2;..52 ’/ 90" ~og are known.

a is the unknown orientation,and L is the

LOSg unknown length.

-
LOSg is the line-of-sight to the beacon

to be located.

Figure 11-1-8, Baseline Calibration, 2-Dimensional Presentation

Expanding the cosine terms and noting that a = L. cos ¢ and b = L sin ¢, these

two equations may be written as

2m

YL TN [a sin Bl - b cos Bl] (II-1-15)
and
27 .
Yo = T, [a sin ‘82 ~ b cos Bz ] . (II-1-18)

I L were presumed known, then only ¢ remains unknown. Thus either Equations
II-1-15 or Equation II-1-16 may be used, and the other equation is simple re-
dundant, When L is not known, these two linear algebraic equations may be

solved as follows:

A
? = 2p sin(ﬂz ~B lj [-71 cos B, + ¥y COS Bl] (TE-1-17)

= A . .
b = Frshn By - By [‘71 sin B, + vy, sin 131] . (11-1-18)

Thé solution for a and b constitutes the baseline calibration,
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In the analysis.of the 3-dimensional case, L has = third component, For
determination of f, a third phase measurement from a third ground station is

used fo completely determine the vector f

The line-of-sight to the balloon is given by

A _
Y =X [asm@B b cos @B]
with (T-1-19)
@ = 90° .
Substituting 1I-1-17 and I-1-18 into II-1-19 and simplifying by approximating
sin @ with & and cos @ with 1 yields
3 (62 = 51) yzB]_ - ‘}’1/32
=y = (11-1-20)
(72 -y ‘B Yo ™7
Note that all references to the length and orientation of the baseline have been
eliminated. Only the known angles g, amd g, and the measured values y; and
Yo 2re found. The significance of Equation II-1-20 is that the critical parameter
in the position location, i,e., LOSB (or in the 2-dimensional case, @B) is not an

explicit function of baseline length.or orientation but rather a function of measured

quantities and known angles.

In a static environment, Eqguation H-1-20 is corrected stated, However, in a
realistic environment, where the baselines move about, all measurements must
be time averaged 1n order to obtain the requisite phase accuracy. Thus, Equation
I-1-20 should be written as

8, - B s S(90-B,) -y, (B (90-8,)
2 1 1 1 2 2

t+7) aYYE— vo (HF7) + PP
* Yoy -Sm 71 -~ 750

(II-1-21)

where w indicates time averaging. Hence the measured value of ¢ will be the mean
of the variable, and if the time averaging is long, a problem may exist with re-
spect to the time to which the mean value refers. From Figure II-1-8, 31 and 32

are seen to be independent of o and, therefore, not dependent on the boom motion,
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Since’y," Y1 and’y, Yo are measured 10 times a second, the maximum time skew
between the calibration signals and the beacon signals is E— or 0.5 s. Thus
asynchroneity of calibration and balloon signals is small and effect the position

location only negligibly.

Potentially, the greatest source of error which might be embedded in
Equation II-1-21 is that Y10 Yo and, ypg are mean values withouf, as yet, a
clear understanding of the time to which the mean refers,

A correct formulation for these measured phases is

et

Y = —117 f [5’1; t+'yk*:| dt (II-1-22)
t

where y * is the value of y, if there is no boom motion.

In Section II-1,8, a derivative for Yk max is given, (see Equation II-1-62),
This derivative is

. _ 217L
Yax = [ui +A wz] (II-1-23)

; . ; : . L_
As pointed out in Section II-1.8, w,>> Am o and Ynax 2 deg/s for = 400,

Assumeiz is a constant over the integration time, The worst effect '}2 can
have on /'}"};Llnis given by

t+r
—,1;- f 2t dt = 7 (deg) . (I1-1-24)

On the other hand, if the avéraging interval straddled the time of maximum 'y
(this is equally likely as the worst case),

£+

1 f 2t dt=0. (11-1-25)
i
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The CT signals with their higher ERPs require 7 = 0.1 s. Thus a worst case
M';zl for the CT phases due to boom motion is 0.1°, and on the average, the error
will be much less than the random part (0.4°). Consequently, with the CT phases
measured 10 times a second, the effect of boom motion on the calibration is
small, Thus, the time of the mean value is of minor importance, and the mean

value ig assumed to apply to the end of the integration interval.

Unfortunately, this conclusion camnot be extendedto the balloon signals be-
cause their ERP is much less, and to achieve the required phase accuracy, T
must be greater than 0.1 s, For the low ERP balloons, T has been calculated to
be 10 s,

Reconsider Edquation I-1-19 in the sense that ¥B is a time averéged variable,

i.e.,

b :
i N
Y a) =% f XH [a () cos &= b (1) sin q:B]dt (1I-1-26)

and a(t) and b(t} indicate that the baselines (booms) are moving., With the assist-
ance of Figure II-1-8 it is seen that @B is a constant in Equation II-1-26. Hence

41 t+1

Yt =Tz—;f cos @y f a(t) at——sm@B _f b(t) dt . (II-1-27)

The significance of Equation II-1-27 is that its integrands are known, and for
practical .purposes, they areknown'on a continual basis by virtue of their deter-
mination 10 times a second. For example, with 7 = 10 s, a(f) and b(t} would be
computed 100 times, Coupled with the low period of oscillation of the booms
(—- =1 cycle/60 s), the truncation error associated with the numerical inte-
gra'-cLlon is less than 0.001 deg.

Wenowtreat a(t) as a(t) + Aa(t) and b(ts) +Ab(t) where a(t,) and b(ts) refer
to the baselines at an instant of time t, and Aa(t) and Ab(t) are the changes in the
baselines after the time tS has passed, The time ts physically would be the start
of the balloon integration interval,
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Equation @I-1-27 may be rewritten as

vy = 28 cos & atty) - sin @ b(ts)]

I~ ts+1' ts+t
27 ; i
+ 5 eos @y f Aa(h)dt - sin @ f Abghyat] . (11-1-28)
t £
e .87 5

The second term on the right hand side of II-1-28 is the boom motion compen-
sation, and?/nis the measured phase; the first term on the right-hand side is the

phase measurement corrected for the boom motion,

The net resulf is that, with L{}g corrected for boom motion via Equation IF-1-28,

Equation II-1-21 has no significant errors other than the randomness in the meas-

wm
urements of ., and'gfng.

II-1.4 AMBIGUITY RESOLUTION ;

Since the baseline will be many wavelengths long, many ambiguities will
exist in the phase measurements, space angle, and resulting position location;
these, of course, must be resolved. A short baseline can be added to the system’
or a differential baseline can be used. Figure II-1-9 illustrates these two methods,
The short baseline method has a physically short baseline L,,. The differential

3
baseline is formed by the difference of the two lengths or

L -L =L (I1-1-29)

if we want the same equivalent length,

For the long baseline, we measure the electrical phases ¥11 284 ¥4 5.
Because the phase measurements are modulo 27, we have

_27 L
Yir Y 22T

sin ¢;n=0, 1, 2,. .. (1I-1-30)
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where ¢ is the space angle, Use of the small angle approximation yields

A
. @-F (')/11 —‘}/13) B L + 1 (‘%) rad . (I1-1-33),
so that ambiguities occur in.space every —% rad. Since the short baseline
LS’ no ambiguities are wanted, L3 will be restricted so that -
27 L
TS sS4, (11-1-32)

For a satellite at snychronous orbit, the space angle can vary from about
-9.6 deg to +9,6 deg (allowing some satellite attitude error) so that we must be
able to resolve the space angle in this range. Any other space angle is physicaily
. o S . L3
impossible for a balloon. This gives a maximum value of 3 forT .

if the standard deviation of each phase difference measurement is ¢ A the

standard deviation of the space angle measurement for the short baseline is

")
o =0 - —]/. (11-1-33)
© A’Y(z T Ly
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Thus the standard deviation of the space angle measurement by the short baseline
compared to one half of the ambiguity interval is

c L
% _ Ay
S ambiguity interval =~ °7 3

(short baseline) . (11-1-34)

We would normally want this to be one-third or less so that an error in ambiguity
resolution occurs less than 1% of the time, Forao Ay of 1 deg and 1. —-3)L ior
example, we would be limited to a long baseline of about 350 Wavelengths.

For the differential baseline measurement, we form the quantity

20 (Ly -1y

Y117 2¥ 197 Y13 T X sin o

27 L3
A

il

o (1I-1-35)

o
Since the standard deviation of each phase is Ay {(since for a phase difference
1/ 2 .

itis g Ay ), the standard deviation of the space angle is now

=v3 A\ _1-
The ambiguity interval to be resolved is approximately 2'1%—, since each of the
baselines L1 and LZ) is approximately—zl’—. Therefore
o) © . _ '\]—3— GA-y L
T - 47 Ly (differential baseling), (II-1-37)
5 ambiguity interval .

The performance is, fherefore, comparable to that of the short baseline,
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Figure I-1-10 shows the system proposed to resolve ambiguities for the

balloons, The ambiguity resolution steps for the balloons would be as follows:

a., 3) baseline - no ambiguities

b. 20) baseline - resolved by 3A baseline

c. 190} baseline - resolved by 20X baseline
d, 400X baseline - resolved by 190X baseline,

The 20X baseline is a differential baseline (210X minus 190}). If, in the final
gystem design, the links have sufficient margin, resolution from the 20) bhase-

line to the 400 baseline in one step may be possible,

It should be noted that no necessity exists for the baselines to-be colinear in
order to be able to resolve amhiguities, as illustrated in Figure II-1-11, in which
the short baseline Ll is used to resolve ambiguities in the long haseline LZ'
The location of the baselines is known through the calibration signals, so that
the angle @) is known, It remains to find the angle v of the incoming signal with
respect to a reference, say the normal fo the baseline L2. The phase difference
v across the short baseline L. is

1
y = ZKL sin (0 - ¢,) (1I-1-38)

and since ®1 is known, ¢ can be solved for directly.

The discussion of the problem up to this point assumed that the baselines
are known from the calibration process, where the angles between the baselines
are known. The techniques analyzed above will, therefore, work for the
balloon signals but not for the CT signals, where the calibration process is used

to determine the lengths of the baselines and angles between them,

During the study, this problem was addressed in sufficient depth that it is
now believed that a viable solution can be postulated., However, additional work
is required to complete the logic of the solution in three dimensions. The
2-dimensional solution is discussed below, augmented by the results of the analysis

and simulation.
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The basic idea is again based on the fundamental equations II-1-13 and
II-1-14, These have been’repeated here for convenience, with modification made
to the left hand side to introduce the ambiguities.

v M+ onk = 2L cos (@ + 90-8,) (I1-1-39)
1
1 A
¥ ™y oomk, = 2m L cos (tv+ 90-8,) ‘ (I1I-1-40)
- 2 20
2 by
where k1 and k.?, are integers and constitute the missing wavelengths in the

measurements (denoted here by -yrln and y?). The unknowns in these equations

are k kz, and 0. For the present, it is.assumed the L is known. An additional

13

very important constraint is thatl kl and k2 must be integers,

From the ervor analysis il was learned that the error in Yy OF ¥y must be

less than 0.4 deg to maintain a satisfactory calibration accuracy. However, an
error in kl and k, causes an error of 360 x n deg, where n is the number of
missing Wavelengths. Thus one missing wavelength causes 900 {imes more error

than the random error and will, tﬁerefore, amplify the error in ¢ by 3900 times.

The -approach to determining k. and kz, then, is to determine the integers

1
kl and k2 which minimize the disagreement of ¢ obtained via equations II-1-39

and II-1-40,

Preliminafy analyses indicated that, for an arbitrary ¢, this approach was

unfeasible from a logical viewpoint; the combinations of kl and k2 for % = 400

caused inordinate computationalproblems, However, the boom flexure analysis

indicated that the non-colinearity was small or, equivalently, kl and k2 could

only assume a small range of integers, Thus, the approach appears practical.
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An analysis of the technique was conducted, Figures II-1-12 and II-1-13 show-
the results. The logic used to generate the curves is as follows:

X L m m
Give 3 Bl, Bz, Y, + Y5 » anupper and lower hound on kland k2, a

value for kl is selected. An ¢ which satisfies Equation I-1-39 is then computed.

The same ¢ is entered into Equation II-1-40, yielding a value for k2' However

kz must be an integer, and if it is not, the value for k. cannot be correct. Thus

1

kl is changed by one integer, and the entire process is repeated until the computed

k2 is an integer.

The confusion factors which could lead to erroneous solutions for I«:1 and

kz are the error in 71;1, },1;1 ,» and L.

From Figure I1-1-12, an error in the calculation of kz of one integer causes
the computed value of kz to have a noninteger solution of AkB = 0,015, The
equivélent phase exror is 0,015 times 360 or 5.5 deg. In other words, if A'yin
or A'y;n where 5. 50, a false solution for the ambiguity could be made. The

probability of a phase error that large for the CT signals is négligibly small
(about 100).

The other possibility is that L is incorrect., The variation of ¥ with respect

2% 1
to L is —3 cos (&+ 90—51) =N (e 90+8,) cycles/m. Since A £ 0,2 m

A
and & + 90 - ﬁl e 10° it follows that "A_)I/, = 1/2 cyckes/m. Therefore,
fo avoid an error in k dueto anerrorin L, AL< 0,015/0.5 = 3.0 cm (about
1-1/4 in,), Again, a baseline length error of this magnitude is considered very
unlikely. Thermal effects are well below this magnitude, and initial deployment
can easily be measured to considerably better than 1 in, by monitoring the

mechanical reel,
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a = 2°
%0 - g,
90 - B,

- -0.08

N !
Figure 11-1-12, Non-integer Solution for k., as Function of Error Made in Estimating
k2, Unsymmetrical CT lllumination
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Figure 11-1-13. Non-Integer Solution for k,, as Function of Error Made in Estimating
ko s Symmetrical CT Hiumination,
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The ambiguity resolution begins with the shortest baseline which has no am-
biguities, The orientation of this baseline is computed. An estimate of the phase

to be measured by the next larger baseline is made to limii the range of kl and

k2‘ The phase measurements are then made for this baseline, and the true
values of kl and k, determined. This enables one to compute the length and

orientation of this baseline, which is used to provide an estimate of the next larger

baseline, and so on until all baselines have been calibrated.

Since the baseline motions are relatively slow and the solution rate high, it
is very probable that all eight baselines would not have to be calibrated 10 times
a second. Only the vernier baseline must be calibrated that often, However, -
the computational loading analyses have assumed that all eight baselines are
calibrated 10 times per second,

I-1.5 LINK CALCULATION

Link calculations are presented for the following emitters: calibration trans-
mitter (ground station), and balloon platform. The link hudget for the calibration
transmitter exhibits a reasonable margin, and therefore the link budgét is
calculated only at the worst case for this emitter, The link budget for the balloon
platform, however, becomes marginal at low balloon elevation angles; therefore

this particular link budget is calculated over a range of elevation angles (20 deg
to 90 deg).

The power received at the terminals of any particular interferometer antenna
from a balloon emitter is given by

p. = TG0y

R —2 (H-1-41)
p
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where

PR =  signal power received

PB =  emitter output power =1 W

GB = gain of emitier antenna = GB (E)
Gp = gain of receiving antenna = Gp (%)
L, = path loss = L, @.

To perform the link calculation as a.function of the elevation angle E, the above

)quantities (GB, GR’ and Lp) are expressed as functions of E, For the balloon
antenna pattern, the values of gain (Gp) versus E may be taken from the radiation
pattern shown in Figure 11—9—3.‘ The satellite antenna gain GR is approximatéd
by

Gg = 50 (sin ¥/x%)° (T-1-42)

with x = 7.3 sin ¢. This was chosen for a fit to the gain and -3 dB beamwidth of
the interferometer antenna given in Section II-6. The angle ¢ is related to the

angle E by the following relationship (see Figure II~1-2 and Equation II-1-6):

p.+h

sin ¢ = cos E . ‘ (1I-1-43)
Pg
Using the law of sines, one finds that the range r is directly related to E by

the equation

P+ h

cos |E + arcsin cos E}| . (M-1-44)

. ps
The 1-way path loss Lp is directly dependent upon r ; and in turn upon E by
Equation HI-1-44,
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Table II-1-1

LINK POWER BUDGET

(Emitter through Spacecraft-to~-Ground Receiver)

Emitter Calibration Balloon
Transmitter| E=20° | E=30°| E =90°
Transmitter Power (dBW) - 0o 0 0
Transmit Antenna Gain (dB) - +0.7 +3.0 +2.2
ERP (dBW) 20 +0.7 +3.0 +2.2
Path Loss (dB) -189 ~-188.5 | -188 187.5
Polarization Loss (dB) -0.5 -0.5 -0.5 -0.5
Interferometer Antenna Gain (dB) +15 +15 +15.5 +17
Received Signal Power (dBW) -154.5 -173.1 | -170.3 | -168.9
Receiver Noise Figure {(dB) +4.5 +4,5 +4,.5 +4.5
Receiver Noise Density (ABW/Hz))| -199.5 -199.5 | -199.5 | -199.5
Signal-to-Noise Density Ratio
(dB-Hz) +45 ~26,4 +29.2 +30.6
T;n;itg; ?daBn)dwidth Enhancement o i .. o™ " ok
Final Signal-to-Noise Power .
Ratio (dB) +45 +36.4 +39.2 +40.6
0.33° 0.9° 0.6° 0.5

Resultant ¢ Ay of Phase Measure-

ment, (electrical deg, due to
thermal noise)

O' =
SNR = power signal-to-noise ratio

* 1 s effective integration time.
** 10 s effective integration time.

standard deviation = 57.3 (SNR)-'I/ 2
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Assumptions:

Balloon TFransmitter:
Power out=1W .
‘Antenna = Planar spiral, 4 dB max gain,
0.35 A spacing to ground plane

Satellite Receiver:
Antenna gain = +17 dB max

MNoise Figure = 4.5 dB

Ground Progessor:

AT Effective Bandwith = 0,1 Hz
Signal-to-Noise
a0 4. -2
o
R~ i
o owo L <+ 1
=2
753
> OAT
10 L +0
0 R e e
10 20 30 40 60 60 . 70 80 90

Elevation Angle, E, deg

Figure {I-1-14. SNR and Standard Deviation of Electrical Phase

Measurement Versus Elevation Angle E
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Using the above equations to evaluate the received signal from the balloon
emitters, the link power budget and resultant standard-deviation of the phase
measurement is given for 3 values of elevation angle in Table II-1-1, Also
given in this table are the link budgets for the ground calibration transmitters
(CTs) with an ERP of 20 dBW, Then in Figure II-1-14 the. SNR and phase measure-
ment standard deviation ¢ A for the balloon emitter are plotted over an elevation
angle range from 10 deg to 90 deg. If is evident from Figure II-1-14 that the
judicious choice of a balloon antenna pattern has provided a relatively flat curve

of gy for B greater than 20 deg,

II-1,6 ORBIT CHOICES

Two classes of orbits were investigated during the study: geostationary
and zero eccentricity inclined. The later class of orbits was investigated be-
cause, at the outset of the study, it was believed that coverage in the extreme
latitudes with the required accuracy could only be achieved with inclined orbits.
This belief was verified during the study. The error analysis shows that the 1 km

accuracy is achieved using geostationary satellites for latitudes less than 60 deg.

Another concern at the study outset was the extent of the detrimental effect
of the satellite motion apparent with inclined orbits on the velocity estimate, The
error study showed this- effect to be small compared to the geostationary orbit
case, Thus the choice of inclined or geostationary orbit becomes primarily
dependent on the coverage requirements, Such factors as orbit perturbations and
booster payload tradeoffs were not considered.

Polar coverage can only be achieved with inclined orbits. As séen from Figure
II-1-15, three or four geostationary satellites will provide full world coverage
for less than 60 deg, A tractable compromise between the number of satellites
and the accuracy coverage requirement may be to incline one of the satellites
about 30 deg., This inclination would provide between 5 and 7 hours of polar
coverage each day at the expense of mid-latitude coverage for an equal period
of time, e.g., when the satellite is at its maximum northern latitude, 30 deg
south latitude is the limit of coverage.
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II-1.7 MULTIPLE ACCESS

Two types of Ihultiple access were considered for this application:
a. Time division using interrogation of the balloons

* b. A combination frequency ‘and time division system using randomly
transmitting balloons,

The time division system réquires a decoder and receiver in each balloon, where-
as the randomly transmitting balloon system requires a timer. The time division
system would simplify the ground station and possibly save a small amount of
bandwidth, Since there may be 15,000 balloons in an operational system versus
three ground stations, cost considerations dictate using the simplest balloon
package. Therefore, a random system wherein each bhalloon is controlled by a
preset timer was chosen. The timers are set at random starting times and are
of low accuracy, so that the balloons essentially transmit randomly with respect

to each other,

Freqr;ency' division comes about because of the low stab;ility of the osecillator in
in the balloon. With a frequency stability of one part in 105, there will be a fre-
quency uncertainty of 16,000 Hz at 1600 MHz, Because of the low data rate '(less
than 10 bits/s) and biphase modulation, the bandwidth of the signals is low.

Since two positien fixes are required o obtain the velocity, two important
requirements of the meteorological models which are used to predict weather

impact the transmission patterns, namely:
a. The time between position fixes used to determine velocity
b. The time between successive velocity determinations.

Indications are that a 2-hour velocity average is satisfactory, ehd a velocity
determination every 6 hours is adequate, Two transmission patterns are suggested
One pattern is for the balloon to transmit pulses in a group, with the pulses
separated by, say, 1 h, and the group of pulses repeated every 6 h. The second
transmission pattern is to transmit a pulse every 2 h. Because it requires the
simplest timer, the second method is considered in the analysis below,
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To determine the performance of the randomly {ransmitting balloon system
from a multiple-access point-of-view, we must determine the probability of

interference between signals. Let
Pt = probability that a given balloon transmits in At s in the frequency
T interval Af within the field-of-view of the satellite considered.

Assuming randomness in transmission times, this probability can be expressed
as

_ 1 [ At Af _
Pir =3 (3600’1‘) (W ) (II-1-45)
where
At = pulse length in s
T = time interval between transmissions in h
W = bandwidth over which balloon transmission frequencies are
spread (assumed uniform distribution in this calculation)
Af = frequency band within which another transmission would
interfere with acquisition or phase measurement
Let
Pno = probability that no other balloon transmission

interferes given that a particular balloon transmits,

This last expression is given hy
B N_-1
Po= [1 —Ptr] B (Ti-1-46)

where NB = total number of balloons in the worldwide sysiem. The balloons are
assumed to be distributed randomly worldwide, so that each balloon has a prob-
ability of approximately one-third of being within the field-of-view of a particular
geostationary satellite with earth coverage. On the average, there will be a

N .
E-—B- balloons in view of a given satellite, and this is, of course, included in the

formulation above.
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For P RS 1 and NB>> 1, we have

t
Ppo=exp [~ Ng Py ] (I-1-47)
so that
b - el B At Af (-1-48
no = “Pligso0 T . .
6

The exponent is given by 1.45 x 10"~ N_ for the following values of parameters:

B

At =10 s
T =2h
A =100 Hz

W =24,000 Hz,

Thus, for 15,000 balloons worldwide, the probability of no interference for a
given {ransmission is 0, 97. However, the important consideration is the prob-
ability of obtaining a useful pair measurement so that a velocity determination

can be made,

The probability of no interference for two successive transmissions from a
2
balloon is (Pno) or 0,94, The probability of no interference for at least two
successive transmissions out of three transmissions (which would be 6 h) is
p % [5-2 P_ ] which, for this condition, is greater than 0.99.

The next factor to be determined is the number of sets of phase measuring
circuits required for the balloon signals, The average number of transmissions
Tp _
3600T
would be 0.7 transmissions/s average. If there are M sets of phase measuring

initiated per second by the balloons is or 2,1/s. For each station, it

circuits, the probability that a given transmission is not lost because of a lack

of phase measuring circuits is equal to the probability that, in the proceeding
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10 '8, fewer than M balloons initiated transmission within the satellite's field-of-
view, This is given by

M-1 Ng-1) Ng-1-k
> L2 ) aw (T1-1-49)
k=0
where
At -4
P=pat=4.63x107",

This probability, because of small p and large NB, can be approximated by

M-1 -N BP

Z e (NBp) . (II-1-50)
ki

k=0

For NB = 15,000 balloons, this probability will be greater than 0,99 if M, the

number of sets of phase measuring circuits per station, is 13 or more.

II-1.8 BOOM MOTION EFFECTS

Assume that the motion of the apparent baseline, i.e., the line connecting
the two antennas (as shown in Figure II-1-16), has a motion consisting of a
constant angular velocity plus a sinusoidal component, The space angle between
the normal to the baseline and the local vertical can be approximated by

el = 0L+ oy t+ Am sin wo t. (I-1-51)

Consider the point in space where antenna 1 is located at the time t = 0,

Let the signal at that point in space be

S, () = cos (wt + 90)- (LI-1-52)
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/v

From-Beacon

Figure Il-1-16. Effect of Boom Motion on Electrical Phase

Because of the boom motion, antenna 1 has a velocity given by
do L r LA 4, cos wot 11-1-53
£ =2 Wt Ay oS wyt] . ( )
The portion of this velocity normal to the wavefront is
Vl cos (o+ B) aVl

where B is the space angle between the beacon line-oi-sight and the local vertical,

The approximation holds since the angle will not exceed 10°.

The single voltage induced in antenna 1, including the effect of its motion, is

‘ LC"\l wkL
V1=COS wil T t + Bo— 2—'0'"Am811'1 wzt_ (II-1-54)
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The signal voltage induced in antenna 2 is given by

Lew
1 wL . 2oLl .
V., = cos m(l—i- >t+6 + A sin 3,0 + sin (o + )].
2 [ 2 e 2c m 2 Py B

(I1-1-55)
One of these two signals is translated in frequency by the reference oscillator
aboard the spacecraft so that it becomes

Ly
ro_ 1 wh .
Vz = cos{ |:w (1+;c——>+ wr]t+60+ Br+2—c—~ msmwzt

2nL
+
A

sin {o+ 5)} (H-1-56)
where the reference signal is given by
V.= cos [wr t +9r] . (I1-1-57)

On the ground, these two signals are mixed so that we recover the signal

Ly
V' = cos [(,u 1 + )t +9 +5°~I"— msmw2t+2"1‘sm(a+ Bﬂ

. )
(11-1-58)

The phase difference of this signal and the reference signal {ineasured on the
ground) is given by

v (t) ( “’1) L+ gf—IiAm sin w-2t+ ZKL sin (¢ + B) . (H-1-59)

The time dependence of this phase is due to the boom motion, I the hoom

_were stationary, Wy and Am would be zero so that we would have

y = 2}": L sin(a+ ) . (1F-1-60)
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The actual phase measurement is an average phase, Ym’ obtained over the time
interval ror

+ 7

t
v=t v .

~ . T t

Use of the model yields

2L o AmLAL . ]
Ym ™ wl(t * E) TR w, (‘-" 2 2) Swy (t +?)
+ Z;CL sin (@ + ¢) . (II-1-61)

The three characteristics of the time dependence of the phase and the
measurement which are of interest are;

a, Maximum rate of change of phase
b, Total i)hase change over the measuring interval

¢. Average phase over the measuring interval compared to phase
at (say) center of measuring interval.

The maximum rate of change of phase is given by

. .'_ 2L )
Ymax ~ ) (wl + Amwz) : (t-1-62)

The values for the constants for the flexible boom considered herein are (see
Section 1I-7):

1.05 x 107 rad/s

wy =

wy = 0.095 rad/s

A = 2.6x107° rad.
m.

For this example, with a 400-wavelength system, the maximum rate is 1.9 deg/s.
This will determine the maximum measuring time interval allowed to accurately
foliow the boom motion, For a time interval of 0.1 s, the maximum phase change
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L]
is 0.2 deg or + 0.1 deg if considering the phase at the center of the interval,
Most of this change is due to the constant angular rate w,, rather than the

oscillation,
i The total phase change over the measuring interval 7 is
on L 27 LA
yE+T) -yl == wl—;-+-——--—— [sm wy (E+7) - sin (wz t)]

WeT
21 L [ T 2 ] "
=X Wy T+2A cos "-’2(t+ )sm . (II-1-63)

The maximum value of this phase change for the same values of the para-
meters and for a measuring time interval 7 of 1 and 10 8 is 1.87 deg and

18,4 deg, respectively.

The phase in the middle of the measuring interval T is given by

y@+2) Z”L [ Wy (t+2) + Amsinwz(t+—§)+sin(a+ﬁ):|.

(11-1-64)
Comparing the measured value q’m with this yields
sin _L_U_Z_T
~y (D)= 2= A E;F“z‘“‘" -1 | sin (ot +3). Q-1-65)
2

Note that the constant angular rate 1 does not appear in this expression be-
cause we are making the comparison with the phase value at the middle of the

measuring interval,

The maximum value of the above expression for the same value of parameters
~ used before is 0.001 deg for 7=1 s and 0,066 deg for 7= 10 s.

From the above, it is obvious that calibration must be performed continuously.
When an average phase measurement is used, the compensation term can be
calculatedras an average over the same measurement interval, or the term can
be calculated as the value at the center of the interval.

Ii-1-38



I1I-1.5 CHOICE OF OPERATING FREQUENCY

The original frequency. considered for the transmission link from the balloon
to the interferometer was 400 MHz, However, it soon became apparent that there
are important advantages to using a higher frequency, and 1600 MHz was selected.
All considerations were based on using a fixed physical baseline length so that,

at a higher frequency, the length increases in terms of wavelengths,
The advantages are:

a. Error in position location due to thermal noise is independent of
frequency for same ERP

b, Electrical phase accuracy requirement is less for given position
location error

¢. Multipath errors are smaller
d. Refraction errors are smaller
e. Antennas are smaller and lighter,
“The disadvantages of using a higher frequency are:
a. More dec power is required in balloon for same ERP
b. There are more ambiguities to resolve
- ¢. SNR is smaller and data transmission capability decreases.
d. Higher frequency uncertainty increases the acquisitiori problem,

The first advantage is the reason that an increase in frequency can be
real'isticéllly considered. The space loss is proportional to the square of the
frequency. However, the accuracy of the electrical angle measurement is pro-
portional to the square root of the signal-to-noise power ratio or inversely pro-
portional to the frequency (for given ERP, etc.). Since the required electrical
phase measurement accuracy for a given baseline length is inversely proportional
to frequency, the location accuracy of the system due to thermal noise is inde-
vendent of the frequency.
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_ The higher operating frequency would then mean that relatively fixed electri-
cal phase errors become less important., Instrumentation problems would be less

severe since larger electrical phase errors are permissible.

At higher frequencies, errors in position location resulting from multipath

will be smaller because:
a, Reflection coefficients are lower at higher frequencies
b, Multipath signal tends to be more diffuse

¢. Spectral broadening of reflected signal due to motion of balloon
is greater,

These effects are discussed in detail in the multipath section of the report.

Another advantage of higher frequencies is that refraction errors are smaller,
In addition, the antennas in both the balloon and satellite are smaller and lighter,

The major disadvantage of a higher frequency is that more dc power will be
required in the balloons. This requires more solar cells, of course, and a larger
battery, if one is used. The batteries are the most difficult items to make frangi-
ble and are the most susceptible to the extreme femperature variations, In addi-

tion, the higher frequency components would be somewhat more expensive,

Since the signal power-to-noise density ratio is less at the higher frequencies,
the possible data fransmission rate decreases. However, because of the low data
rates required, the SNR is sufficient at 1600 MHz.

The ambiguity resolution becomes more difficult, but at most it would re-
guire an additional antenna and associated equipment in the satellife, plus some

additional processing in the ground stations.

The higher frequency, for a given oscillator stability, increases thé fre-
quency uncertainty in transmitted signals, This eases the multiple-access

problem, but increases the acdquisition problem.
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An L-band frequency would also make the equipment compatible with the

equipment planned for other satellite applications for location and communication

with aircraft,

The overriding considerations in choosing 1600 MHz instead of 400- MHz for
the operating frequency were the advantages from a multipath standpoint and the

fact that the required phase accuracy is less for a given length baseline.

1I-1-41



Section II-2
ERROR ANALYSIS

This section is divicied into four parts to facilitate the derivation of the com-~
bined error equation. Figure I1-2-1 shows the geometric relationships of the
problem. First, the errors in the position location are given as functions of the
line-of-sight vector L_ésB, the satellite radius vector the o; , and the balloon
positign | Pe +h | Second, the errors in IT).SB are given in terms of the base-

—

lines Ll, LQ, the phase biases, and the beacon phase noises. But since _f‘l’ L2,
and the phase biases are constantly being estimated (calibrated) from the CT
signals, the third step consists of expressing the errors in these terms as
functions of CT phase noise, phase biases, CT survey errors, and Bs‘ The
final step combines all expressions to yield one composite error equation, The
resulting matrix equation is much too complex to investigate analytically, hence
a computer program was developed. This program, discussed in subsection

II-2.6, was used to derive the numerical results shown in Part I of this report.

II-2.1 POSITION LOCATION ERROR

The position location solution, given ITCTSB, _.E)S ,and | p e +h ] , is obtained

by solving the following four vector equations in sequence:

—

cos B= LOS (II-2-1)

B P
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Sphere with radius of
Earth plus Altitude of
Beacon (pe + h)

Beacon at Intersection
of Line-of-sight and
sphere.

Line-of-sight of Beacon Position

Figure 11-2-1, Beacon-Satellite Geometry
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r = p_ cosf - [(pegrh)2 - ps?‘ sin” 5] 1/2 (11-2-2)
T = r LG8, : ‘ (11-2-3)
P=p.-T. - (T1-2-4)

The analysis to follow is simplified by using matrix notation in lieu of .
vector notation. Equations JI-2-1 through II-2-4 become

(3x1) (3x1) (3x1) (II-2-5)
(Pp] = [Ps] - U
(3x1) (3x1) (1x1) (II-2-6}
[*] = [LOSB] T
(1x1) (1x1) (1x1), (1x1)
' 2 2 . 2,71/2
T = pg cos B - [(pe+h) - pg shn 3] / (II-2-7)
{1x1) (1x3) (3x1)
cos = [fi[‘ [LOSB] (11-2-8)
Pg ‘
where:
Xp| .
[PB} =lyg| = location of beacon in earth~centered, fixed
Cartesian coordinates
Z
B
-
S
[p s] =l vt = location of satellite at time of beacon transmissions
Z
. S
*R de . . de
m =[vg|= |4p| m TO5, = [LOSB] = |4,
ZR : dZB de

o-2-3



_ 2 2 2\ 1/2 . : .
Py = (Xs + ¥+ 2 ) (satellite geocentric radius).

The error equations for equations H-2-5, TI-2-6, and II-2~7 are
(3x1) {3x1) (3x1)

AP] =fAp] - (ATl (0-2-9)
(3x1) (3x1) (1x1) (3x1) (1x1)
Al =[LOSB] Ar +A[LOSB] T (T-2-10)
_ ar L 2r 3T o
Ar = -a@ Aps 3E Ah + 38 AR (all scalars). (II-2-11a)
But since
X 1y A XS
Ap, = = —S~ j Ay.| = [Al Ao
s PgyPglPy 8 S]
Az (I-2-11Db)

Equation I1I-2-11a can be rewritten as

AT [Ap ] +2X ah + 2L Ag-. - (O-2-11c)

3 Y]

O}I

The expression for A 8is obtained from Equation II-2-8, which is expanded into
scalar form as follows: '

s 4 s 4 % 4 M-2-12
cos = — + — + — . -2-1
A P Bx P By Py Bz ( )
Then
. *g Is Zg
-SlﬂﬁAﬁ = f): AdBX + ps AdBy + izAde +
Ax Ay Az
8 8 s
=2, +—2d, + d
Py Bx  p "By p, B
_ Xsde + ysdBy + zsde xAxs+yAyS+zAzS
pi Pg Pg Pg
(I1-2~13)
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which, after rearrangement of terms, becomes

AB

(1x3) (3x1) (1x3) T (8x1) cos § (1x3) (3x1)
smﬁ }

[] [LOS ]+ |—S|[LOS ]Eﬁ. % oo [A] [Ap ]
- sinlﬁ [AE]PLOSB] _{lpslginﬁ I:LOSB:F'T—(:;JB—I?@}’;PS]

\ (I-2-14)

It

Substituting equations II-2-14, II-2-11b, and II-2-10 into H-2-9 yields
(3x1)  (3x3) (3x1) (Ix1) (1x3) (3x1) (1x1) (1x3) (3x1)
[AP] = % (1] +[LOSB]_ [A] [LOSB]a 3 p_siﬁTB l:LosBjE +[LOS ]

(1x3) (3x1)

t
co 5 [A:|£ [A ps |
(3x1) (1x1) (3x1) (lxl) (1x3) (3x3) (3x1)
+;[LOSB ah%Ah+i [LOSB]aB s (] + 0 r}E&LOS 5]
where [I] is the identity matrix. (TE-2-15)
For simplicity, let
(3x3) (3x3) (3x1) (Ix1) (1x3) (3x1} (I1x1) (Ix1)  (Ix3) (3x1)

P
¥ - ?[I] . .[LOSB S5 [A] - [Los 122 h Ejm[LOSB]TJf[LOSB]

(1x1) (1x3)

COS B (] ; (TT-2-16)
pS
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This nomenclature suggest that thel:a 5
8

o P ]is the variation in the position
location due to a satellite ephemeris error. The several terms arise from the

fact thatH; appears in equations I-2-1 to 1-2-3. Furthermore, it can be seen

that
(3x1) (3x1) (1x1)
3P _ ar
oh E-"OSB 2h ’ (I1-2-17)

which is the sengitivity of the position location to the altitude error.

Also,
(3x1) (3x3) (3x1) (Ix1) (1x1) (1x3)
32 P _ : 3T 1
= ; mr- [L0Sp|3g smp (A . (1-2-18)

o LOSB
represents the sensitivity of the position location to an error in computing the

LOS to t1_1e beacon. The two terms are due to the presence of LOS:B in equations

I1-2-1 and II-2-3,
Rewriting Equation T1-2-15 in the abbreviated notation yields

_ P > P 3P '
[AP] = ﬁs [Ap] *IH [Ah] + m [A LOSB] .
‘ (T-2-19)

I1-2.2 EXPANSION INTO PHASE ERRORS

The vector LOSB is derived from the beacon phase measurements by
solving equations MM-2-20, I-2-21, and I1~2-22 simultaneously.

A _A)

— ———
LOSy . Ly =32 (YB1 - VBB
(I1-2-20)

LOS, . L, =2 5
B 2 _211(7]32-7BB2)

o
where | LOSG] = 1.

TEATY
In the equation above, the symbol A on v denotes "estimate of.”
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In matrix notation these equations become

Fa¥
"1 Bx YB1 ~ 7mBI1

1 71
1 -
F 1 B A
3 by P [dpx| [YB2 " 7 BB2 (TT-2-21)
and
de = ‘\/ 1 - dez - dBy2
where F is a scalar and equal to 2>L1r . Edquation H-2-21 may be solved for dBX

and dBy by classical iteration; the iteration equation is given by

F d a, 1 -1

5 d i) b T - ~yF

5 dpx %1 7 % %z/ P1 T ¢ % (*B1 ~ YBB1)™” B1
=F

dpx dBy P

6 d a, - ¢,d b, =~ ¢, d oY -y -y
By 2 2 “Bx/ "2 2 “Bx B2 BB2)" ¥V B2
(II-2-22)

where

P é\ A # A2 A2
YB1 T “Bx*™1 +dByb1 T ¥ _de_dBy

P 3 A A A9
YB2 T Ipx% T dpyPy + o4l - dp, - dg, .

Equation II-2-22 is iterated until the left hand side is negligibly small. At
= - > A A 3 3 s
that point, the residual error in dBX and dBy is due to phase noise in Y81 and

- - . A A
Y52 and to errors in the estimated phase biases Y BBI and ¥ BE2 and to errors
in a1, bl’ C1s 2g, bz, and Cqe
It may be shown that the residual error is given by (dropping the "hat"

indicating the estimated values for simplicity of notation)

I-2-7



Ad -1 Ay a lb A’V
Bx| _ 7 (w Bl _F_}:_l_. BB1
Adgy AY gy 1Py | AvERo
T ormovd all
- F [W] o
0 1T 0T 0| AP
- _Acl
-1 - 1 1 _
-F [W] 1 01 0 Aaz
——mmmm o= '
dgg 1 dBy! Y Ab,
- | {
] A ¢
(T1-2-23)
where
d d
(al ¢ de 6"1 = CldB )
Bz Bz
W = a.-chxb'v-ch
2 2 d—)( 2 2 d—X)
Bz Bz .
(I-2-24a)
We now let
1 1 (2X3)
dBX idByi de - E
Pl Rl B S [ L1]
0 ;0 , 0
and
[0 _— . 0:| (2x3)
______ T own - E ]
do. tdy 1 d [Bpg
Bx "By , B2 (L-2-24b)

such that Equation (II~2-23) may be written more concisely as
(2x1) {2x2) (2x1) (2:;:2) (2x1) (2x2) (2x3) (3x1) (2x2)

Ade -1 -1 -1
=W Ay gl - (W A7 gpl - (W [By g} 1AL} - [W]

Adge | (2x3) (3x1)
[Epq) [AL,D . (TI-2-25)

-1
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By virtue of the constraint equation, i.e., LOS

(3x1) {3x1) i
Ade
[aLos;]= Adp | =
Ade
"L

Substituting Equation (II-2~-25) into Equation II-2-26 yields the LOS

(3x2)

Bz

mm—t

B " 1, we have
(2x1)  (3x2) (2x1)
B dpy Adpy
= D N .
B
AdBy A dBy

(I1-2-26)

error
B

equation in terms of beacon phase errors, phase biases, and baseline errors

follows:

[ALOSg].

[DB] w] -1 [A'yB] (contribution from beacon phase noise)

- PB:I [W] -1 EA y BB] (contribution from phase biases)

+ :DB:I W] -1 [ELl] [ALl:, (contribution from baseline 1 errors)

- _DB] [W] -1 [ELz:l I:ALz] (contribution from baseline 2 errors).

(IT-2-27)

To simplify the notation and still retain a functional meaning, let

aLOS

B . -1
Ty =[P} ]
>LOS, "
>7pp [Pg] [W
3LOS

_3—?3— = [bg] W] N [Er1]

3 LOS

s L,

ST = [pg) v - IR
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Then, substituting Equatmn 11-2-26 into Equation I1-2-19 yields

ALOS 3LOS
3P 3P B ap OOy
ap =& ap, + P oAb+ AT AY,
3 s 3L0S, 3T ATB "3L08y o7 pp e
3P aLOSB AL, - 3P oLOSy AL
1°3% .
SLOSy, 3L, SLOS, 3L, 2 226

At this point in the derivation there are several possible approaches,
each of which corresponds to a particular way of determmmg how Ll’ L and
the phase biases are estimated. For example, Ll and L2 could be computed
by monitoring the spacecraft attitude (assuming infinitely rigid booms), without
assuming expansions or contractions of the booms and orthogonality of the
baselines. This approach leads to severe problems in system specifications;

e.g., the altitude control specifications are inordinate.

As pointed out in Section I, a better approach is to use additional ground
jliuminators which serve to calibrate—f;, 'I_;;, and ypp. The error analysis ‘
will consider only this approach. )

11-2.3 EXPANSION IN TERMS OF FOUR CT PHASE NOISES, CT SURVEY
ERRORS, AND SATELLITE EPHEMERIS ERROR:

—_— =
The equations which relate the CT phases to Ll’ Lz-, and ¥ pp 2re

L * = DT, F (TI-2-292)
and

L,* =D 'T,F (1-2-29b)
where

dlx d.ly dlz 1

dzx d2y d2z 1

> d3x dSy d3z 1
d4x d4y d4z 1
L J (I1-2-30)

-2-10



The error equation for II-2-29a is derived as follows:

¥ =
DLI I"lF.

Expanding 11-2-31 in a first-order Taylor series yields

(4x4) (4x1) (4x12) (12x1) (4x1) (Ix1)

- o
L1 ADl
o ||,

D ALl* + =T 1F

T
.Ll‘ ADg
T
1] |APs
where.
N ?1 Aal ' Adjx
L = b b dAD., = d. 5 =
1 ,AL A and A \ A iy J
cl Acl Adjz
Solving for ALl* gives
(4x12)

T

(4x1) (4xd) (4x1)  (4x4) L, o0

T
AL * = D]"F [AT ] F - D]+ Br Y
0 0 0

1,2,3,4

{(12x1)
AD,
AD,
AD,
AD,

Rewrite TT-2-29a as

(II-2-31)

(I1-2-32)

(I1-2-33)

The expression A‘[‘ denotes a (4x1) column vector of the phase noise on

the CT signals, and AD is a (3x1) column vector of the error in the LOS to the
] CT Note that AI‘ does not include the phase bias estimate by v1rtue of the

formulation of Ll
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The line-of-sight to the J.* CT is given by

djx Xy Xuj
a |l =L -1
iy rj Vs 'rj y uj
djz s Zuj
' (T-2-34)
where :

_ 2 2 271/2
Ty = () (s )t (s T u) ] N
Xuj = puj cos Laj cos Loj La.j = latitude of j- CT
yuj = puj cos Laj sin I.;oj Loj = longitude of jth cT )

= : _ . . t
Zuj = puj sin Laj puj = geocentric radius of j* CT

Using the condensed notation introduced earlier, Equation II-2-34 may be

rewritten as shown by Equation I-2-35 i.e.,
-1 I '
O3} = 55 [Ps] =35 [Pu] - (1-2-35)
The error equation for H-2-35 becomes )

(3x1) (3x1) (3x1) (3x1)  (1x3) (3x1)

- or
[ADJ] —il,j— (ary) —%j- [A,ouj] - r—?[ps - Pyj] ?Pi (48]

Il

or _
+$ s - ”uﬂﬁpt [46y]

(I1-2-36)
where

(1x3) .

E 1

3T, ) (Xs 'Xuj) . (ys -Yuj),,(zs "zuj)

3Py R R
and

i I

aouj 9P

q\2-12



Collecting like ferms and letting
(3x1) {(1x3) {3x3)

1 ory -

= [ - eals = B -0
Producés

(3x1) (3x3) (3x1) (3x3) (3x1)

ooy - o - [agffan] -2 fin -l

However Ap o is commonly given in the geocentrie rather than the Cartesian

frame. The relationship between Ap uj in Cartesian and ApuJ in geocentric is

(I1-2-38)

(3x1) (3x3) (3x1)

1, 2,3 ’ -2-39
[aby). =[] [29 J]J 22,3, 4 (11-2-39a)
where '
cos La Lo,1=p . cos La sin Lo . 8in La_ cos Lo,
o8 J. Py ©© iy Pw 3 €% H0
1
M, = |cos La, sin La, : p.. cos La,  cos Lo, - p . sin La, sin Lo, |.
] i iy J I, "4 A ]
sin La. . ! - 0. ! R,; ¢os La,
j 1 t uj J
(I1-2-39h)
Substituting Equation II-2-39a) into I1-2-38 and I1-2-36 into II-2-33 yields
(4x4) (4x3) (3x3)  (3x1)
-
T T
L Ll
1
[ALI*] m an]r - b {[I] "[Bl]}El Ps]- S {II]
0
0 | 0]

- [BJ}EVII:I [Apul:, + (continued next page)
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- -

L LT LT
- 1—2%{11—{8 1{ apgl - 017 1%{[!}—[32}}[1\421 (AR,

0 .0

o .
-7 OT 1—{[][1 [B31f [apgl - D17 '0,_5 —1—‘% 0 - (81} ] A,
L| ”© S L2 { [ ‘13]

L. 0... -0 -

Y- -

-1 011 -1
- D] -—[I]-[Blf[Ap] - [D] 131]—31 M,1[Ag, 1-
ot 1o -, Lfm-mafeifes, ]
T T '
| "1 1

(TE-2~40)

Once again, for reasons of clarity and brevity, the following nomenclature
is introduced into Equation II-2-40:

%,
LAY al oy
AL *] = === [AT,] - [4p.] - [Ap] [A.o:l
1 ar‘l 1 3P s s apul u, apu
aLﬁ BL*
[ A Py
a"00.3 [ u3] th [ ]
(I1-2-41)
where
*
3Ly -1 *
—— = D = sensitivity of L, to CT phase etrrors
3Ty F i
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- -
L 0
L T
BL* .0 < Ll .
ot =t oL {m-m} it | o -7-}:2{[1}-[321}
| 0] ! L 0]
- .
10| 1 -1 0l 1
+D] (1] - (Byl}+ D] —{m -,
i LT T { _ 3} o | T { 4}
1 LT
0 1

*

sensitivity of I.. to satellite ephemeris errors

1
T
3L "
a_l_ = [D}‘l 0 }1— {[I] - [B.]} M.:] = 1, 2,3, 4

’ *
sensitivity of Ll' to the jth CT survey error.

*

The error équation for L is identical to Equation H-2-41 that LT becomes

2 1
LT and T"_ becomés T, as follows:
2 1 « 2 ) * * : *
azg -ip wh) 52 el - 5E ] 5 [
‘ 1 2
* L*
3
2 2
-— - Ap .

30 [ ou] 3P [ uJ

113 3 u'4 4

(II-2-42)
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11-2.4 COMPOSITE ERROR EQUATION

Begin by modifying Equation II-2-28 to fit Equation n-2-42, This simply
consists of combining in matrix notation ALl and AL2 with Ay BB1 and A”BBz

respectively, as follows:

3LOSy
%
ST
3P 3P 3LOS
[AP] = [Ap  t=n [Ah] - | 2B -0
3p, oLOSg | 3L, AL,
3LOS
0 B . Avg
LS oY By 1
%
3L,
_ap |%g AL, .08
aLOSB 3L + a P B (AT, ]
2 3LOS, oLOsy 3Ty B!
A'yB
8732 2 (II-2~43)

Equations II-2~41 and II-2-42 may now be substituted directly info Equation
I1-2-43 tp give

oLOS BL* al*
_ JPF P B 1
API= S5 18ng] * 5 SINY YSLOS, 5 TF JoT, AT ~35 e
aou1 Yy . apuz[ uZ] a‘°u3 [ uf;l a,ou4 |: u4]
aL*
P JLOS [ ] aP 3LOS oL
e T— AT | E— B Z[Al"]“ [AP]"
JLOS aI‘B B aLOS:B BL*2 aI"z 2
aL¥ oLk . aL% . aL¥
2 2 2 2
Ap_ 1 - Ap | o, -5 |4e .
Bpul l: ul] apuz [ uzjl Bpus [ uS—J ° Pu4 ’: uJ

(I-2-44)
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Combining sensitivities of common error sources and regrouping yields

* *
app foP 3B aros 214 ,p  OLOSy L3 oo
opg SLOSy 3L opg oLOS; L3 | 3pyg 8
. ok %
+ s 31;283 - AT} +25s if = a11:2 [AT3]
p o7 oIy oLOSg dy ol
_op [0Sy aLj  aLOS, oLy -
e e T ST [ “1]
_op  |wosy a1 arosy ay -
SLOS, (3T dp, 313 apuz[ u,
*
@ laros, L, . aLOSy aL% Ap
oLOSg | 3Ly Py, O Puy [ U
@ SLOSp 3Lj aLOS, alp [Ap }
SLOS, | oL% %y, L5 P u | L0
3LOS
B
+2 (AN + gOSB S, s - (II-2-45)

Equation T-2-45 is the complete error equation which relates the errors in the
individual sources of error to errors in the position fix, The partial derivative
matrices (they are not truly partial derivatives in a strict mathematical sense)

provide the error sensitivities.

II-2.5 STATISTICAL ERROR ANALYSIS

Equation 1-2-45 through fundamental to the error analysis, is not gene‘rally
useful because of the proliferation of terms. It contains 18 distinct error sen-

sitivities relating 26 error sources to the 3 components of position error. To

reduce this to more manageable terms, a statistical approach is used.
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The covariance matrix S p of AP is defined as the expectation of AP times
APT. Since all sources of errors are independent, the expectation of all mixed

products is zero. Thus -

T - T T
S =E@APAPT) = NS N, + N, S_. N. +N. S_ N
T T T T
+ Nh Sh Nh + Nl" SI" NI‘ + Nul S111 Nl11 +Nuz Su2 N112
B B *B
T T TI-2-46
+ Nt13 S113 NuS + Nu4 Su4 Nu4 . )
where
* *
N o® _3P  arosg °M ap  ALOSy 3l3
T aLOSB o L3 3 Pg 3 LOS]3 aL’§ 3l |,
i ¥
o 2P 3LOS, aL¥
- %
'!"1 aLOSB aL1 BI‘I
3P aLOSB aLE

N =
I"2 aLOS}3 BLE 0Ty

AP o LOSB

N. =
Iy »LOSy 3 Iy

- 3P
M = 3n
*
o P aLOSy 3 L +aLOSB a L% }.j=1234
- * & 1 ’ ’ )
uj aLOS}3 ALY 3p u o Ly ‘ 3 Py
Sk = E{Ak AkT], k = column vector consisting of k error sources.

I-2.6 COMPUTER IMPLEMENTATION
The computer program has four subroutines, each of which is discussed

below.,
The first subroutine generates the nominal geometry. It computes the

satellite's orbit in earth-centered inertial coordinates, then transfers this into

Ii-2-18



an earth-centered fixed coordinate frame. The CT sites are eniered in earth-
centered spherical coordinates (i.é. , latitude, longitude, and geocentric
altitude) which are transformed into earth-centered fixed Cartesian coordinates.
The LOS of each CT is then computed per Equation II-2-34,

The interferometer baselines are entered in a local Cartesian satellite
frame for convenience and then transformed into‘the earth-centered fixed
Cartesian frame. The local spherical frame has one axis along the instantane-
ous geoceniric radius, another along the instantaneous direction of motion, and

a third forming an oxrthogonal triad, as silown in Figure n-2-2.

The last part of this subroutine computes the nominal beacon LOS given
the beacon's location. Again, for convenience, the beacon's location is entered
in an earth-centered fixed spherical frame and then transformed into an earth-

centered fixed Cartesian frame.

The second subroutine computes all N matrices given by-Equation II-2-46.
However, since the earth-centered fixed Cartesian frame is not a convenient
frame for expression of the resulfs, the program fransforms !‘.he sensitivity
matrices into a local earth surface fixed Cartesian frame. Thus the sensitivities
of position are given in terms of noxrth, east, and vertical components at the
nominal beacon location. The program will, at the users option, print outf the

entire set of sensitivities (some 78-terms).

The third subroutine evaluates Equation I1-2-46 term-by-term and then
performs the matrix summations. By this term-by-term evaluation an error
breakdown is generated. The breakdown ig most usefully expressed in the
following way:

Beacon Phase Noise = NI" S, N. T
B s Is
CT Phase Noise =N, S, N T, N, S NI,T
1 Ty 2 Tz Iy
'Ephemeric Errors =N § N T
p Ps " p
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Ground
Trace

Inclination ~.§ Y
Equatorial Plane

a. Satellite Local Cartesian Frame

Lo M

b, Interferometer Baseline Components, in
Satellite Local Cartesian Frame

Figure 11-2-2, Coordinate Frame
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. . _ T
Beacon Altitude Error = Nh Sh Nh-
4 T
5 R
CT Burvey Errors = E Nuj uj Nu.
=1 !

The subroutine performs a useful step by converting the covariance

matrices into a standard deviation matrix and a correlation matrix.

The subroutine computes Sp, its standard deviation and correlation
matrices, and its eigen values and eigen vectors. This last step provides the
user with the axes of the error elipsoid as well as the orientation of the ellipsoid
relative to worth, east and vertical. If the ratio of the major to the minor axes
of the ellipse generated by a horizontal out is less than 3, the CEP (cirecular
error probable = 50%) is computed from the well known approximation

CEP = 0.588 (0 major + 0 minor).

(I1-2-47)

The fourth subroutine computes the velocity error ellipsoid. The com-
putation is straightforward. Sv, the covariance matrix of velocity errors, is

obtained by computing the expectation of AV times AVT where

Av(t + I )=[AF ¢(+7) - AP )] . (IT-2-48)

and T is the interval between position fixes. The value of AP and hence AV
are computed in the earth-centered fixed Cartesian reference frame.

The subroutine computes the sensitivities of AP (t) and AP (t + T) from
Equation II-2-45 separately. This is necessary because i:he N matrices can be
strong functions of the relative geometry. However, errors such as the CT
survey errors and the satellite ephemeris errors (for an hour or s0) are the
same at both time t and time t + T. On the other hand, such errors as the CT and

beacon phase noises are not the same, Therefore,

AP ) = NPB () AT'y () + N . t) ATy ()

Iy
+ Nl" {t) AT‘Z t)y + N11 (t} Ah {t) + (continued on next page)
2
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4
N, 6 Apg 2 N, ® ae,
=1 (II-2-49)

From the above it follows directly that

T T T
TS, (t+2)= N O Spp Np_ ® ¥ Npp €+ T)Spp Nog +T)

+ N, (t)S. NI ()+N_ (¢t+T)S
Ty 1--'1NF1 I'y 51

. T T
+ er (t) SI.,ZNPZ (t) +Nr2(t +T)ST.,Z er (t +T) R

N%El(t +T)

T T
+ N @S, Ny () + N, (¢ +T) S, N7 (¢ +T)

+[Nps ¢ +T) - N o (t):l SpS[Nps (t+T) - N (t)]T
' 4JZ=:1 [Nuj € +T) - Ny (t’] Suj [Nui. €+T) - Ny (t)] '

T.,B R 81_11 . S.[_,2 and, Sh are stationa'ry,

The subroutine converts SV from the earth-centered fixed Cartesian frame to

and it is assumed that S

the earth surface fixed local frame prior to printing the result.
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Section 1I-3
MULTIPATH

The signals transmitted from a balloon beacon will propagate along two paths
to the satellite. One is the direct path and the other is reflected from the ground.
Both signals arriving at the satellite are superimposed, and will produce an
erroneous phase reading when compared to a reading produced by a signal coming
in along the direct path only.

I1-3,1 THE GEOMETRICAL AND MATHEMATICAL MODEL

Figure 1-3-1 shows the multipath geomeiry. The direct ray is along the
distance r between the balloon and satellite, and the indirect ray is reflected at
the earth's surface.

For the moment, it is assumed that the geometry is ideal and that the earth
is an ideal specular reflector. At the reflection point, the grazing angle 6 is

the same for the incoming and reflected rays.

The mathematical description of this geometry for the calculation of the angle

€ can be simplified by assuming 0 as the independent variable. Then

p
cos ( 8+C1) = g cos 6 (II-3-1a)
P +h ’
-and
Pe
cos (9-!- ‘:2 ) = cos 6 . (d-3-1b)
Fs
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From this

Pe

cos § | +arcos cos 8 |. (II-3-2)

pé+h Ps

£ = 28 +arcos

To calculate the multipath, the angle € shown in Figure 1I-3-1 is important. To
obtain € ,8, and B, mustbe determined. Thus

o)

sin B, = € cos @ (I1-3-3)
Pg
p_+h

sin 8 1 = ¢ cos E (II-3-4)
Ps

and
E.= 90-B,-C. (11-3-5)

Introducing Equation I[-8-5 into Equation II-3-4 and calculating B, yields

o +h
. ep 8in 2.
tan B, = S , (11-3-6)
£ +h
1-—E cos
P '
Then
€ = ﬁl—Bz . (11-3"7)

It is desirable to have ¢ as a function of ¢ or E. For this, the following

procedure is used:

a. Assume a value for 8
b. Calculate § from Equation II-3-2

1
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Figure [1-3-1. Beacon-Earth-Satellite Multipayh Geometry
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Figure [I-3-2. Angle Difference Between Direct
Ray and Multipath Ray

II-3-3-



Calculate 32 from Equation II-3-3
Calculate 81 from Equation I1-3-6
Calculate € from Equation 1I-3-7
Calculate £ from Equation I1-3-5.

oo O

Figure 1I-3-2 shows the angle difference between the multipath ray and the direct
ray. This angle difference is a strong function of the balloon altitude h and that

it diminishes for increasing elevation angle.

Figure II-3-3 shows the importance of €, which is the angle between the
direct ray and the multipath ray. The wavefront of the balloon signal is assumed
to arrive at an angle ¢, and the wavefront of the multipath signal is assumed to
arrive at an angle ¢”. The amplitude of the sinusoidal direct signal is A, and
the amplitude of the sinusoidal multipath signal is B. The multipath signal is
assumed to have an arbitrary phase & with respect to the direct signal. The
following abbreviations are introduced:

W w B

— d=p —d =g —= @& g = X . (II-3-8)
c c A

The angle X describes the error. It can be expressed in terms of angles ¢ and

o

@ as follows:

+

d d L L ,
-X=p-=—@ ——WwW=w—=8ing -~w—sing . - (I1-3-9a)
[+4 C c C
From this
L 47 L o+ (g’ o - ©®
~X=(@w—(sing -sing” )= cos sin . (II-3-9b)
c A . 2 2

From Figure 11-3-3 it can be seen that the ¢ - (p' equals € . Since € is small

and E."‘r‘p:. < 10, it is appropriate to use the approximation

L
“XE20— €. (II-3-10)
A
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Figure 11-3-3. Geometry at the Interferometer
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Although the angle € is quite small, as seen from Figure II—3—2, the correspond-

ing electrical angle x is large, because € is magnified by-—~I-‘-. Figure I1-3-4

A

shows angle X as a function of the elevation angle E. As expected, X is also

a strong function of the balloon altitude h.

As the next step, the phase angle error § resulting from multipath is cal-
culated, To this end, the Iihase difference hetween the sign_als at the two antennas

is determined. The signal S1 arriving at antenna 1 is

‘/ 9 9 Bsin ¢
Sl= Acos w t+ Beos(wt+dh) = ¥ A"+2ABeos i +B” cos | wt+aretan

A+Beos /.
(II-3-11)

The signal S2 arriving at antenna 2 is

Sy

i

Acos(wt+p) + Beos{wt+g+d)

Acos(wt+p) + Beos(wi+ptX +3)
T Bsin(X + )
- V Az +2ABCOS(X + ) ) +B2 cos| wttptarctan

A+Bcos(X + )
(I1-3-12)

The interferometer determines the phase difference between S1 and S,. This

o
phase difference can be expressed as
Bsin ¥ Bsin(X + )

v = -arctan ————— + pt+arctan
A+Bcos i A+Becos(X +)

The expected phase difference from the direct signal is p; hence, the error §
owing to multipath-is
a.siny ’ o sin(P +X)

§ = -arctan————— + arctan . (I1-3-13)
1t o cos i . 140 cos(dh +X)

The phase error § is a function of #, X and & .
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The ratio ¢ is the multipath-to-signal amplitude ratio-and will later be
replaced by \J MBSR, the root of the multipath-to-signal power. ratio. The angle
b is considered a random angle because, although the geometry shown in Figure
II-3-1 is assumed ideal, any small change in the position of the balloon or the
satellite will cause the paths Ty Tos and r to change such that the phasefronts
will shift by many multiples of wavelengths, Consequently, i can vary over
the range 0 < H<27.

For assessing the largest multipath error, § will be maximized with re-
spectto ¥, i.e.,

96
alb=0'

From *Equation IT-3-13
. 2 2] _- 2 2
acosP + o |[142  cos(P+X) +a|= acos(P+X )+ | [14+2¢ cos dh +e

cosd =cos(Ph+X)

cos P [1-cos %] = - siny sinX -
and finally
cosX -1
tand =-—-m— (II-3-14)
Then
cosX -1
sind = (II-3-15a)
d 2 (1-cosX) :
_ 8inX
cosX = (11-3-15b)

V2 {1~cosxX )

Inserting Equations I1-3-15a) and 1I-3-15b into Equation I1-3-12 yields

o (lucosx‘ )
6 = 2 arctan (II-3-18)

max
\2(1-cosx ) + & sin

I-3-7



II1-3.2 POSITION ERROR RESULTING FROM MULTIPATH

The electrical angle error 6ma.x as defined in Equation 11-3-16 can be trans-
lated into a position error.- First the electrical angle error is translated into
a space angle error A as follows:
A 1

Ap = ] . (I-3-17)
27 L coso .

From this the position error is derived using Equation II-1-3. This yields

A T &
AX = max (I1-3-18)
27 L sinE cos )

To assess the magnitude of the multipath error and its dependence on the dif-
ferent parameters, consider Figure II-3-5, which shows the multipath error as
function of elevation angle. The magnification, —k—, the balloon altitude, and

the signal-to-multipath ratio (SMR) are parameters.

It can be seen that the position error drops significantly with decreasing
SMR. To show this effect more clearly, the position error was replotted in
Figure II-3-6 as a function of the SMR. The curves are for a fixed elevation
angle of 20 deg, which can be considere;d as the lower limit in elevation angle

for the system. This figure shows that, for large L the error is less than for

smaller —I?t“ This is an important reason for choos?ng Land X . The figure
also shows that, for an SMR of 25 dB or more, the position error can be kept
below 5 km for elevation angles greater than 20 deg, which may be sufficient for
velocity determination. However, as shown later, a much better SMR can be

achieved and the multipath error can be reduced helow 1 km,

1I-3.3 BANDSPREADING

There are three types of reflection for the indirect ray: specular, mixture

of specular and diffuse, and diffuse. The criterion determining which type of

II-3-8
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reflection exists is the surface roughness, which is given by the standard devia-
tion of the surface bumps o .

The bump height standard deviation o can be related to the bump maximum

. . 6
dimension 8 max by
- Smax
4,66 °

Then the different regions for the types of reflection can be considered to be at

a 1
<
A 16 sin 8 Specular reflection
o 1
>
A 16 sin 6 ) Mixture of diffuse and specular reflec—
tion
o Z> A Entirely diffuse scattering
(6 = grazing angle)
Examination of the interferometer position location scheme shows that for
E> 20 deg (at the balloon beacon) 6 > 20 deg; hence ﬁﬁ? < 0.0182.

Consider next the cases of 400 MHz ( A = 75 cm} and 1600 MHz ( = 18.75 cm)
for land. Since land will always exhibit roughness, it can be assumed that, for
the area which contributes to the multipath signal (about 20 mi radius), there
will be surface irregularities, so that S max” > A for either 75 cm or 18.75 cm.

Land will therefore always produce diffuse scattering.

Considering the sea for which a wave height exceeding one ft will exist for
98.3 percent of all times, and for which a wave height of more than 3 ft will
exist for more than 60.9 percent of all times, 7 the average wave maximum
can be assumed to be 2 ft most of the time. Therefore o= 0.43 ft is a war-
ranted assumption. Then the criterion for diffuse reflection hecomes

I-3-11



)\ = 75 ¢ém (2.5 ft) A = 18.75 cm (0. 625 ft)
c o

e > 0.171 _ > 0.685
A X :

1 1 .
—_— < .55 _— < 0.55 (8>20)
16 sin B 16 sin@

o 1 (o] 1
— = —_ — -2 ————
by 16 sin6 A 16 sinB

Duncan6 also shows that for values of the grazing angle exceeding 10 deg,

diffuse reflection will exist whenever ——g > 1.0. In Duncan's calculation, the
i . N s 0,1 o 1
—_— — P ———
criterion for diffuse refilection is X Y 165 0

is perhaps a little less conservative. However, it can be seen that for f = 1600

—sing’ o agsumption of
MHz () = 18.75 cm), reflection will be generally diffuse. Because of this, the

multipath behavior for diffuse reflection must be investigated.

The results shown in Figure 11-3-6 assume the idealistic model shown in
Figure I1-3-1, where the earth is a perfect spherical reflector, and the reflected
signal is sinusoidal. Considering the earth as a rough reflector, the reflected
signal will consist of a superimposition of many small contributing signals of
random relative phases, each reflected by a different facet of the constantly
changing reflector surface. This constant change comes about by the relative
motion of the balloon with respect to the surface; furthermore, much of the

reflecting surface consists of ocean surface with its moving waves.

The analysis is carried out by calculating a spectrum of the reflected sig-
nal using the model of reflection from a rough surface, In this case, the ratio
of reflected power to direct power can be written as

P, Dzl R| 2 .2 cot? 8, tan?g
= exp (- —m—m— (11-8-19)

] 2 .
ol a7 ry rz2 cos4ﬁ tanzﬁ

o}
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where

P0 = power in the reflected ray

Py = power in the direct ray

D = spherical divergence factor

R = Fresnel reflection coefficient

r = range, direct ray

ry = range to the area of reflection

r, = range from area of reflection to satellite
- 2g

tan Bo = T

o = surface bump height

T = correlation interval,

The angle B can be related to the angles of incidence and reflection by

sin2 B, + sinze -28in8., sinB, cos®
2 1 2 1 2
tan™ B

(I1-3-20)
(cos @ 1 teos 6 2)2

where 61 is the angle between the ray and the point of reflection and 92 is
the angle of the reflected ray (see Figure I1-3-7).

Formulall-3-19 describes the ratio of the multipath power from one re-
flection element to the power in the direct ray. To obtain the SMR, the contri~
bution of all elements must be superimposed. This can be done by computing
the correlation functiion and the spectrum of the multipath power.

The correlation function, i.e.,
*
C(T) = E[S() S (t+7)] (T-3-21)

is expressed as the expected value of the random scattered ground signal S(t}.
From literature 9, 10

C(t) = j. P exp —jk(ro-l‘n)] az (-3-22)

I-3-13



Reflected
Ray

‘Incoming Ray

Reflecting Surface Element {not in
the xy plane)

xyz is the frame of the “local’” scattering geometry.

—
K4 is the unit vector of the incoming ray; it lies in the x-z plane.

=
Ko is the unit vector of the reflected ray; it lies in a plane forming

the angle ¢ with the x-z plane,

K3 is a vector normal to the reflecting surface element.

- sin 81 sin 32 cos ¢
K‘I = { 1] K2 = {sin 82 sin ¢
cos 81 . cos 62

-
B is the angle between Kq and the z axis.

2 2
tan 26 = Kg™# K3y .

2
K3,
Figure 1-3~7. Scattering Geometry and Explanations
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90-E To Satellite

Figure 11-3-8. Three-Dimensional Geometry of Reflection
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Z{r , kis

the wave number of the signal being reflected and AT is the elements of the

where T, T, is the change in path length in a time internal 7, k=

scattering surface. The integral must be evaluated over the area whevre re-
flection takes place.

The geometry is shown in Figure I1-3-8. The balloon is assumed to be
along the axis through the pole of an earth central coordinate system. The por-
tion of the scattering element dZ is characterized by a polar angle 6 and a
longitudinal angle ®. The balloon height h << Py hence 6 << 1,

At the Beginning of the time interval 7 , the range to the scattering element
is T at the end of the interval, when the balloon has moved v units of length,
the range has become o Also shown are the anjg‘les of incidence and reflection,
i.e., 91 and 62. The angle of the projection of v T on the "equatorial" plane
in Figure II-3-8is § . To a first-order approximation, the change in range will

be roTy which can be approximately expressed by

Tty = yT sin (91 -6)cos (&-) . 11-3-23)

The surface element d 2 is
dT = g sinfdedd . (I1-3-24)

The ratio of the correlation function of the multipath to the power along the

direct ray can then be written as

ciry D Rr|? r*p cot’s_ tan® g _
= 53 ) eXp {§-——g— €XP jkv T sin( 81—6)
Py 47 rir, cos B tan™ 8
cos (- P)(sinBd6D . (1II-3-25)

To evaluate the integral, it is assumed that tan BO is sufficiently small
that the method of steepest descent can be used. This involves finding the sta-~

tionary points tanzﬁ , i.e., simulfaneous solutions of

I1-3-16



3 tan? B

=0
3d
and
Btanzﬁ
——— =0, (II-3-26)
28
Thig leads to
B, = 85 6=2¢,; <<l (O=0). (II-3-27)

At this point, it may be useful to compare figures 1I-3-1, the 2-dimensional
multipath geometry and I1-3-8, the 3-dimensional geometry. What can be de-
duced from Equation II-3-27 is that, for the case of interest, the reflection
takes place in a plane, for which & =0, and the angle 8 from Figure II-3-8 then

becomes the angle £, of Figure II-3-1.

The following approximations are also introduced:

' - r
cos R=1 =1
g
atanzB 1 Btanzﬁ
2,. 1 2 2
tan“ B = |—— || & b f—_— 69-51)
2\ 3% 2 36
6=t 6=2,
&=0 &=0
B "-i_ tan® T' %+ M° (e-cl)z (Ii-3-28)
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with

' = 90-E-¢
.]_ 2
_ 1 H _4h -3-
M = 1+E‘ H—D . (H329)

. e
y B2 ¢ [Hz+(1+H) ci] ;

Also needed for computing the integral is the relationship

o sin® (6,- 6) 8
gin g = =
ri sing H2+(1-H)62

the latter equation, when evaluated at 51’ produces

2 .
. pe' . §1 )
5 sing = 3 . (II-3-30)

2
r H® +(14H) £

Next the value of ry- rnis evaluated. Expanding from Equation I11-3-23

yvields

r-r, * vTsin(8,-6)cos & cos ¥ +v T sin( 61-6) sin @ sin ¥ .

Observing that ®<< 1, sin ® =&, andcos & =1, ro-r becomes

T, = VTsin(Gl—B) cos ¥ +v7 & sin ( Bl-e)sin\lf . (II-3-31)

It is also observed that the first part of roor varies only with 6 , while the
second part varies strongly with & and weakly with 8. When sin( 81— f)is

developed around Cl s

. C]_
sin ( 61- 6)=
"2 + (1+H) Clz
£ sinQ + J(G - cl) (11-3-32)
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Q = 90-E-2 Cl . (II--3-33)

Introducing Equation II-3-32 into Equation II-3-31 yields

r,r, = ¥TsinQcos ¥ +vT J(6 - £ cos ¥ +vT@sinQsin ¥ .

(I1-3-34)

When equations- II-3-28 to- II-3-30 and Equation II-3-34 are introduced into the
integral I1-3<25, one finally obtains
2 ) 2
C(r) D ‘Rlz cot? B, &1 1 tan“T
= exp (jkvT sinQ sin W) f exp { ~— &
P 4 B2 H(1+H) 2 tan® B

2

ad
o

+ jkvT &@sin Q sin ¥ } d &

M” (6 - &) , .
.fexp - — + jkv T J(G—Cl) cos ¥ d(G‘—C]_)-
tanzﬁo

(II-3-35)

The valuve of the integrals is approximated by taking the integrals from +wto - .
This is permissible, since the integrands are functions that have narrow Gaus-

sian bell curves as envelopes. Then

. 2 2

C(T) ] D“| R| \ \ﬁ 2tan B \(Ftanﬁo £
= T cot Bo 2 9
. Pd 44 tan T M H™ + (1+H) Cl

k2v27'2sin29 tmri‘?'ﬁosin2 A3 ,kz 21'2J2tan B cos \If
exp (- -

ta.nz r 4M2
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+ikvT8in cos\l’}

which is simplified to

. : . 2
G(T) 2 sin”
=D R| %q exp {-k*v%r” tan® 8, 5 sin® U+
P tan” T°
(1+H tan® Q) cos \?
cog W
| +HtanZ Q+ %1
sin2 9]
+ jkv 1 sin  cos ¥ . (II-3-36)
One further step of simplificai;ion leads to
(T) 9
=D"| r| 2Q exp [-7 %2 +iT (I1~3-37)
P
d
where
£ I
qQ = (II-3-38a)
H24(14H) £ 2MtanT
2 . 2 2 2
7 = k2V2 4qa sin” § Sin2 v+ (1+H tan” ) cos COSz\I’
Co7? 2 o 4t
tan“T" 1-H tan” Q+
sin2 Q) )
(II-3-38b)
g = kvsinQcosV¥ . . . (II-3-38¢)

The power spectrum of the multipath signal can now be obtained by taking

the Fourier transformation
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+ e

& (w)
= D2 %—f [-722+j(p~w)1'] dt
5 T
d bl
@( w) 2
2 5121 T -
= D°| R| “q Foexp H-®) (I-3-39
P4 Zm Vi 47 )

This spectrum which is shown in Figure I1-3-9, is a Gaussian bell curve,
shifted by p from the frequency corresponding-to the wave number k and having
a "1 g bandwidth" of 2 ¢/ 2Z. Thus it is recognized that y is the Doppler shift *

owing to the balloon velocity and 3/ 2Z is a measure of the bandspread.

Next consider the bandspread as defined by 2@ Figure 11-3-10 shows
the bandspread in Hz for v =30 km/h, ¥ = 0, and the two frequencies f= 400
MHz and 1.6 GHz .‘ The bandspread v.':_:.r'ies very little with altitude, The curves
for h= 9 and h = 27 are indistinguishable on'the scale shown. Similarly, the

variation with ¥ is almost imperceptible.

There will be a differential Doppler shift between the signal in the direct
path and the multipath ray. Consider first the change of the direct path r (see
Figure 11-3-7). From the geometry

_ - '
r = ‘/(pe+h) + ps - 2{( pe+h) pS cos [

pg 8in § = 1 sin (E+90) =r cos E (II-3-40)
Then

dr ) ag (pe+h) Ps sin ¢

dt dt r

and further

dr ag .
= (p +h) cos E. {I1-3-41)
dt dt
*This is well in agreement with another study of the multipath spectrum, Reference 11.
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Figure 11-3-9. Spectrum-of Multipath Signal
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rcosE

p:q = h:(h+rsinE)
p+qg =rcosE

_ _rhcosE
2h + rsinE
P_
pe sin §1
Figure 11-3-11. Geometry for Approximate Determi- ¢in ¢y = rhecosE _ _ hcosE

nation of C] . - Py {2h + rsinE}) dpe sink
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Assuming that the balloon moves in the plane of reflection, the angle ¥ = 0

and the angular velocity _::il'fc; is expressed as

A T ) (I1-3-42)
dt pe-i-h

Hence,
dr
—— = veos E {I1-3-43)
dt

and
“a = w—‘é_ cos E, (Ii-3-44)

When the differential Doppler is calculated, the difference between equations
II 3-44 and II-3-38¢ is formed as follows: )

_ v . _
Fa\ Wy = W ist cosE{

Inserting from Equation 1I-3-33 one obtains, for the difference in Doppler shift
A Wy

Chwy = w% {cos (E-2Cl)—cosE$

v . .
A ZT Sm(E-—El) sin §1 . (II-3-45)

>
€
1

An approximation for sin gl can he obtained by considering that gl is a
small angle., Using the geometry shown in Figure II-3-11, one finally obtains,
for the differential Doppler shift,

Dw, = 2w%—h— cos E. (11-3-46)
'Oe
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This approximation holds only for angles E >> gl where h << r sin E,

The magnitude of this effect is shown in Table II-3-1 for v = 30 km h™;
the radian frequency (has been replaced by £, the frequency of operation, The
values in the table show that the differential Doppler effect is too small to be

useful to discriminate against the multipath,

Tahle II-3-1
DIFFERENTIAL DOPPLER SHIFT Af (Hz)
E 20° 30° 50° 70° 90°
f= 400 MHz 0.031 0.027 0.020 0.011 0
f = 1600 MHz 0.125 0.108 0.082 0.044

I-3.4 EFFECTS OF FILTERING

The bandspread produced by motion allows discrimination against the mulfi-
path by filtering. The MSR for filtering with a narrowband rectangular filter
centered on the multipath spectrum can be computed by integrating the spectrum
over the filter bandwidth. Then

7B TB
M 2112 M 2
d LBy 24/2%Z /B
and
. ] B
MSR =D2|R|2Q erf M), (I1-3-47)
oo ) N2
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The MSR can finally be expressed as

P ,
MSR = GL [P_o] [filtering factor] . (11-3-48)
~dm d '

In the above expression, G dm is the front-to-back ratio of the balloon antenna

P
and 59- the ratio of reflected power to direct power. By comparison it is seen
d .

that

24

o . DZIRIZ Q (TI-3-49a)

Pa

s ‘B \

[Eiltering — _ ("M ). * (1I-3-49h)

factor] 2z
For numerical evaluation, it is observed that D = 1, The reflection coefficient
varies, depending on whether the signal is horizontally or vertically polarized
and whether the reflection is from land or sea, For horizortal polarization

cos § - nzmsinza

By = S 5 (T-3-50a)
cos 8+ Vn - sin” @

while for vertical polarization

nzcose— n —sinze

R = — (TI-3-50D),

v ]
nz cos 9+ \/n2 - sinz 2]

In the above expression, the refractive index of the reflecting medium is

2 .
k™ = €] 60 Og (1I-3-51)
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€. = relative dielectric constant
o, = electric conductivity

A = wavelength

® = angle of incidence
For land ¢, = 15 o, = 1078 o 1m™!
For sea- Er = 81 O'e = 4.64}{10_3 ﬂqlm_l

When equation (II-3-47) is evaluated, the plot shown in Figure II-3-12 results, It
can be seen that an SMR in excess of 30 dB can be obtained by filtering.

If the SMR is introduced into Equation (II-3-16) and the resulting maximum
electrical error angle is converted into a position location error using Equation
(II-3~18), the graph shown in Figure II-3-13 is obtained. This graph shows the
multipath performance, including filtering for different kinds of polarization
and different reflecting surfaces., The dotted line at E = 20 deg shows the perform-

ance at the lower limiting evaluation angle of the system.

It is of interest to consider the performance for circular polarization since
CP is recommended to further reduce the multipath and to eliminate polarization
losses. The curves for horizontal and vertical polarization shown in Figure
II-3-13 can be considered the upper and lower bounds for performance if CP is
used, A CP wave will be reflected as a linearly polarized signal at the Brewster
angle; above the Brewster angle, the reflected wave will be elliptically polarized
and have an inverse sense of polarization, For evaluation angles E > 20 -deg, the
reflection will be above the Brewster angle; hence the sense of polarization will he
reversed in the multipath ray. This can be used to discriminate against multi-
path even more than shown so far, and a multipath performance better than in-

dicated on the curves shown in figure II-3-13 can be achieved,
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Section I1-4
REFRACTION

The rays from the calibration ground stations or the balloons transverse the
troposphere and ionosphere in cuived paths. Figure II-4-1 is an exaggerated
portrayal of this curve, In the troposphere (up to 30 km), the ray is bent towards
Earth. Then it transverses an electrically neutral region until, at about 80 km
altitude, it reaches the ionosphere. For the region of increasing electron con-
centration, the ray is bent towards Earth; in the region of decreasing electron
concentration, the ray is bent away from Earth. From about a 2000-km altitude
on, the ray is in virtually empty space and follows a straight line. The actual

ray will have an elevation angle E, at the source, while the straight line con-

1
necting source and the satellite has an elevation argle E a At the satellite, the
angle of arrival (with respect to Earth normal) is ﬁs, while ‘Bd is the angle
between Earth normal and the straight line connecting the source and the satellite.

The error angle €. with respect to the model used for angle calculation is then
cr =By - By - , (LE-4~1)

To calculate the error angle, a ray tracing program; as shown in Figure
11-4-2, is required. The atmosphere is considered as consisting of concentric
shells of constant refractive index. The ray is assumed fo propagate along a
straight line in each shell, Then '

cos B = il cos E. ;5 p, = (I-4-2)
i .0, 13 P17 Pe l
1P1 ™
Bi = aresin 7 ©os El . (1I~4-3)
Pivr M4 ,
and )
&; =

9-E _, -8 ; - ' “(T1-4-4)
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Actual, Piecewise Curved Path

Figure 11-4-2, Ray Tracing
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Equations (II-4-2) to (1I-4-4) are applicable to-any of the triangles formed by the
center of BEarth and the straight path within one shell. By tracing the ray, the
angles ¢ ; can be calculated and accumulated. Then

g = Z . ' (11-4-5)

The angle 8 g ¢an then be calculated from

B3 = arctan|_ ST (TT-4-6)
- cos
1

The index of refraction for the atmosphere is given by

n & 1-Nx107° (T-4-7)
and for the ionosphere it is given by

N
n = ‘/1-8. 06x10"—=— (II-4-8)
f

where Ne is the electron concentration, f is the frequency, and N is a number
related to the refractive index. The electron density I\T\¢3 and N can ke taken

irom curves 3; for the tracing program, the Chapman distribution is used.

The following method for ray tracing was used:

a. A valué of E, was selected

b. The atmosphere up to 33 km was divided into shells 1-km thick

c¢. The layer between 33 km and 80 km was treated as one shell

d. The ionosphere from 80 to 390 km was divided into 10-km shells

e. The ionosphere from 390 to 1990 km was divided into 100-km shells

f. Straight line propagation {one shell) from 1990 km to 35600-km altitude
was used

g. The angles ¢ i for all shells were calculated and summed
h., The angle Bi'at the satellite was calculated according to Equation (I-4-3)

Tie
.

The angle ﬁd wag calculated according to Egquation (I1-4-6)
j. The error €, was calculated according to Equation (II-4-1).

Figure II-4-3 shows the I_'esult for an atmosphere of 100 percent humidity
(which is the worst case), the ionosphere having a Chapman disfribution to the
maximum eleciron concentration, and an exponential decline to 103 electons/ m°

at 2000 km plotted versus the elevation angle (Ed) .
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The parameter is the operating frequency. The curves peak at about a 25 to
30 deg inclination angle and go to zero at an elevation angle of 90 deg. It is
interesting to note that, for a frequency of 400 MHz, the maximum angle error
is about 3.5}{10-4 deg. An error of this magnitude would produce a position
error of as much as 1 km. (See Figure II-1-3). For higher frequencies (1600
MHz), the refraction error for elevation angles above 20 deg appears to be
negligible; the maximum position error would be between 10 and 100 m. Although
it is theoretically possible to correct for refraction errors, the position error

at 1600 MHz is so small that correction is not necessary.

A

4x 1075

3x 1074
Atmosphere: 100% humidity
. lonosphere: Chapman distribut‘iqn
2x 1074
f=400 MH
10—4..-

_ /\ f = 1000 MHz
0 / e §= 1600 MHz

-107 4 4 + } : : } } ———r
10 20 30 40 &0 60 70 80 90

Elevation Angle, deg

Figure 11-4-3, Refraction Error
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Section H-5
POLARIZATION MISMATCH ERROR

The choic.e of the polarization of the interferometer antenna elements, the
polarization of the calibration station antennas, and the polarization of the
balloon beacon antennas will influence the accuracy of the interferometer system.
This section analyzes the ex:rors resulting from antenna and signal polarization

mismatch and chooses a preferred polarization.

The polarization geometry is shown in Figure II-5-1. The interferometer
antennas are separated by the baseline of length L. The baseline is in the X-y
plane of a coordinate system, which has its z-axis in the direction of boregight.
The x-axis of the coordinate system is aligned with the major axis of the polari-
zation ellipse of the incoming wave., The direction of propagation of the incoming
wave is defined by two angles,n and{ ; nis in the x-z plane, counted from z,
while £is the declination from the x-z plane.

Also shown in this figure are the orientations of three polarization ellipses—
two for the interferometer antennas, which lie in the x~-y plane, and1 a third
ellipse for the incoming wave which is in a plane normal to the direction of
propagation. The interferometer antennas are inclined by the angles B1 and B2
with respect to the x~axig, and the ellipses have axial ratios of R1 and Rz. The
polarization ellipse of the incoming wave has the axial ratio RT'

Consider an elliptically polarized plane wave traveling in the z' direction of
an x'y'z! system12 (see Figure I-5-2). Assume that the major and minor axes
coincide with the x' and y' axes, respectively. Then the field of this wave can be

written as

- e d
E = (ax‘Ex' + j ay, Ey,) exp j.(wt - kz). (I1I-5-1)
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Antenna 2
Antenna 2 Yy’
nse of Rotation
L 31
xr.r
Sense of Rotation
Incoming Signai
Interferometer antennas are in x-y plane 2 .

BB, tilt angles of polarization ellipses at antennas 1 and 2
R. R, axial ratios at antennas 1 and 2
RT axial ratio of incoming signal

¢, 1 orientation of incoming signal

Figure 11-5-1. Geometrical Relationship of Polarization Ellipses

[

——{Cpordinate Frame
Ry

r

s}

Incident Plane Wavefront

Polarization Ellipse

Sense of Rotatic‘)n
Figure ll-5-2, Elliptically ‘Polarized Piane Wave
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Furthermore assume that the power carried by this wave is constant, hence

g + B =1, (1-5-2)
Let the axial ratio R be defined as
E Vi - Ef{,

R =3 = . , (1I-5-3)

1 R

E, = == E,= —— ' ' (I-5-4)
* \1+R2 Y V1+R2 " '

and 'the field vector can be written as

]'E"’ —

— 1 a_,

E ={ % = N o (TI-5-5)
E . V1 + R2 a’y,jR

The rotational sense of the polarization ellipse is indicated in figures 11-5-1 and
II-5-2. This field is being received by antennas defined in the x y z coordinate
system (see Figure I1-5-1). The component vectors of ?are therefore resolved
in the x v z system as follows:

- —3
EX = (E,, cosn.—Ey1 sinnsing)a, - (O~-5-6a)
and
—_ -
E =(E ,cos£)a . II-5-6b
y ( y1 Y ) y ( )
Consider this arriving field now as the transmitted field ET.' Then

X ax(QOSn—jRTsiilnSing)

—
En = = (I1-5-7)
T Vi + RT2 - .
ay )i RT cos £
Let one of the receiviﬁg antennas, say antenna 1, be placed at the origin of the
x-y-Z gystem (X =y = Z = 0) with boresight coinciding with the z-~axis, but with

the major axis of its polarization ellipse inclined at an angle ZB1 to the x-axis
(compare Figure II-5-1). The coordinate system of this ellipse is x"y",
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From Equation II-5-5 it can be seen that the electric field of the receiving

antenna in the x"y" frame is

—p —
— E 1 a .
1 X"
Ep =1 = —_— - (II-5-8)

=

R -—
Ry"  Vi+m” [Py
Observe that the y'' component is negative to account for the rotational sense.

This ellipse is rotated by the angle Blinto the x-y coordinate and is then
described by the following equations:

E, 5 R, sin B
= Rx ~ 1 a, {cos Bl-j 1 Sin 1)
ER — _,,+ -— ——————————— *
E a2
Ry 1+Ry -Zy (sin B, + R, cos B))
(I1-5-9)

“With the rotational senses of both ellipses matched, the voltage UR induced by

the receiving antenna by the inclined plane wavefront is 12

9 — — ' : i
Up [r = Bp) - Bp) = EqBp, + Eg Epo (I-5-10)

The phase of the received voltage is

Im {ETXERX + ETyERy}

fg = arctan Re{E E._ FE_.E } .

(0-5-11)
Tx Rx Ty Ry

From equations (II-5-7) and (II-5-9)
m JE E $ _ -R1 sin IEI»1 cos n- RT sin nsin ¢ cos Bl

Tx Bx _
\11+R§ \]1+R§, ,

=R, cos £ sin B
- 3ETyERyE Ry cos ¢ 1

\1 + R V1 +RA
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cosn cos B, - R.R. sinnsin £ sin B
Re {ETXERX} 1~ BBy 1 By
2 : [ 2
1+ R1 i+ RT
+RTR1 cos ¢ cos B1

\/1 +R§ \]1 +R§.

Re {ETyERy} =

(I-5-12)
Introducing the expression II-5-12 into II-5-11, the following phase angle of the
voltage in receiving antenna number 1 is obtained:;
6 ! - arotan Rl sin B, cosn+ RT (fos £ .sin ]3‘1 +Rp sinnsin§ cos B
Riantenna 1 —cos fjcos B, +R,I,R1 sinnsin£sin B, ~Rr R, cos g cos B,
(I-5-13)

For receiving antenna number 2, the following is obtained:

R2 si:n'B2 cos 'r]-i-RT cos £ sin B, +RTsm nsin £ cos B

- 2
] = arctan - :
R|antenna 2 -cosncos B, +RTR2 sinnsin B, - RR, cos £.cos B,
TL . .
S (I1-5-14)

The last term is the desired aﬁgle 2 ; L sin ¢ . The angular error § pol result-

ing from polarization mismatch is then

_ 27L
5p01 - QB‘ antenna 1 8 Rlantenna 2 ¥ X Sine -
(11-5-15)
R. sinB, cosn+R,. cos £sin B, +R,.sinnsin £ cos B
8,0 = arctan 1 1 T 1By 1

-COS 7 COS B1 +BTR1 sin 77sin £ sin Bl - RTRl cos £ cos B1

R, sin B, cosn+Ry cos £ sin B, + R, singsing cos B,

- arctan ~c0s7 cos B, +'RTR2 sinnsin £ sin Bz - R’I‘RZ cos.g cos B

2

(11-5-16a)
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To simplify the expression for the phase error it is recognized that £ and n will
always be less than 10 deg, hence
£, m<<1; sing = E;sinn=7; cosg =1ljcosn= 1.

Then Equation IT-5-15 becomes
- wrctan (R1 +RT) sin B1 +RT g 1 cos By .
pol -(1 + R, R) cos By + R, By £Ensin B,

8

- srotan @®,, +Ry) sin B, + Ry 7 cos By _
= (T + R, B cos B, + RyR £ 7 sin By

(T-5-16b)

From Equation II-5-16b, the four possible cases of polarization will be’
explored.

a. Case 1—Linear polarization at receiver and transmitter—Here

Rp =Ry = Ry =0, andd, =0.

b. Case 2—The satellite receiver is linearly polarized and the ground

- transmitter signals are circularly (elliptically) polarized. Here Ry =
Rg = 0; expressions with (£ n)2 are neglected; By - By = AB << 1; and,
since the argument is small, the arctangent is replaced by its argument.
Then, from Equation I-5-16b,

sin B, cos B, +£7cos B, cos B, -sin B, cos B, -cosB, cos B,
8o oo ~ Aretan Ro—= B +R2 8 12 5 L L
2 po cos B, cos B, +R4, smBlsmB2+gncos 1ss1n]-2'>2+gnsmBlcosB2
RpAB
1

3 2 : ;
L (@4R3)+ 3 (1-R7)cos (2B,+AB) + RZ £ 7 sin (2B, +AB)

*

2
(HI-5-18)
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. AB
-1 By¥5

= 45°. However, because the term with 'Bl in the denominator is muitiplied

The worst case of this polarization error will occur for R

with £7, the variation with B
Then

1 is very weak; hence the term is neglected.

ZRT

1+R
c. Case 3~The signal transmitted from the ground is linearly polarized,

while the satellite antennas are circularly (elliptically) polarized.
Then RT =0,ZB2 - Bl =AB<<1, and R2 —Rl =AR<< 1. Then, from

Equation II-5-16b

62 pol maxé AB.

-R. sin B, cos B2 + Rz cos Bl sin ]32

. 1 1
= arctan - - .
3 pol cos Bl' CoS 52 + R1 R2 sin B1 sin B2

i R sin (2}31 +AB) + (Rl + Rz) AB
h (1+Rle) + (1—Rle) cos (ZB1 + A B)

]

(II-5-19)

An estimate of a worst-case error may be obtained by letting Rl = Rz =1

for circular polarization. Then the maximal error will occur at
AB
B+ =

1t 45°, and the worst-case (maximal) error will be

_ AR
by pol max~ 2 AB.

d. Case 4—The transmitted signal and the receiving antennas are
circularly (elliptically) polarized. Then use is made of the fact that
) Rl and R2 are almost 1. Hence, where appropriate,

R, +R. = R, +R; =1

1+R1RT =1 +R2RT = 1+RT .

Again, R:Z---R1 = AR and BZ—B1 = AB. HencesinAB= AB, cosAB=1,

and expressions with (¢ 7 )2 are neglected. Then
(1 +R)7 /_\B+gnR,2rAR
(1+R 1) + £ N R (1-R, R,) sin (2B, +AB)

64 pol -
(I1-5-20)
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The worst case is again occurring at B1 +%§ = 45 . Furthermore, since .

the term varying with ]‘-31 is multipled by £ 1 and both are small, the term
{(in the denominator) may be neglected. Then

2

R

*AB+Etn——— AR . (11-5-21)

(14R )

The different cases of polarization errors are suminarized in Table II-5-1.

6 4 pol max

- Table I-5-1
POLARIZATION ERRORS

Polarization \ s .
Signal Transmitted Satellite AT s o o o Fstimate
from Ground - Antepna
LP LP 0
_ R ‘
= op LP Pr A
: (1+R)2
LP .| =cP AZR + AB
_ R
x CP = CP - AB + AR
' (1+R 2

ferometer is illuminated from a CT, this will result in a phase error §

. The ‘same or a very similar error §

The polarization errors can be calibrated out to a large degree. If the inter-

pol CT"

pol B will be made when the mterfe'r'ometer

is illuminated from a beacon. It is the difference which will not be calibrated

out. This difference, called the residual phase error, is shown in Table II-5-2

. for worst cases. Different cases of polarization calibration signals and beacon

signals are considered.
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Table II-5-2

RESIDUAL POLARIZATION PHASE ERROR (WORST CASES)

Polarization Approximate Expression Numerical
Calibratiog for the ' Eusmtimate Case
Satellite | Station Beacon| Residual Phase Error
LP LP 0 0 1
LP Lp | cp AR 4aB 5° )
CP CP 0 0 3
LP LP 0 0 4
1-Ry RZ o
B 0.9 5
LP cp AB+£D T 5 AR
14 (14+R,.)
op Ry T
Ry
CP CP 0 AR{gene - 53773} 0.1 6
(1-Rp)

To obtain the numerical estimate of the error shown in the table, certain
assumptions about the angle difference A B, the axial ratios, and the angles £
and 1) were made. It was previously assumed that £ and 7 are, at most,10 deg.
Consequently, when the difference between a calibration fransmitter and a beacon
occur, i.e., the expression (§ ¢ Ne - £ BnB)’ the maximum difference will be
taken. For RT values were assumed which yielded the worst estimate; this is
BT = 0.5, case 5, and RT =1, case 6,

It is further assumed that the satellite antennas are turnstiles of the short
backfire antenna fed by phasé shifters. The phase shifter stability is + 1.5 deg
electrical phase and a maximum of 0.5 dB amplitude difference. With these
assumptions, AB =2° and AR = 0.1 are reasonable values, and the numerical
values shown in Table I-5-2 are obtained,

In choosing polarization for the antennas in the system, it must be observed
that at least at one end of the link, the antennas must be circularly polarized.

With this consideration, only cases 3, 4, and 6 of Table 11-5-2 are practical
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choices. Caseé 3 and 4 show no error, but an undesirable 3-dB polarization
loss (LP to CP) will occur. It can be seen from subsection II-1.5 that a 3-.dB

loss in the link would increase the rms random noise error by 0.2 deg.

Hence, .case 6 fo'r which the satellite, the ground CT, and the beacons are
circularly polarized, is recommended. Total errors in the system are
minimized by this choice. Furthermore, this choice may further reduce the
multipath error, since the repeated multipath signals have a sense of rotation
which is opposite to the direct signal. This provides additional discrimination
against multipath.

1I-5-10



Section 1I-6

ANTENNA ELEMENT SELECTION

An important part of the interferometer is the antenna element. This element
must have suitable coverage and phase center characteristics sufficiently inde-
pendent of orientation to minimize errors. Many candidate antennas were con-
sidered. This section discusses each and gives the rationale for the optimum

antenna element choice.

iI-6.1 ANTENNA ELEMENT REQUIREMENTS

Table 1I-6-1 lists requirements for the interferometer elements. Circular
polarization was chosen to match reception from a variety of ground emitters
and to provide for multipath suppression. How -well the elements approach the
ideal of exactly circular polarization is characterized by the ratio of the minor
to major axis of the polarization ellipse, by the axial ratio, and by the tilt angle
of the major axis of the polarization ellipse. Since the interferometer measures
phase angle differences, the requirements have been placed on the tracking of the
axial ratios and tilt angles of any pair of antennas over the field~of-view and
frequency band. Differences in polarization which do not vary over the field-of-
view can be calibrated out. The polarization tracking requirements given will
limit the phase error due to polarization mismatch effects to less than 0.1 deg for
the preferred approach.

The phase center of a transmitting antenna is defined as the point fromi which
the far field spherical wavefronts appear to emanate. By reciprocity, when the
antenna is used as a receiving element in a 2-element interferometer, the phase
. difference is measured between the two phase centers. The phase center posi-

tion is a function of the antenna angle of illumination. Only in the main beam
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Table II-6~1

INTERFEROMETER ANTENNA ELEMENT REQUIREMENTS

Polarization

Type: Circular
Axial Ratio Tracking: Within +0.25 dB over 22° Field-of-view (FOV) and
Over the 0.001% Frequency Band

Polarization Ellipse Tilt Angle Tracking: Within +2° over FOV and over the
0.001% Frequency Band

Phase Center

Tracking of Phase Centers Over FOV: Within 0.2°

Gain and Beamwidth

Beamwidth (3dB) = 22° minimum

Gain (with Respect to a Circularly Polarized Isotrope) = 17.5dB minimum

Mutual Coupling at 3) Spacing: -50 dB minimuin

VSWR Less than 1.2:1

Configuration

Readily Integrated into System and Requiring Minimum Unfurling

Size and Weight

‘Size: Minimum

Weight: 2 lbs maximum
Materials

Space qualified
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of the antenna is its position reasonably stationary. For the interferometer, the
important requirement is that the phase centers of any pair of antenna elements
track over the field~of-view and over the 0.001 percent frequency band. This
tracking is facilitated if the phase center location is relatively constant over the

field-of-view.

The 3-dB beamwidth of the antenna must be wide enough to give full Earth
coverage from synchronous altitude (17.5 deg) plus an allowance for the motion
of the boom tips., From Section I-7, the maximum tip motion is +1 deg. Using
a margin of +1.25 deg, the 3-dB beamwidth was chosen as 22 deg, The optimum
beamwidth is a compromise between a wide beam (low gain), which gives wide
field-of-view and good phase center and polarization tracking, and a narrow beam
(high gain), which gives higher received signal. In lieu of such a detailed tradeofi,
the simple field~of-view method was used. Assuming an 60 percent antenna
efficiency, the antenna gain requirement is

qo 42,255 (0.6) = 17.5dB (II-6-1)

2
0 sas

with respect to a circularly polarized isotrope (8 is the 3dB antenna beam-

width).

3dB

Mutual coupling between antenna elements can cause a phase error that

varies over the field-of-view, The maximum phase error is A Y = 2 /C rad,

where C is the mutual coupling factor between the antennas. To reduce the phase
error due to mutual coupling to less than 0.1 deg, C s -55 dB.

The voltage standing wave ratio (VSWR) requirement guarantees that small
changes in the impedance match of the antenna will not produce large phase
errors, Since the mismatch will not vary over the field-of-view, mismatch phase

errors can be calibrated out. 'The VSWR requirement is therefore not stringent.

The requirements on configuration, size and weight, and materials are

determined by the general requirements of the spacecraft and its environment.

1I-6-3



[I-6.2. CANDIDATE ANTENNA ELEMENTS AND THEIR CHARACTERISTICS

A number of different antenna types were identified that conceivably could
satisfy the aforementioned requirements for the interferometer antenna elements,
These candidate antennas fall into two general classes: aperature antennas and

end fire antenmas. The following subsections analyze each candidate.

Ii-6.2,1 Backfire Anienna
13

]

The backfire antenna as shown in Figure I-6-1, is a leaky cavity reso-

nator formed by two circular planar reflectors of unequal diameter which are
A

spaced n 5 apart. Energy is injected into the cavity by a dipole feed and is

confined to the cavity axis by a Yagi-type surface wave structure.

The gain of this antenna is proportional to the length of the surface wave
structure and, up to a limit, to the diameter of the large reflector. The gain
can be increased beyond the maximum obtainable with a flat reﬂet'ztor by using
a stepped reflector as shown in Figure II-6-2. Zucker 14 shows that the gain

of the backfire antenna with the stepped reflector is

G = 60 2 | © (II-6-2)
hN

For a backfire antenna with a flat reflector, the gain is about 2 .5 dB lower, or

L
G = 33.7T— .
A

Using a 60 percent aperature efficiency, the 3-dB beamwidth is

P _ 159
3dB “‘““"T '
Table I1-6-2 lists the gains and beamwidths for the flat and stepped reflectors.

It can be seen that the 1.5\ long flat reflector antenna comes closest to the
desired 22 deg beamwidth. It has a gain of 17.1 dB.
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Figure H1-6-1. Backfire Antenna with Flat Reflector .
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Figure l1-6-2, Backfire Anfenna with Siepped Reflector
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Table II-6-2
GAIN OF BACKFIRE ANTENNAS

Length Backfire with Backfire with
(wavelengths) Flat Reflector Stepped Reflector
Gain Beamwidth Gain Beamwidth
(dB) (deg) (dB) (deg)
0.5 12.3 38.8 14.9 29,1
1.0 15.3 27.5 17.8 20.6
1.5 17.1 22.4 19.6 16.8

The short backfire antenna can be circularly polarized by using a crossed
dipole (turnstile) feed antenna. Since the cavity is circularly symmetrical, an

excellent axial ratio is achievable,

Measurements were made on a.simple model of the backfire antenna to
determine its phase center and mutual coupling characteristics, This model was
0.5) long and had a 2) diam, with a linearly polarized dipole feed. Figure
1I-6-3 shows the measured E- and H-plane radiation patterns and‘phase patterns.
It was found that the phase center is constant over the 3dB beamwidth and is in
the same location in both the E- and H-planes. The measured mutual coupling

between two antennas about 3), separated on centers was -60 dB.

1I-6.2.2 Corner Reflecior

By tilting the dipole feed in a corner reflector, a circularly polarized beam

15,16 The gain obtained from such an antenna is limited to

can be generated.
about 8 dB above a CP isotrope. Therefore this anienna was not considered

further,
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1-6.2.3 Turnstile Array

The turnstile array consists of a square array of turnstile (crossed dipole)
elements mounted on a ground plane. The individual elements are fed in phase

by a corporate feed network,

Table 11-6-3 shows the number of elements necessary to achieve a 22 deg x 22
deg beam. By using a 4 x 4 element array and making the spacing between the
elements somewhat larger than 0.5) , the desired beamwidth can be obtained.
Using a 4 x 4 array also has the advantage of a fairly simple corporate feed,
since it can then be implemented with hybrid-type power dividers.

) Table II-6-3 !
THREE-dB BEAMWIDTH OF BROADSIDE HALF-WAVE
DIPOLE ARRAY WITH HALF-WAVE SPACING BETWEEN DIPOLES

(Ref. 17, p. 622) -

No, of Beamwidth (3 ‘dB)
Elements (deg)

52.5
34.3
25.6 ]
20.4

DT o W

An exact calculation of the array gain is difficult since the mutual impedances
among all the elements must be taken into account. An estimate of the array gain
can be made by using the available results for the gain of square arrays and the

gain of each element as follows:

G = G, Ga

G = gain of turnstile array

Ge = gajin of individual turnstile

G a = gain of array of isotropic elemerits. (I-6-3)
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The gain of a half-wave dipole spaced a quarter wave above a ground plane igl8

Ge = 7.2,

The gain of a broadside square array of 16 half-wave dipoles with half-wave
interelement spacing is 14 as.1° Subtracting the dipole gain of 2.1 dB,
G, = 11.9 dB. Therefore,

G =119 + 7.2 = 18.7 dB.

This result is probably too high, since some of the impedance interaction between
the elements has been neglected. For example, Diamond 20 shows that the gain
of the center turnstile of a 7-element linear array is only 3 dB. There is also a

change in the axial ratio of the turnstile element when it is arrayed. 20

11-6.2.4 Spiral and Conical Helix

The spiral antenna consists of a pair of conductors each of which is shaped
in a plane equiangular spiral. A travelling wave is excited on each conductor
by the balanced feed, and radiation occurs from the conductors in the region
where the circumference of each conductor is alsout 1 wavelength. The spiral is

A

mounted on a vy deep cavity to produce unidirectional radiation. The gain of

the spiral is only about 5 dB, and the 3-dB beamwidth is about 60 deg. The
spirals would have to be used in an array to achieve the desired gain and beam-
width. The on-axis axial ratio of the spiral remains less than 1.7 dB for angles
from boresight to 70 deg-~off boresight.21 The phase center is approximately

a rad behind the plane of the spiral, where a is the growth rate of the spiral.

The phase center versus angle characteristic is fairly ﬂa.i:.22

The conical spiral consists of spiral conductors on the surface of a truncated
cone. The gain is about 5 dB (with respect to a CP isotrope). 23 The axial
ratio is less than 0.5 dB on axis, and less than 1.4 dB up to 50 deg off axis .24
The phase center versus angle characteristic is fairly ﬂat.25 It has been found,
however, that the phase center position is somewhat sensitive to the axial ratio

of the illuminating wave.25
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II-6,2.5 Helical Antenna

The helical antenna consists of an 1 turn helical conductor in front of a
ground plane. If the circumference of the helix is about 1 ), the antenna will
radiate a circularly polarized beam in the direction of the axis of the helix.

The 3-dB beamwidth of the helical antenna is 26

_ b2
83gB = ©C. oo
Ya"J“i"

Ca
T = circumference of each turn in wavelengths
%— =  pitch of each turn in wavelengths
n = nmumber of turns,
Assuming a 1) circumference and a 22 deg beamwidth, %S = 5.56. Using
a pitch angle of 12 .5 deg, % = 0.222 and n = 25. The gain of the helical antenna
is c \2 :
S
G =152 n~ = 83.4 = 19.2dB.
A A

The length of this helix for operation at 1.6 GHz is 41 in. This length would
be rather difficult to support rigidly, so a 4-helix array would be preferable, -

The directivity of a 4~element array of isotropes with half-wave spacing
between the elements is 6 dB. Therefore the helix gain need only be 13 dB.
The length of the helix element nd need only be 1.33 )\ or 9.8 in., and.the

A
helix would have six turns.

The polarization axial ratio R of a helical antenna element is approximately

2n+1

R = 2n

(IT-6-5)
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Tor a 6-turn helix
R = 1.08 = 0.44dB,.

An axial ratio this low is seldom realized in an actual helical antenna due to
undesirable mode currents propagating on the hehx However the axial ratio can
be considerably improved by using a conical helix shape at the 1nput and output
end of the helix .27 )

The axial ratio of the helix depends critically on the circularity of each turn
of the helix. By making the turns slightly elliptical, the axial ratio can be
improved. : '

The most serious deficiency of the helical antenna is the facé that its polariza~
tion axial ratio is a function of the angle off axis. 'The helix axial direction is
not a direction of palarization stationarity (Ref. 28, pp. 188-192).. Figure
I1-6-4 depicts this angular dependence- '

20 1 n=2 | ’
‘ = =10
1
1.8 L Ca= 1.00
=12°
216
[1+]
m.
;EB 1.4 n=10
n=20
1.2
1.0 i ! } -

0 10° 20° 30" 40°
Angle From Helix Axis

Figure 11-6-4., Angular Dependence of Helix Antenna Axial Ratio
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Polarjzation tracking betweenantennas will be more difficult with a helix
antenna than with an antenna which has a stationary polarization versus angle,

such as a spiral or turnstile antenna.

Measurements have been made on the phase center location of the helix as
a function of the helix parameters, 29 put no data is available on the measured
phase center as a function of angle of illumination off axis. Calculations have
been made 30 which show that the phase center moves axially towards the

reflector as the illumination angle inereases off boresight.-

n-6.2.6 Yagi-Uda Antenna

The Yagi antenna consists of a linear end fire array of dipole elements. One
dipole is the driver, and the director elements are excited by the surface wave
that travels along the array. A reflector element is placed about 0.25) behind
the driver half-wave dipole, so that the surface wave propagates in the end-fire”
direction along the director elements. The director elements are about 0 A3
long and are spaced about 0.39) apart. To obtain circular polarization, crossed

dipole elements can be used,

The gain of the Yagi is proportional to the length of the array or the number
of director elements. An analysis of Wolf's directivity curve3l shows that the
gain is '

G (dB) = 10.2 + 4.7 log ’ii : (I1-6-6)

For 17 dB gain, -—%— = 28.2, At1l.6 GHz, the length is 209 in., which is pro-

hibitively long. By using a square array of four Yagis, the element gain need
only be 11 dB, and the Yagi is then only 1.5 ) long or 11 in,

The beamwidths of the Yagi are nearly symmetrical (Ref. 17, Sect. VI.6),
“the-axial ratio should be good. No'information is available on the phase center.
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Table H-6-4
CHARACTERISTICS OF THE CANDIDATE ANTENNA ELEMENTS

Mutual

satisfactory

Axial Ratio Phase Center Gain and Size and

Antenna Tracking 'I‘ra‘cking Beamwidth Coupling Weight _Comments
E Backfire Good Good Favorable Satisfactory Light Chosen antenna
g element
é Corner Reflector Falr 7 . Low, requires Probably Heavy
@ . arraying satisfactory
-13 Dipole Array Fair Poor Probably Henvy
g satisfactory
< 8piral and Conical Good Good Low, requires Probably Light

arraying satisfactory

@ . .
5 Helix Fair Fair Low, requires Probably Light Single element
.;;3 arraying satisfactory too long for re-
< . quired gain
.g Yagi-Uda Fair ? Low, requires Probably Heavy Single element
"-g‘ ' - arraying too long for
]

required gain




II-6.3 SELECTION OF OPTIMUM ANTENNA

Table II-6~4 summarizes the characteristics of the various antennas. Of
the candidate antennas, only the backfire antenna has the desired gain without
arraying. While it is possible to get the desired gain from the helix or the Yagi,
the length of these antennas for high gain is prohibitive since it would be difficult
to achieve the requisite mechanical stability. Array antennas, whether they be
of helices, Yagis, spirals, or turnstiles, have the disadvantage of needing a feed
network. This feed network increases the antenna weight, and introduces more
complexity, since the feed network must provide and maintain equi-phased signals

to each array element,

The backfire antenna achieves its high gain in a small size by utilizing the
gain of the surface wave structure twice as well as the gain of the 2-reflector
structure. Since it also has excellent axial ratio and phase center characteristics,

it was chosen as the optimum antenna element.

Ti~-6.4 MECHANICAL/THERMAL DESIGN

Figure I1-6-5 illustrates a layout of the circularly polarized backfire
antenna. The baluns to drive the erossed dipoles are built into the cylindrical
post supporting the two reflectors. The two orthagonal baluns are driven from
a hybrid network which produces a pair of 0 deg and 90 deg phased outputs. The
90 deg phase difference, when applied to the dipoles, produces the circular

polarization.

The important factors in the mechanical design are to maintain both reflectors
flat and parallel. This is accomplished with the ribbed support structure on both

reflectors.

Since the structure is symmetrical, temperature changes should produce equal
effects on the orthagonal dipoles and the baluns. Therefore no degradation in phase
shift should occur. The 90 deg hybrid can maintain a +0.25 dB amplitude balance and

+2 deg phase balance over a wide temperature range.
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Section -7

MECHANICAL STUDIES

To create a long baseline, the interferometer antennas must be mounted
to an extendible structure, which is deployed to its full length once the satellite
is in orbit (see Figure II-7-1)}). Two candidate structures, the Astrocolumn and
the Fairchild Hiller TEE (tubular extendible element) were considered for this
purpose.

The baseline is a line connecting the phase centers of the antennas mounted
to the tips of a set of interferometer booms. In this feasibility.study, it is the
motion of this baseline that is of paramount importance, and factors affecting
this motion, such as the environment, the Attitude Control System (ACS), hoom
configuration, mechanical properties, and electronic package weight (tip weight),
were considered, The baseline length of 75 m or 228 ft required by the experi-
ment precludes the use of a rigid system. Thus, the bending of the interferometer

booms due to environmental factors will cause the baseline motion.

Since phase measurement requires time, it was necessary to limit the rate
of baseline motion. Somewhat arbitrarily it was decided that the baseline should
not rotate more than 0,001 deg in space within a tracking time interval of 1 s,
This angle corresponds to a 2km position change at a 20 deg elevation angle.
Furthermore, the total deviation from a nominal position was limited in that the

baseline must be tangential to the earth's surface within +2.0 deg,

The important parameters considered in evaluating each of the two candidate
structures the Astrocolumn and tubular extendible booms are:
a. Stiffness—Desire the boom to be stiff or as rigid as possible since the
deflections due to the environment are a function of the product of the

modulus of the material's elasticity and the configuration area moment
of inertia, and it is desired that these deflections be small.
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Figure 11-7-1. Baseline Definition

II-7-2



Vehicle Natural Frequency—Desiré the frequency of the baseline motion to

to be low, for this implies a long period of oscillation with Iow velocities

for the basehne However, as was mentioned above, high stiffness is desired
for small deflection. Unfortunately, these goals are contradictory, since
frequency increases with an increase in stiffness.

Boom Length—The maximum interferometer antenna baseline separation
was initially assumed to be on the order of 100 wavelengths at 400 MHz.
This means that a tip-to-tip length of about 246 ft is required; each boom
would then be approximately 120 ft. This length was not appreciably
changed during the study.

Boom Material Characteristice—Because of weight considerations, the
incentive is to have as small of a weight per unit length as possible.
Frequency, however, increases as this parameter decreases. It is also
important that the magnetic properties of the material not cause a moment
which would adversely affect the ACS, Furthermore, the ratio of the
coefficient of the thermal expansion to thermal conductivity must not be
too large so as not to cause 1ntolerab1y large thermal deflections.

Thermal Properties of the Boom—Low fluctuations in temperature are
desired, especially in the case of shadowing. Also, because of baseline
length changes the requirements exist to limit the Iongitpdinal thermal
expansion of the boom .,

Boom Interferometer Antenna Package—Desire that the packaged boom
have low weight, be contained in a small volume, and be within the
present state-~of-the-art.

I1-7.1 CANDIDATE ELEMENT DESCRIPTION

The two condidate elements considered are described below.

a.

Astrocolumn—The Astrocolumn is a deployable lattice struecture. A
typical version consists of three longitudinal members, intermittently
connected by battens, and which form 2 triangular cross section, Small
diameter steel cables diagonally connecting adjacent sets of battens pro-
vide torsional stiffness. The continuous flexible longerons are made

of glass fiber, When in the packaged condition, the longerons are
helically coiled, with the battens stacked on top of one anothér . 32

Tubular Extendible Elements (TEEs)—Fairchild Hiller's Tubular Extendible
Element (TEE) is a thin metal strip that is spocl-wound as a tape during
storage, but upon release forms automatieally into tubular shape. An
extendible element can be deployed by use of a simple device, such as

the spool-stored self~extending TEE, or a motor, such as that utilized

in the RAE spacecraft (Explorer 38) to deploy 750 ft of element.
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A typical motorized mechanism consists of an element storage reel, a motor,
a gear or belt drive train, element guide supports, element extend and retract limit
switches, and element extended length readout instrumentation—all housed within a

lightweight support structure.

Two TEE configurations were investigated: the Edgelock, which is characterized
by a l-piece tape with scalloped edges which interlock upon deployment, and the Hinge-
lock, which is characterized by two separate tapes permanently joined along their
edges in a tab-slot hinge line, Figure II-7-2 shows these two configurations and

Table II-7~1 presents the properties of the various booms.

Table II-7-1
BOOM PARAMETERS
- Estimated Size for
.System Material.| Diameter| EI(lb. in.2)| Ib/ft 120 ft. Length
. (in.) ' in. x in, x in,
Edgelock BeCu 1/2 2,000 0.0151 13x3x4
TEE : .
Hingelock BeCu 1 26,000 | 0,0644 lix12x4
TEE '
Astrocolumn Glass 3 37,200 | 0.02 48x3x 3
(Flexible Fiber
Longeron) )
Astrocolumn Glass 6 163,000 0.0636 60x6x6
(Flexible Fiber '
Longeron)

The values of EI for the Astrocolumns were obtained by using a design formula

received from Astiro Research Corporation by telephone call,

As part of this concept study, a preliminary estimate of the package size
for 120 ft boom length was made. An estimate of the package size for a 3- and
6-in, flexible longeron Astrocolumn was made based on information obtained

from an Astro Research Corporation brochure.
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Table II-7-1 includes the estimated package size for a 120 ft boom length. For
example, for the 0.5 in. Edgelock, a volume of 156 cubic in. is required. For a

3-in, Astrocolumn, a volume of 432 cubic in. is required.

II-7.2 ENVIRONMENTAL EFFECTS

The shape of the bending modes is of greatest importance in determing the
limits of the antenna baseline rotation, As it can be seen from Figure II-7-3, the
antisymmetric bending mode (B) will rotate the baseline while the symmetric mode
(A) merely translates the baseline and therefore, theoretically, does not affect the

‘ determination of the balloon beacon's locations.

Both the symmetric bending mode and the antisymmetric bending mode are
affected by the system environinent. The symmetric bending mode is affected by
solar pressure and aerodynamic drag, while the antisymmetric bending mode is
affected by gravity gradient. Thermal variations produce deflections mostly of a
symmetric nature with the maximum "out-of-plane' bending being less than 10
percent of the "in-plane' bending. Maneuvers will produce hoth symmetric and
antisymmetric bending. A detajled analysis of the magnitudes of these effects is
given below. An extreme condition was defined to be a 800 ft long, 0.5 diam., Edge-
lock TEE,

0-7.1 Tip (maximum) Deflection due to Solar Pressure

% max = TE (II-7-1a)
where

-7 1b

- P = solar pressure, 4x 10 2 for a reilective surface

I-7.2.2 Tip Deflection due to Aerodynamic Drag
4
PrL0

O max ~ T EL ° (II-7-1b)
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8

1b

P = dynamic pressure, 1/2 ¢ avicD , 1.4x10°
2
£t

at 20,000 mile synchronous altitude,

-Solar pressure: 0,24 ft or 7.3 em

Aerédynamic drag: 0.0084 ft or 2.5 mm

The gravity gradient will deflect a boom with a tip mass by

4
_ Kgg I\.’IL0

EI 3

max + 50 mLo sin 28 .

-7-7

¥or the case defined above, the magnitudes of the above two symmetric deflections

II-7.2.3 Tip Deflection due to the Lateral Force Induced on an Antenna due to
Gravity Gradient '

. (II-7-2)



Calculations have been performed which indicate that, for the extreme condition
. "defined above with a 15-1b tip weight, a gravity~gradient deflection of 0,148 ft
(4.5 cm) or an angular deflection of the baseline of 0.0424 deg would occur if the
baseline was rotated 45 deg out of a plane tangential to earth's surface.

IO-7.2.4 Thermal Bending

The thermal deflections encountered in space will be nearly symmetric and
therefore, will not affect the baseline greatly. Figure II-7-4 is a sketch of a
_state-of-the-art configuration of an interlocked TEE. Figure II-7-5 shows the
‘effect of the solar windows (perforations) on thermal bending. As the area of
the solar windows increase, the thermal deflections decrease. It is theoretically
possible to perforate the interlocked booms to minimize thermal bending, since

no diametric thermal gradient exists across the boom,

This occurs when the area of the perforations (which is equal to the exposed
‘area of the boom side facing away from the sun) times the absorptivity of the
inner surface is equal to the remaining boom area times the outer surface

absorptivity.

1I-7.2.5 Longitudinal Thermal Expansion

13

If the boom is originally heated by the 'sun and suddenly is plunged into the
dark either by Earth shadowing or satellite shadowing, a temperature variation
will occur. The boom will undergo a change of length which will affect the base-
line separation. This phenomenon will occur twice a year for about 75 min maximum
in the case of Earth shadow for a synchronous satellite.

The energy equation for this phenomenon is

3T

i V 2 - N = _—
T L. c Cpt - . (II-7-3)

where

V 27 = 0, since the temperature does not depend on where any element is in

space and
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Figure i1-7-4. Thermal Deflections

N.I. = Net Input, which represents all incoming energy minus all energy leaving
the system and equals =-¢ o AS oT 4,

Collecting terms and realizing that the temperature depends only on time yields

-~ A o T4 = ¢ C, £dT . (11-7-4)
-~ 078 P =g
T
t = wall thickness
As an example, consider that a beryllium copper.0.5 in. Edgelock TEE of
120 ft length, silver plated, with a 0.002 in wall thickness which has an initial
mean temperature in the earth vicinity space environment of 234° F is suddenly

thrust into darkness. The temperature variation is found as follows:

€ 0A g

dr. _
"T‘é"z;—c;?— dr

0-7-9
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Figure I1-7-5. Thermal Deflections of Beryllium-Copper Boom with % = 250 L

For beryllium copper the equations are:

€, = 0.0

BTU
4

0.1713 x 1070 .
#2 hr °R

o
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BTU
1b°R

o

Te
j o - 0.6x107%,
LT

i
ForT, = 234° = 694°R, 7 =1.25 h, the final temperature was calculated to be

Ty = 354°R = 106°F.

Therefore

AT = 340°F,
The change in the length of the entire baseline will be

AL = L e AT. (I1-7-3)
The change of the length of the baseline separation was calculategl to be -9,04
in. (contraction).

The maximum longitudinal velocity occurs where the temperature is the

greatest, as follows:

4 .
d_L - . 2Lgee o T Max " 2.05 .f£="0'00684 in, . (II-=7-6)
dr Jmax te Cp h 8

I-7.3 THERMAL TWIST

It has been observed from flight data from various satellites that, while in
sunlight, overlapped tubular extendible elements have twisted. During the time
when the boom was in the Earth's shadow, twisting was not observed. It has
therefore been concluded that a solar or thermal torque must exist which twists
the boom. This torque, if it existed on a Hingelock TEE, could twist the booms
and move the antennas sufficiently to point them away from earth. Therefore the
thermal twist on a Hingelock TEE was examined in detail. The analysis of the
thermal twist phenomena is based on the coordinate system shown in Figure
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a-7-4. Frisch33 has investigated the thermal effects on unfurlable booms with
respect to bending and twisting. In his work, he gave the thermal torque about

the shear center as

Toolz) = At Ee, Qé{rP [e sin E'LL + E._] %‘m _

dz Z

- f [r +e cos (}s_ - _Zdi_)]fg_g).i)_ deds @L-7-7)

Where A is a factor indicating the sense of overlap of the boom.

The expression for the eccentricity e is given by

cos% - sin-
P
2

- 2 {1I-7-8)
sin g

e =p

7+¥ - 1
2

For the Hingelock boom e = 0; for the Edgelock boom e =2r,

As can be seen from the torque equation, an understanding of the temperature
distribution is necessary. The temperature distribution for the Hingelock and ‘
Edgelock TEEs was obtained through a nodal analysis. This nodal analysis'agrees
very well with the temperature equations givén below., These non-dimensional

equations were used to evaluate the thermal torque.

The temperature distribution for a double seam Hingelock TEE is:

% = —1(es)co§hm(q—3)+f2(es)cosh‘/'F"3 +
gozo -xai) ' - (oz + X&i) i (»1)ncoszn(3 -8 )
t @) %S (B0) - OS?T n=1 n2~i‘)(n2+%)s
» 200 + x-05) oS gS T
7B
—Te_— = 5 (9 S) cosh /B (n-8) -1 (9 S)COShf_F (2w - B) + (continued next page)
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(-1)"cos2n(g-0 s)
(ao "Xoﬂi) cos (3'9 ) (0‘ +Xe )Y 3 nzciB
2 (B+1) 4 4

4o + Yy
0 1
< 11-7-9
+ B osBsq . { )

where
x = % perforation by area
_ S rz
®© = ¥xtf7T
avg
4601‘20'T avg4
Vg
o Tpgt= (%o*Xi) 8
. T€o
o "‘Xa) (-1) nsmznes @, = X Oi)
f1<és)= J B sinh / Br
‘Gio*l')(al)z (1)n8j'n2n6_s_+(a:0-xai)2¢p
a1 (-5 (%F) 2 B+
fz(eg= /B sinh /By
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The temperature distribution for a single seam Edgelock is

__’el‘_ =5 (es) [cosh /BB -~cosh/ B 27 - ﬁ):l +

+ (a o-X¢ i) cos (B- as) - (0! o +X & l)i (_1)ncoszn (5 -0 s)
81

2(B+1) & (- + B)

N 4(05 o t X i)
7B - (I1-7-10)

Without loss of generality, we equate ¢ and 0 g, where § g is the angle of incidence
of the sun relative to a slit location. Also, we perforate the booms 11.1 percent
by area, and silver plate the outer surface and "blacken' the inner surfate as

discussed previously.

Performing the necessary integrations in the torque equation given above
and collecting terms, yields the following equations for the thermal torque:

a, 1.0 in. Hingelock

Tso(z) = [0-21 sin 2p - 0.137 cos 2g) do (T1-7-11a)
b. 0.5in.Edgelock
Tse(z) = [0-0129 cos 2p] & (T1-7-11b)

In general, twist due to forque is given by

Te= o _ ¢ % T1-7-12
sc = dz 1 dz3 (II-7-12)

with the boundary condition

o () =%¢_(0) = adép(Lo)=o .
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The last boundary condition assumes that the tip is not free to twist., Substitufing
the torque Equation I-7-10 into the twist Equation 0-7-12 yields, for the Hinge-
lock TEE

)
do _ 2[ C o2 021 o, 0137 . o, ]1/2
(p + COS (p _r_
z Aﬂf"’zc:L 1, 4Cy ( ) (I-7-13)
where
C =  0.46911bin.2
c, = 8.25x105b. in.*

By stating that %" (L) = 0, A'in equation II-7-13 can be found for various values

of assumed twist at the tip of the boom. Then, by performing an analog simuiation
of Equation II-7-13 using the values of A derived, values of ¢ (L) could be determined.
For twist to exist, the assumed values of twist at the tip (boundary condition) and the
numerically derived values of twist at the tip must intersect at some value of A.
Figure I1-7-6 shows these two relations. The intersection occurs at A =1.27 x
10-7, ¢ L, = 0. It was concluded, therefore, that thermal twisting will not

QCCur.

For the Edgelock TEE, the twisting equation becomes -

o [c - 010129 cost 2 (p] =0, (II-7-14)
dz

The third derivative does not appear in this equation since the twist is independent
of the length for the Edgelock. This is verified by tests done at Fairchild Hiller
and by Harold P. Frisch in which the value of C = 30 was found for a single

seam boom. This equation has two solutions: either

o - C
COS-20 = 70129

which is impossible for C=301b in.2 or
d
= =
dz 0

which implies no twist existing anywhere.
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1I-7.4 SYSTEM FREQUENCY

The system frequencies and amplitude will indicate how rapidly the baseline
and satellite hub are moving. Tip weights of 0, 5, 10, and 15 lbs and boom
lengths of 50, 75, ..

The system's symmetric frequencies were calculated from the well known formula

., and 200 ft were used to calculate the system's frequencies.

for a cantiliver beam with a tip mass as follows:

w, = k (I1-7-15)
M+0.23m

K = 3E3I
LO

(I1-7-16)

The antisymmetric frequencies were calculated using a method derived by
Frisch.3* With this method, the system frequencies can be predicted with
slide-rule accuracy.

Although a parametric study was desired, some reasonable assumptions had
to be made to do a realistic study. These included:

a. Mass moment of inertia of the satellite; 100 slug ft2 = Ig

b. Desired moment of inertia about the pitch axis to be 1.2times the
mass moment of inertia about the yaw axis (done to size the gravity
gradient boom)

c. Batellite radius; 2 ft.

The frequency equation of the reference is a complex, nonlinear equation
in ) Lo where34

2
4 mign

A o=
EI
and L, is the boom length.

Solution of this equation then allows the system frequency to be found from

(ALo) * -
wn ~ Loz m (I1-7-17)

11-7-17


http:Frisch.34

The symmetric frequency calculations for the TEEs are found in Figures 11-7-7 and
11-7-8 while antisymmetric natural frequencies are included in Figures II-7-9 and
II-7-10. Notice that, in all cases, increasing the stiffness increased the fre—-_
quency while increasing the boom length and tip weight decreased the system fre-
quency, as was expected. For a 100 ft, 0.5 in. Edgelock, the period is expected

to be about 77 s. For the 100 ft, 1.0 in. Hingelock, the period is expected to be
about 27 s. (The assumption here is of an infinite tip weight, antisymmetric
mode.) These values were also found in the simulation discussed in subsection

1I-7.5.

To alleviate the ACS requirements, a gravity-gradient su‘bsystem was con-
sidered. As an approximation, and for investigative purposes only, the mass
moment of inertia about the pitch axis of the satellite was arbitrarily made 20
percent greater than the mass moment of inertia about the yaw axis. Thus, taking

mass moments about these axis, yields

. 2 3 2 2 3 3 4 o
a. pitech: ~3 m L, +2Lp M+Ig +§~ng + ZLg Mg—12 (I1-7-18)
b. yaw: s mLg+lg + 4L0 M = I , (-7-19)
c. Ip = 1.21;. (11-7-20)

With the above three equations, the gravity-gradient rod length was determined
for known values of gradient tip mass, main boom length, mass per unit length,
etc. The effect of gradient tip mass on the length of the gravity-gradient rod is
shown in Figure II-7-11.

Finally, the effect of the gravity gradient on the system antisymmetric fre-
guency was calculated using Reference (34). The system antisymmetric fre~
quencies increased as expected. The results of these calculations are shown
in Figures II-7-12 to I-7-13 for a 0.5 in. Edgelock and a 1.0 in. Hingelock,

respectively.
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II-7.5 DYNAMIC SIMULATION

To obtain an approximation of the motion of the baseline as it is affected by
the thrusting during stationkeeping, by other ACS perturbations, and by various
boom types and tip weights, a simulation with two degrees of freedom was
formulated using the Lagrange energy technique. The coordinates of the problem
are the rigid body rotation of the hub and booms and a time dependent mode
shape normalizéd such that n) is associated with the tip of the beom and is
relative to a fixed body axis. The first cantilever mode shape was selected

since this would provide the system with the lowest natural frequency. The
simulation model is shown as Figure [I-7-14.
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Figure 11-7-14. Simulation Model

In the analysis, it was considered advantageous fo consider the relative
motion of the satellite with respect to a rotating axis system. Higdon and Stiles

35

gives a complete desgription of this aspect of the problem. The coordinate

"system is shown in Figure II-7-15 for ease of discussion,

Letting 0 coneide with 0! yields the following position vector:

-) X ’
r = {y + nd {II-7-21)
/
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where 7@ is the first cantilever mode shape normalized to 5 at the boom tip

and the velocity vector

T = (v G+no)
P e +wx (I-7-22)
]
from which
v = wz (y2+2y'n<I> + nzq: 2) + 1'12@2 + 27® wx + wz X . (II-7-23)

The Lagrange equations for a system of N, degrees of freedom capable of

being defined by N, independent coordinates and having been defined at the

beginning by N o Such independent coordinates arve:

d (8L} _ _oL _ .
dat (qu> 30 = Q. j=1,2, ..., N0

1

L = 'I‘-Vj (assuming no damping)
T = Total Kinetic energy of the system
v = Total potential energy of the system,

For this problem,

No = 2
4G = 6
LB = M
T = 1/2 f v2 dm

Inserting from Equation II-7-23 one obtains

T = 1/2 f [wz (" +x%) ¢ (w?n 2 i o

Body

II-7-25

(II~7-24)

+ Zﬁwxcb]dm.



This can be written as

2 2 2, .2 H .

T = 1/2 IT“’ + (w n + f ) -§-1 + 7 sz {I1-7-20)
where

H = [&%dm; H & dm

1 f > g f %
Body Body

IT = total mass moment of inertia of the system
) = first cantilever mode shape normalized to one at the boom tip.

Since only local dynamics are considered, we have

_ EL (.2 (02 4 _ EL o 2 _- _d& -
vV = 2f'” (@) a = 2- Hn?s o7 =2, (@r-7-20)
Body
Combining Equations T-7-25 and II-7-26 yields
Bl H,n° '
L = (w 1 +'q)—1 +'an -5 2. @@-7-27)

Taking the necessary derivatives, adding, rearranging terms, and separating
the variables yields the two equations of motion, namely:

.o -Lo 2 8EI
n = - 5 TQ—n(anH1+wH1-~L—2——--+
s +1n°Hy 0
2 8EI
+{w - 217 {(I1-7-28)
and

.. 1 2. 8EI
o = @ = I, +72H Tq-n{2wn B + wH, -—LOZ_’ (IT~7-29)
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where

I s = mass moment of inertia of the hub,

These coupled, nonlinear equations did not yield a closed form solution. The

simulation was, therefore, carried out by means of an analog simulation program.

A simple ACS logic was devised. It consisted of an on-off system in which a
restoring mechanism, e.g., control jets or inertia wheels, would ' fire" when
the baseline angle exceeded 1 deg and return the system to the nominal pogition.

The base angle oy was calculated as

¢ = § +-0 (II-7-30)

The first initial condition chosen was a tip deflection of 4 {t, i.e., n  =4.0 ft.
This was artibrarily chosen to guarantee that the restoring torque would be
engaged. The program was run for the various configurations with different

tip weights; altogether about 15 cases. Figure I1-7-16 shows the variations

in the baseline angular rate for the configurations. The conclusions that can

be drawn from this analysis are the following. . First, as the stiffness increases,

so does the frequency. The period goes down correspondingly, which is undesirable
since the baseline will be rotating faster. ‘Second, as the tip mass is increased

on a particular boom, the uncertainty in the baseline rate decreased.

After different cases had been studied, it was realized that for the stiffer
systems, i.e., Astrocolumn and 1.0 in Hingelock, the 4 ft tip deflection was an
‘unfair basis for comparison. A more realistic initial condition was taken to be
a hub rotationof 1 deg, hub angular velocity of 10"5 rad/s. This simulates drift;
for example, due to the gravity gradient. With this get of initial conditions, all

the systems had comparable baseline performances.

The results of a typical run is shown in Figures II-7 -17 to I-7 —Zd . Figure
I1-7-17 shows that the hub has moved through 1 deg which has caused the restoring
torque to "fire." The booms, since they are flexible, continue to move through
the initial path. At about 40 s, the central body begins to "feel" the effect of the
boom motion. At 75 s, the torgue shuts down with the motion of the hub affected

by-the oscillating booms-as the hub drifts towards the nominal position.
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In Figure II1-7-18, the booms start out having no deflection. As the hub rotates,
_the booms deflect, causing the pattern of oscillation shown in the figure. The
pattern, not precisely sinusoidal, shows the dynamic effect of the hub rotation on

the booms.

Figure II-7-19 shows the angular rate of the baseline. This parameter was
programmed to vary -as '

& = 6 + 17 (11~7-31)

The first 50 s show the satellite being brought back to the nominal position by the
torquer. As the torquer cuts off at 75 s the pattern again indicates the dynamic
coupling between the spacecraft and booms.

Superimposing Figure II-7-17 onto Figure II-7-18 shows that the hub rotation
and the boom tip deflection are 180 deg out of phase, as they should be for this
model. Note in Figure II-7-20 that the angular position of the baseline(n} versus time
appears as a smooth curve. The curve is actually irregular so that it has "wiggles";
however, they are very small. The curve can therefore be considered the "average"
of the actual phenomena.

As mentioned in the formulation, damping was neglected; the oscillations,
therefore, do not appear to be "dying out.'" Further, no appreciable difference

was found in the magnitude of the baseline angular rates regardless of the boom
parameters.

iI~7.6 ATTITUDE CONTROL SYSTEM AND GRAVITY~GRADIENT CONTROL

The principal performance criteria are dictated by the special needs and
capabilities of the interferometer system. Orientation of the satellite to the
local vertical is required to maintain adequate coverage and signal strength of
the antenna pattern. A relatively loose yaw orientation is acceptable, since the
principal objective is to avoid the requirements for spherical coverage by the

solar power array.
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The principal parameter affecting interferometer position location accuracy
is that of pitch and roll attitude rates. It is desired that the attitudes not change
during a2 measurement interval, which may be in the range of 1 to 10 s, by more
than the specified 0.001 deg. However, if the rates are known, the position loca-
tion computation may be correcied for these known rates, so that the criteria is
expressed as an uncertainty in the rate. Logically, the attitudes and rates are
derived from the interferometer rather than from body-mounted earth sensors.
The satellite control system will be simplified by making maximum use of the

ground computer for generating specific control functions and commands.

To keep angular accelerations low, the conirol torque must be limited.
Figure I-7-21 illustrates how the interval between corrections may be related
to the satellite and control system parameters. Here an arbitrary pifch rate
history is plotted as a function of time. Assuming a 10-s tracking interval, it
is desired that the rate change by no more than 0.001 deg/s between corrections
to the position location computation. This simply means that the average angular
acceleration imparted to the antenna must be less than 0.001/At. Knowing this,
the control torque is found. Torque levels needed for compensation due to the

other envirommental pertrubations are shown in Figure II-7-22.

The satellite attitude can also be controlled by an on-off system. Such a
system exercises no control until the erroxr rate exceeds a given limit, Such a
system can operate in different modes. Figure II-7-23 depicts the system
behavior.

The first line shown is a torque-limited system, where the limit is
established by the acceleration limit, which was previocusly derived. The con-
stant torque is applied to first accelerate the system, then reversed to decelerate 1t
The duration of the control maneuver is relatively long, with a smooth motion of
the boom.

An on-off system could also be operated at torque limits established by
boom deflection, In the example shown, torque is set by a boom deflection of 1 deg.

A comparatively short correction time is required, bui balloon position location
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-

will be degraded by the oscillations of the booms. This oscillation will tend to

continue unless the torque periods are timed so as to cancel the oscillation at
the end of the control period.

Finally, the system may be operated by reiatively short high torque pulsing.
If pairs of torque impulses are timed to be exactly one-half of the natural period
apart, the succeeding motion will be constant and within the desired 1imit of rate
uncertainty, so that tracking accuracy will not be degraded during the 20 min
(typical) attitude correction.
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This linear analysis of the control torque limitation was improved upon by
varying the magnitude of the torque in the analysis of subsection I1-7.5. It
was found that torques up to 10'"3 ft-Ibs resulted in acceptably small deflections
and rates of deflection.

Torgue levels of 10—2 ft-1bs resulted in unreasonably large deflections.
Beyond this, a reasonance condition was found to exist. However, as can be seen
from Figure I-7-23, a torque level of 10“3 ft-Ibs is more than sufficient to over-
come the estimated disturbance torques. Further, a grévity—gradient subsystem

would not be required for this application.
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Section 1I-8

SATELLITE AND GROUND ELECTRONICS

The phase measurements and subsequent calculations are performed at a
central ground station. The function of the satellite electronics then becomes
one of relaying the emitter transmissions from the various interferometer antennas
to this central ground station via an X-band downlink. To maintain the time re-
lationship between the signals, frequency multiplexing is used within the satellite
repeater so that all signals can be transmitted simultaneously. Figure II-8-1
shows a simplified version of the interferometer receiving system, including
both satellite repeater and ground receiver functions, for only one pair of
antennas. This diagram is presented to convey the concept of frequency multi-
plexing of the received signals by offset local oscillator frequencies, recovering
the reference or offset frequency and performing the phase measurements after

the signals are converted to 2 kHz.

[I-8.1 SATTELLITE REPEATER

Figure II-8-2 illustrates the suggested implementation of the multiplexing
repea;ter, where the frequency offsets are achieved with offset local oscillator
frequencies. These local oscillator frequencies must be coherently related to
each other in order to maintain the phase relationships in the downconverted signalé.
Figure 1I-8-3 shows one method of generating these local oscillator signals.

The phases of a pair of signals from a particular baseline are to be compared
and, of course, this must be done at equal frequencies. For this reason, the
local oscillator synthesizer reference frequency, which is used to produce the
precise local oscillator frequency offsets, is continuously transmitted to the
ground stations. In Figure I-8-2, this reference modulates a subcarrier,

which is then added to the received signal just prior to upconversion to X-band.
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Figure II-8-2 shows each antenna element connected directly to an RF pre-
amplifier, which then feeds the coaxial cable which carries the signals along
the 120 ft boom. This signal transfer from antenna to spacecraft body could
also be performed at IF, as shown in Figure I-8-4. This alternate method
has the advantage of reducing the cable loss by transmitting the received signals
through the cable at the intermediate frequency (IF) rather than at the radio fre-
quency {RF). However, the method shown in Figure II-8-2 is preferable because
of its relative simplicity and because its required preamplifier gain of 35 to 40 dB
to offset the cable loss (about 27 dB) can be obtained with a transistor amplifier.

The effect of the repeater frequency multiplexing is shown in Figure 11-8-5,
which is a typical spectrum format at the repeater upconverter input. The
signals appearing at each antenna are represented as blocks about 30 kHz wide
along the frequency axis, where the antenna signals within a particular baseline
have been grouped together and the reference frequency transmission has been
represented as narrowband modulation of the subcarrier. Within the expanded
view of a signal block (see Figure II-8-5), it is seen that each antenna will re-
ceive the balloon transmissions (average of seven at any given time), which
occur randomly within a 16-kHz band, plus the ground illuminator (CT) signals.
Notice that, in Figure II-8-5, the balloon signals are shown separately as CW
carriers; but it should be noted that, at any given instant of time, some of the
signals will be phase-shift keyed (PSK) modulated by data, with an RF bandwidth
of about 20 Hz. Note also that CT signals (from ground illuminators) have been
positioned on both sides of the balloon emission spectrum to enable calibration

across the band.

The upconverter can be either a crystal diode balanced mixer or a
varactor (parametric) upconverter. The output of the mixer or varactor up-
converter is connected to a chain of a driver amplifier and power amplifier to

reach the required output power of 1 W.

Linear operation of the mixer or varactor is important to ensure a minimum

level of unwanted inband spectral components (intermodulation products) which
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would contaminate the final phase measurement. The fourth-order terms fL +
:Zfi - fj , for example, fall into the signal passband about (fL + fi) , Where

f_ is the local osecillator or pump frequency, and fi and fj are input signal

L

frequencies.

The choice between a diode balanced mixer and the varactor upconverter is
not clear cut. While both devices can be operated to have equivalent linearity,
the output power will differ by several orders of magnitude for the devices.

Therefore, the X-band gain of both configurations is examined.

As shown in Figure II-8-6, the upconverter/power amplifier combination must
provide 1 W output power (Po) to the transmitting antenna. The requisite X-band

gain to attain the 1W is given by the ratio iA , where Pm is the output power
m

of the frequency translating device, P m must be set at some maximum value

for each device to limit the level of the undesirable fourth-order intermodulation
to -60dB relative to the desired upconverter output. Available literature36, 37
shows that the theoretical output power capability of the diode mixer and varactor
upconverter is about -25dBm and -15dBm, respectively, such that the subject
intermodulation is -80dB relative in both cases, However, laboratory testing of
a commercial X-band diocde balanced mixer (AEL, Inc. model 3072-~3A) indicated
that the mixer output level must be kept below -37 dBm to achieve 60 dB inter-

-modulation rejection. Thus evaluation of the _go_ ratio shows that the required
m
X-band gain is from 55 dB to 67 dB for use of the diode mixer and 45 dB for use of

a varactor upconverter.

It can be seen that use of the simple diode mixer requires implementation of
a higher gain at X-band; the spacecraft power and weight penalty resulting from
this requirement has not been assessed. Alternately, use of the X-band
varactor upconverter has inherent problems of matching and pump amplitude
and frequency stability, while still requiring 45 dB gain at X-band and more
pump power. This tradeoff will have to be resolved by a thorough study of the

state-of-the-art at the time of implementation.
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Nomnlinearities in the TWT output power amplifier have also been considered,
since this device produces third-order intermodulation products which could
fall into the passband, Operation of an amplifying tube far below its maximum
power will effectively reduce nonlinearity.38 For example, the third-order
intermodulation products will be down almost 60 dB in relative power for an input
power 20 dB below that required for tube saturation. A tapered-velocity circuit
will result in even lower level intermodulation products. Thus a TWT amplifier
operated well below saturation (at the expense of de-to-RF efficiency) will

produce satisfactory linear operation.

[I-8-2 GROUND STATION RECEIVER

The ground station receiver primary functions are to measure the phases
between appropriate signals received at the interferometer antennas and to
demodulate the data sent from the balloons. As discussed, the signals received
by a particular interferometer antenna occupy a predetermined portion of-the
received spectrum. The first function of the ground receiver, after the base-
band signal is recovered is to filter the incorhing signal spectrum into those portions

corresponding to particular antennas and the reference frequency subcarrier.

Next, due to large uncertainties in balloon transmission frequencies, a technique
for acquisition and narrowband filtering is required. Figure II-8-7 illustrates f‘ne
essence of this acquisition and filtering technique. A bank of narrowband filters
and detectors is used for acquisition. Each filter will have a bandwidth of about
50 Hz, so that about 480 filters are required fo cover the 24 kHz within which
balloon transmissions will occur. These filters are used solely tc make the
initial settings of the voltage-controlled oscillators of the phase-locked loops

for acquisition,

In the steady state, the output of the filter due to the signal input at antenna
1 will be at the frequency w , which is the frequency of a fixed stable offset

oscillator used as part of the phase-locked loop. The output of the filter due to

the signal input at antenna 2 will be at the frequency w oW where W, is
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the reference oscillator frequency in the satellite. This signal will be at phase
6, + g with respect to that signal from antenna 1. When the signal from

antenna 2 is mixed with the recovered reference and filtered, the output will be

at the offset oscillator frequency W, The 2 signals at frequency w, are
introduced to a phase measuring circuit to obtain the desired phase g .

It should be noted that, while it is necessary for the phase-locked loop to reach
frequency lock so that there is no cycle slippage, it is not necessary that complete
phase lock occur before phase is measured. Any residual phase error of the
loop is transferred to both signals and will cancel out when the phase is measured.

Pigure I1-8-8 is a diagram of the essential parts of the ground receiver con-
figuration. The bank of filters across the top of the diagram accomplishes the
separation of signal blocks, after which the acquisition and filtering of Figure II-8-7
is implemented with a bank of phase-locked loops and mixers. Each phase-locked
loop is designed to be capable of being set to track a signal anywhere in the 24-kHz

band where the presence of a signal is detected.

I1-8-3 ACQUISITION TIME

The bandwidth of the phase-locked loops will be approximately 25 Hz. This
will give a loop SNR of about 12 dB for the balloons at elevation angles of 20 deg.
This gives an adequate margin for the loop to be able to acquire the signal., Since
the filters used to locate the signals are 50 Hz apart, the initial setting of the
VCOs will be within 25 Hz of the correct value.

The time for a second-order loop to pull into lock for an initial offset Aw
is given by

2
pull in time = M3 U~8-1
2% wn
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where

Aw = initial frequency offset
¢ =  damping constant
@, = loop natural frequency.

For a critically damped loop with a loop bandwidth of 25 Hz, ¢ 0 = 50 and

since £ = 0.707, the pull in time will be about 0.1 s. Allowing 0.3 s for signal
detection and acquisition, 9.7s of the 10-s transmission time is available for

phase measurements,

11-8.4 PHASE MEASUREMENT

The actual phase measurement can be made using a digital phase meter
as illustrated in Figure II-8-9. The two antenna signals drive zero crossing
detectors. One signal sets a flip—flop, and the other resets it. The-number of
clock generator pulses counted in this time interval is proportional to the phase
difference of the two signals. With a clock speed of 4.096 MHz, 2048 pulses
correspond to 360 deg at the 2 kHz signal frequency. Thus the quantization
step of the measurement will be 0.18 deg. The 1lg error due to quantization will be -

0.05 deg.

To decrease the standard deviation of the phase measurements, many phase
measurements are made during the 10~s transmission time, so that effectively
an average over the 10 s is obtained. This gives an equivalent filtering of the

noise of a 0.1-Hz bandwidth system,

If the actual bandwidth of the signals into the phase meter is 40 Hz, independent
samples oceur approximately every 0.025 s. Thus a total of 400 measurements is

required.
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Section II-9
BALLOON BEACON

Considerable research and experimentation have been devoted to developing
constant pressure balloons, Results to date indicate that the reliabilities and
lifetimes necessary for an operational system are attainable, Table II-9-1 shows

the basic balloon platform electronic package requirements,

Several methods for implementation of the electronics exist., The prime
requirements are low cost, frangibility, and low weight. The electronics pack-
age must either be attached to the balloon or suspended below the balloon in a
manner that provides the requisite attitude stability (+5 deg desired) for antenna
directivity. Suspension beneath the balloon also provides a more desirable lo-
cation for an optional temperature sensor whose accuracy would otherwise be

affected by boundary layers near the balloon surface. 39

Development of frangible packaging technologies has mainly concentrated
on the 2-dimensional printed circuit thin film/hybrid technique using flexible
multilaminates of Mylar* or Kapton*, This technique has been used by the
Advanced Programs Division of the G, T. Schjeldahl Company, Northfield,
Minnesota, in balloon electronics packages for both the U, S. Weather Bureau-
sponsored GHOST program and the French EOLE program. The primary re-
quirements of low cosf, light weight, and frangibility appear to be achievable
with this flexible substrate technique, since no heavy structural elements are

required and the printed circuit technique is amenable to low-cost production.

*Dupont Trademarks,
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Table I1-9-1

BALLOON PLATFORM REQUIREMENTS

x

Quantity (fully implemented) . 15,000

Power Source ' Solar cells

Transmitter RF Power 1w

Transmitter Frequency Approximately
1600 MHz

Transmitter Frequency Stability 1075

Transmigsion Time 10 s

Time Between Transmissions 2h

Transmission PCM/PSK

Antenna Polarization Circular

Antenna Gain +2 dB at zenith

Antenna Beamwidth 160°

Data Measurements 2 parameters

Data Measurement Accuracy 1%

Operating Temperature Range -80°C to + 30°C

Active elements (including integrated circuits) in the form of chips can readily
be attached to the flexible substrate for the necessary analog or digital circuit

functions.

The primary components of the balloon electronic package are the timer,
the encoder (data formatter and identification word generator), the transmitier,
the antenna, and the power system., Figure II-9-1 is a diagram of the balloon

electronics package.

[i-9.1 BALLOON ANTENNA

Balloon antenna characteristics of prime interest are the polarization cir-
cularity over the hemisphere and the power radiation pattern both over the

hemisphere and in the multipath direction,
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Two of the most obvious candidates for tI;e balloon antenna are the crossed
dipoles and the planar spiral, because they are both circularly polarized and |
relatively simple, flat constructions, The axial ratio of the crossed dipoles,
however, degrades very quickly (fo greater than 4 dB) at elevation angles below
40 deg, which is a severe disadvantage, The planar spiral (Ref. 28, pp. 188~
192), on the other hand, exhibits an axial rati:) Iess than 3.5 dB over a range of
elevation angles from 20 deg to 90 deg. For this reason, the planar spiral has

" been chosen as the most desirable antenna for the balloon emitter.

A variety of radiation patterns41 can be obtained by varying the spacing
between the spiral and the ground plane, Since path attenuation, multipath, and
geometrical dilution become worse at low elevation angles, it is desirable to
choose a balloon antenna radiation pattern which provides an equitable distribution
of gain at the lower elevation angles near 20 deg, even at the expense of lowering
the gain at 90 deg elevation (zenith) where the ahovementioned sources of error
are much less troublesome. Using the technique (Ref. 18, p. 519) of graphically
determining the field pattern of two isotropic point sources (which is valid for
an isotropic point source mounted above ground plane), the field distribution
was investigated for several values of antenna-to-ground spacing. A spacing of
0.35) was found to provide a desirable distribution of gain, as shown in Figure
I1-9-2. An acceptable pattern will be obtained if the actual spacing is within 10
percent of the design. The maximum gain of the spiral antenna would be approx-
imately +4 dBI. The FR-2 study repori:“t1

spiral antennas were 6 dBI and 2.5 dBI, with spacings of 0.25) and 0.48), re-

stated that the gains of two particular

spectively. Measured efficiencies were about 70 percent at the optimum frequency,
A gain of +4 dB for the spiral antenna is consistent with information on commercially
available cavity-backed spiral antennas,

In Section II-3 of this report, an antenna gain in the direction of the satellite
of 10 dB with respect to the gain in the multipath direction was assumed,
Measured radiation patt:terns41 indicate that this gain is readily achieved with a

spiral antenna mounied above a ground plane,
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II-9.2 BALLOON TRANSMITTER

The transmitter consists of a crystal controlled oscillator, multiplier/filter
combination and 2 modulator for PCM/ PSK (phaseshift keyed) modulation of the
carrier. An alternate configuration is to use a VCXO (voltage controlled crystal
oscillator) modulator, a low level frequency multiplier, a power oscillator phase

locked to the modulator output and a frequency doubler,
42 This

unit, operating at a frequency of 1700 MHz with a power output of 2W and a fre-

This laiter method is used in a unit designed and built by TRF, Inc.

quency stability of 0.001%, had an overall efficiency of 20.5%. Péckage size was
2.8x2,6x 1.4 or 20,2 cubic inches. Data indicated that an efficiency of 25%

can be achieved with a somewhat larger package size,

11-9.3 IDENTIFICATION

During the 10-s balloon transmission, a binary word of sufficient length
(mumber of bits) must be modulated onto the carrier to identify the source of the
transmission. For 15,000 possible balloons, a 14-bit word length is sufficient

for this purpose, since 214 = 16,384,

As shown in sub-section II-9.4.2, for the data rate required (8.9 bps), a
bit error probability of 10_6 should be easily obtained with PSK modulation,
Thus errors in decoding the identification word will be few, and it is suggested
that merely one bit be added to the identification for parity check, This enables
the detection of single errors, which will be virtually the only existing errors,
The identification word is shown as 16 bits in length fo allow more expansion

of the system.
II-9.4 DATA MEASUREMENT AND TRANSMISSION

1i-9,.4.1 Encoder for Data Measurement

The addition of two meteorologic data measurements, such as temperature

and relative humidity, will greatly aid the meteorologist in making accurate
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forecasts., A third data point for barometric pressure would also aid in tracking

the balloon and would confirm superpressure status and balloon altitude.

The meteorological data points would appear as analog voltages across some
nominal impedance (see Figure II-9-1). These data points are sampled sequen-
tially under timer control along with some additional fixed voltages. for calibration
which will be required to attainh the requisite accuracy of 1 percent, These cali-
bration voltagés could he derived from a voliage reference and a resistive divider.
Temperature stability will be a problem and may further complicate the calibra-
tion process. The analog voltage would then be converted to a digital represen-
tation in an A/D converter. A 9-bit word, including a bif for parity check, is
more than adequate from an accuracy point-of-view,

Although there are a number of methods for making analog-to-digital con-
versions, size, accuracy, power consumption, and stability requirements
severely limit the number of techniques which are actually applicable, In the -
successive-approximation technique, the digital output is determined one bit at
a time, starting with the most significant bit. This.process is controlled by a
timing register which is part of the A/D converter logic shown in Figure 1I-9-3,
The unknown analog input is compared with one~half of the full-scale voltage by
setting the most significant bit in the register to logical 1, If the input is greater
than half scale, the second most significant bit in the register is set to 1, On the
other hand, if the analog input is less than the first approximation, the first
register is reset while the second is set to logical 1. As this process continues,
successively better approximations are determined, A useful feature of this

technique is that a serial output is available at the comparator output,

An examination of circuit technology tc be used in the implementation of
a successive approximation A/D converter reveals advantages for MOSFET
(Metal Oxide Silicon Field Effect Transitor) intergrated in chip form or substrates.
The attainable accuracy of a 9-bit A/D converter using this technology has been
studied by IBM, Of specific interest was theperformance of the voltage compar-
ator, reference voltage supply, ladder, and ladder switches. The temperature
ranége of interest in this study was ~55°C to +40°C. Worst-case effects (-55°C)
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Figure 11-9-3. Successive Approximation, A/D Converter.

of a 3g error due to comparator offset, source drift, and ladder-ladder switch
variations were 0.056 percent, 0.060 percent, and 0.0188 percent, respectively,
relative o 2 5,12-V reference. The RSS total is 0.15 percent, including the
0.098 percent quantization error for a 9-bit converter. This is considerably
better than the 1 percent accuracy specified for this application, although the
anticipated temperature range will degrade the expected performance to some
extent, A reduction to 8-bit A/D conversion, while maintaining the 1 percent or
better accuracy, may possibly reduce size and power requirements, The A/D
converter can also be implemented using low power transistor-transistor logic
(TTL) integrated circuits, except ladder swiiches, with only a modest increase

in size and power requirements,
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1I-9.4,2 Data Transmission

3

" As previously indicated, the digital data will be modulated onto the balloon
beacon carrier by PSK, because this technique affords good immunity to noise,

its bandwidth is small, and angle modulation does not interfere with the phase

measurement needed for balloon position location,

Thkus the format within the 10-s interval of transmission from each balloon
will be 2 s of CW to facilitate acquisition at the ground receiver, followed by the

necessary digital information, The digital format will consist of the sequential

transmission of the following blocks of bits:

10 bits for bit timing*.

18 bits for frame synchronization¥

16 bits for ID word (including 1-bit périty check)
9 bits for sensor calibration

18 bits for meteorological data samples (2).

A time diagram of theltransmission' is given in Figure II-9-4.

10 bits 18 bits 1 G.b' 9bits |18 bits
cw Bit ] Frame D V\;ts d Data Meteorological Data
Timing Syne or Calibration {{2 samples)
i l i ! 1 1 I L L
i 1 ] [ 1 1 ¥ i M
i 2 3 4 5 6 7 8 9 10
Time, s

Figure [1-9-4, Balloon Transmission Format

*Approximate requirements,

II-.9-9



?‘ransruiséion of the 71 bits during 8 s gives a bit rate of 8.9 bps. With a
carrier-to-noise-density ratio of +26 dB-Hz, the bit-energy-to-noise-density
ratio will be +16.5 dB, Allowing 3 dB for degredaiion in the system, the bit
energy-to-noise-density ratio will be +13,5 dB, which will provide a bit error
probability of less than 10~ for coherent PSK data transmission.

11-9.5 TIMER REQUIREMENTS

The function of the timer is to periodically activate the balloon electronics
for a certain period during which the balloon transmits, The turn-on period will
be 2 h; during the 10-s active interval, the timer must provide for timing of the
identification coder and the data encoder. The timing structure of the transmitted

signal was described earlier.

The timer, consisting of an oscillator and divider circuits operates continually,
enables the transmitter circuitry at the preset intervals, and controls trans- '
mission of the identification code (gating and bit timing). The timer operates as
a free running clock during the lifetime of the system. The transmitter oscillator

may possibly be used for the timer circuit also.

The bit timing pattern, synchronizing pattern, and identification code are
generated in a preset register under control of the timer, This register could be
implemented by using a special-purpose integrated circuit chip,

A high degree of precision of the timing period is neither practical nor de-
sirable. A staggering of the time between transmissions will cause randomizing
of the balloon package timing when considering the system of 15, 000 balloons,

I-9.6 BALLOON (d¢) POWER REQUIREMENTS

Table II-9-2 tabulates the estimated power requirements, If it is assumed that
a solar cell array provides the power, the necessary size of the array can be
computed from available information, 43 The solar radiant power density at sea

level is about 100 mW/ cmz. With a solar cell efficiency of 8%, a collecting area
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of 700 cm2 is required to generate 5.5W. If the cells are spaced over the balloon
surface so that the same ares is exposed regardless of the sun angle, 4 times
this area or 2800 cm2 would be required. The array would weigh about 1 1b,

Table II-9-2

BALLOON PACKAGE POWER REQUIREMENTS

Mode 2
Mode 1 (ON) (in W)| (STANDBY)(in W)
Transmitier 4,0 0.0
Transducer Bias Circuits 0.3 0.0
A/D Converter 0.5 0.0
Code Generator 0.2 0.0
Timer Circuits 0.5 0.1
TOTALS 5.5 0.1

The preceding calculation assumed that the power input to the balloon elec-
tronics is supplied totally by the solar cell ari‘ay, with no battery storage pro-
vided. This situation implies operation during daylight hours only.

Naturally a system design calling for operation during night hours would
require a rechargeable battery supply capable of meeting hoth frangibility and
low temperature operation specifications, Night time operation would add signifi-

cantly to the cost of the halloon package.
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GLOSSARY*

G.1 Abbreviations

G.2 Mathematical English Symbols
G. 3, Mathematical Greek Symbols
G.4 Subscripts

G.5 Buperscripts

*In general, the abbreviations used are consistent with the recommendations of

the IEEE in the IEEE Spectrum, August 1965, pp. 111-115, This glossary lists
additional abbreviations used in this report.




G.1 ABBREVIATIONS

ACS
CT
CEP
cP
dBI
dBW
ERP
LOS
LP
mxn
MSR
PLIL
SMR

x

Attitude Control System
calibration transmitter
circular error probable
circular polarization
decibel gain, referred to an isotropic antenna
decibel referred to 1 W
effective radiated power
line-of-sight

linear polarization

m by n matrix
multipath-fo-signal ratio
phase-locked loop
signal-to-multipath ratio

G.2 MATHEMATICAL ENGLISH SYMBOLS

A

[A]

w S?D N

o]

ol
o

oW
=

QO O O W
-k

o
9]
[

direct ray signal ampiitude; constant of integration for
twist; boom configuration cross-sectional area

row matrix of unit vector along the direction p g (defined in
Equation (2.1-11h))

Astrocolumn longeron cross-sectional area

amplitude of sinosuidal component of baseline rotation
boom configuration surface area

multipath ray signal amplitude

angle of orientation of polarization ellipse

a matrix defined by Equation (I-2-37)

bandwidth used to filter against multipath

noise bandwidth

mutual coupling factoi' between antennas; torsional rigidity
correlation function

integration constants (see Equation IT-7-13)



CD drag coefficient

Cp specific heat of the materigl

D spherical divergence factor; Astrocolumn folded diameter
[D]; [DB] matrices defined by equations 11-2-30 and II-2-26"

E elevation angle; Young's modulus of elasticity

E() expected value of

fio electrical field vector

[Bf] (B ol matrices defined by Equation 11-22b

ETx’ ETy’ electrical field vector components for transmitter and
ERy’ ERy receiver antenna

El boom configuration stiffness

F scalar factor (see Equation II-2-21)

G antenna gain

G dm beacon antenna front-to-back ratio

H noimalized balloon altitude

HlHZ 'function of beom mode shape, defined by Equation (II-7-25)
I configuration area or mass moment of inertia

(1] unit matrix

total mass moment of inertia about satellite yaw axis
total mass moment of inertia about satellite pitch axis
Satellite mass moment of inertia

total mass moment of inertia of the system
conductivity (thermal)

LR e

Nl

Kl, Kz unit vectors along the incoming and reflected rays,
respectively (see multipath analysis)
2
Kgg gravity-gradient torque coefficient, % g0 I;.;
[K.] matrix indicating total number of wavelengths in calibra-
] tion analysis
L length of baseline
Lg gravity-gradient rod length
Lo length of one boom; original boom length



vector of j""h interferometer baseline

augmented jth baseline vector, including differential
phase bias

longitude and latitude of jth calibration transmitier
path loss

number of phase-locked loops in the system; tip mass
gravity-gradient tip mass

matrix mapping calibration station survey errors from
earth-fixed spherical frame into earth-fixed Cartesian
frame

number related to the index of refraction

number of balloons in the system

number of electrons per unit volume

sensitivity matrix relating three beacon position errors

to kth error set

noise density

power; probability; pressure, aerodynamic and solar;
perimeter of boom configuration cross-section (bocom
twist analysis) ’

vector position of beacon

beacon position in matrix notation

power in the direct ray

power ir the reflected ray (multipath analysis)

function of geometry used in multipath analysis (defined

by Equation II-3-38a)

axial ratio of polarized signal; Fresnel reflection coefficient
BTU

£t hr

electrical signal arriving at interferometer anfennas

solar flux, approximately 460

covariance matrix of parameter j

time Interval between measurements; surface correlation
interval; temperature, °Rankine

final temperature
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initial temperature

mean temperature

ACS forque magnitude

signal voltage induced in an antenna

velocity of antenna 1 and antenna 2, respectively

absolute velocity vector

abbreviation used in multipath analysis; bandwidth over
which transmission frequencies are spread '

a matrix defined by Equation 1I-2-24a

(L-dimensional) balloon position (length); a measurement
sample

measure of bandspread used in multipath analysis (defined
by Equation II-3-38b)

exponential constant measuring the decay of old data in
data estimation

component of interferometer baseline vector

unit vectors along x- and y-axes (used where complex
vector notation is needed to avoid confusion of J and j

=/~
movement of a balloon in the time interval 1
component of interferometer baseline vector
velocity of light

component of interferometer baseline vector

length of ray travel from wavefront to second interferome-
ter antenna; differential

Cartesian components of line-of-sight vector

ecceniricity of boom configuration; shear centergeo-
center separation

thermal conductivity of boom material
frequency (dimension Hz)
gravitational constant on eaxth
altitude

unit vector, x direction



= :

unit vector, y direction

?"“ l—l-l Cdy

wave number; number-of balloons transmitting simultan-
eously in field-of-view

unit vector, z direction
length of 2 Yagi array antenna

constant; mass per unit boom length

Bog o= Wl

index of refraction; constant; number of {imes a balloon
transmifs in T hours; number of turns of a helix antenna;
summation index

elecirical angle difference corresponding to length of
fravel from wavefront to second interferometer antenna
{Equation II-3-8); constant; abbreviation for At/10800 T

q electrical angle difference of multipath ray (Equation
II-3-8)

T coordinate (r ¢ 6 system); range from beacon to satellite;
with subscripts other ranges

o

vector distance between beacon and satellite

i

distance measured along boom configuration circumference
from a boom slit

w

maximum bump dimension of a reflecting rough surface
t configuration wall thickness; time

v balloon velocity

X, ¥V, Z coordinates

components of calibration transmitter in earth-centered
j j j coordinates

Z longitudinal boom parameter

G.3 MATHEMATICAL GREEK SYMBOLS

o multipath-to-signal amplitude ratio; angle between ref-
erence line and line through antenna phase center (base-
line angle of rotation); angular inclination of a helix

antenna
oy internal absorptance
o, external absorptance
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angle between the normal to the reflection element and
z-axis of local multipath scattering frame; angle between

‘ray and local normal; also angle between beacon line-of-

sight vector and satellite position vector; angle measured
within boom configuration cross-section, referenced from
a slit position describing any point on the cross-section's
circumference (boom twist analysis)

" tan Bo used in multipath analysis; it is the mean square

value of the slope of surface irregularities;

2
tan B =T—U

electrical angle (phase difference)

electrical phase difference across jth baseline
electrical angle error resulting from muliipath
variation of ()

maximum or tip deflection

electrical angle error resulting from polarization mis-
match

‘partial derivative

space angle between direct and multipath ray; permittivity
emissivity
relative dielectric constant

angular orientation of ray arriving at interferometer out
of x-y plane; damping constant of PLL

angular orientation between ray arriving at interferometer
and x-z plane; angle between body x-axis and line through
boom tip mass (boom tip deflection)

multipath reflection angle; coordinate of r ¢ 6§ system;
angle between local horizon and nominal boom position;

satellite hub angle of rotation
3-dB antenna heamwidth
sun angle

phase of the electrical transmission signal received at the
interferometer

filter gain function
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wavelength; Lagrangian multiplier

Doppler shift frequency, multipath (defined by Equation
I1-3-38¢)

earth central angle (satellite-balloon-earth center)
3.14159. . .

radius; material weight per unit length
atmospheric density

earth's radius

radius of the satellite location (absolute value)

satellite radius vector

geocentric of the radius of jth calibration transmitter
surface bump height; Stefan-Baltzmann constant
electrical conductivity

standard deviation of kth error

standard deviation of the variable

. time interval

space angle r ¢ @system; angle of twist for boom
deformation

space angle (angle between wavefront and baseline)

electrical angle, corresponding to the space angle, used
in multipath analysis; percentage of perforation

arbitréltv angle difference between direct and multipath
signal; overlap angle (boom twist analysis)

radian frequency (dimension s_l); satellite angular
velocity (é) '

natural frequency of boom-sgatellite system; phase-locked
loop natural frequency

reference frequency
angle used in multipath analysis (see Equation II-3-29)

column vector, formed by phase differences across
baseline j by different calibration signals

accuracy interval (used with other symbol such as AX);
increment in general (examples: Af; A t)



Ay

[ADj}z

G.4 BUBSCRIPTS

W
b

HoE o

S

o F M ow e

AB=B2

of polarization ellipses

- Bl’ difference between the angle orientation

maximum phase error resulting from antenna element
mutual coupling

matrix of errors in the LOS fo the jth calibration trans-
mitter

column matrix of CT survey errors in earth-centered
spherical frame

frequency band within which one transmission would
interfere with another

transmission duration (pulse length)

difference between final and initial temperature
vector velocity error

temperature normalization factor

factor used in boom twist equation

power spectrum, multipath analysis; mode shape of boom

' angle of the balloon velocity vector with respect to the

plane in which multipath reflection takes place

angle used in multipa-th analysis (see Equation 1I-3-33)

beacon; balloon
phase bias
earth

electron
baseline j
multipath
receiver
satellife
transmitter

jth calibration transmitter site
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G.5 SUPERSCRIPTS

-1 matrix inversion
P predicted value
r estimate of
T matrix transportation
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