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ABSTRACT

Studiés have been conducted to determine the influence of the tracking
?adgr,,and dafa reduction technique on the accuracy of the meteorological
measﬁrements made in the 30 to iOO kilorheter altitude region by the ROB’N
passive falling sphere. A survey of accuracy requirements wés made of
agencies interested in data from this region of the atmosphere. In light of
these requirements, various types of radars were evaluated to determine
the tracking system most applicablevto the ROBIN, and methods were
»deve:»loped to compute the errors in winds and density that ariée from noise
errors in the radar supplied data. The effects of launch conditions on the
measurements were also examined_. Conclusioné énd recommendations have

been made concerning the optimum tracking and data reduction techniques

for the ROBIN falling sphere system.
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INTRODUCTION

The passive falling sphere technique of acquiring winds, density,
‘pressure, and te:mperature from the radar track of a falling sphere has the,
potential of being a reliable, low-co‘st system for measuring these meteor-
élogical parame’ers to aititudes of 100 kilometers. There are, however,
operational and theoretical problems which remain to be solved before the
s‘ystem becomes an ac-;:urate and reliable operational tool for all users.
One area of concern is that of the tfacking radar. Most all passi\}e sphere
flights today are being tracked with _the FPS-16 radar. Satisfactory density
‘and wind measurementé above 70 kilometers can only be aéhieved with a
- high pfecision radar such as the FPS-16. The purpose of this study is to
determine fhe intérrelatipnships that exist between radar tr___acking c;larac-
teristics and wind and density accuracy. Implied in this statement are
questions concerning what is the best tYpe radar (slant range, Doppler,
accelerometer, gyros, etc.) for tracking passive spheres; is each type
econofnically feasible; will it satisfy the user’s needs for wind and density
"aCCuracy; under what launch-conditions: {launch azim_uth, elevation, and
wind direction) tracking is most desirable; a:;d what filter or filters provide
the required accuracies. These are the questions that have been addressed
by UDRI in this study contract.

. Early in the s,tudy it became obyious that only two types of radar
were economically feasible - the standard slant range, elevation angle and

azimuth angle radar and the Doppler, slant range, elevation angle, azimuth



angle rlaidar. For convenience of hotation, throughout this report the first
type radar is referred-vto as a sllant range radar, and the second fype as a
‘Doppler or range-rate radar. The accuracy requirements of a slant range
radar to prbvide accurnate wind and density measuremenfs to 100 kilometers
-are of the order of those achieved with the present FPS-16 radar. Thus,
the study essentially concentratéd on the FPS-16 slant range radar and a

range-~rate radar that would provide commensurate accuracy.
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SURVEY OF USER REQUIREMENTS

The Univeréity of Dayton Resgargh Institute, in inaugurating the
radar filter error study program, undertook a survey of user requirements
for wind, density, temperature, and pressure accuracy between 30 and 100
kilometers. It was felt that the study of radar error and filters should be
gearecd toward achieving the accuracies required by those who use the system.
By kﬁowing present and future accuracy requirements, combinations of
radar accuracies and filters could be determined that satisfy these require-
ments.

The survey taken by the University consisted of contacting various
Governmental agencie;s where it was believed that requirements would exist
for meteorological parameters at altitudes to 100 kilometers. The agencies
coﬂtacted were NASA, AFCRL, the U.S. Army, and ESSA. A letter was
sent to repreéentatives of each agency. The letter requested the requirements
of the agency regarding the sﬁeady state errors, bias errors, and wavelength
structure of the four meteorolggical parameters wind, density, pressure,
and temperature in the altitude range from 30 kilofnebtersr to 100 kilometers.
Response to the survey was discouraging. Not all agencies responded,
and those which did failed to reveal any specific accuracy requirements if
such requirements do exist. Consensus of the responders was that there
are few programs that demand specific accuracies in meteorological parameters,

particularly above 60 kilometers. Application of meteorological parameters



to specific programs such as Apollo, Space Shuttle, gtc. , is generally
limited to altitudes below 60 kilometers and is presently being collected

"~ with the required accuracies by operational systems. The need for accurate
data above 60 kilometers is most important to the research man studying

" the structure of the atmosphere.

The res:archer desires his data as accurate as possible, but seldom
can justify making a statement concerning how accurate»his data need be
to be useful. In the future, however, the need for accurate meteorological
data to prove, disclaim, or hypothesize atmospheric structure theories will
~increase and may be used to justify accuracy requirement statements of -
an agency.

An alternate soﬁrce of agency requirement information is contained
in the docurnen.t "Federal’ i?lan for Upper Air Observation Above 30 kﬂo_
metei‘s'_’ (Ref. 1). The document quotes accuracy requirements of meteor-
ological parameters for the AEC, DOC, . DOD, and NASA. A common Fed-
eral accuracy requirement is also.specified which consists of a meshing of
the various agency requirements. The requirements stated in this document
give a quantitative statement about errror magnitude with no correspon&ing
statement concerning wave structure requirements. Furthermore, justifi-
cation for the stated accuracy requirements is not satisfactorily explained
in th'e document. Nevertheless, since this is the only source of quantitative
accuracy requiremeﬁts available to UDRI, the common Federal Data
Requirement Table as extracted from that document (Table 1) has been used
as a general guideline for the radar-filter error study.
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TABLE 1. COMMON FEDERAL DATA REQUIREMENTS

Parameter Accuracy Firing Frequency
(30 - 100 km) '

1. Density _ ' (5%) * 237-580/yr
2. Wind  (5mps, 10° direction) 237-580/yr
3. Temperature (30 C.) -~ ‘ . 237-580/yr
4.. Pressure {(5%) * ‘. 237-580/yr

*Tolerances stated are within an estimated 2 sigma.



. EVALUATION OF TYPES OF RADAR

To determine the meteorological parameters of wind, .density, temp-
érature,. and pressure, it is éritical to be able to accurately nﬁeaSure the
accéleration and velocity of the sphere. The posit;on of the sphere is im-
portant only insofar as assigning an altitude to the point where t}}e meteor -
'ololgiclal--mea:surement's -are made. It is velocity, -and of even more impor-
tance, acceleration, that requires precise accuracy - .particularly above
70 kilo@eters. The natural question is: what type radar will best measure
velocity and accleration. With a standard spherical coordinate (range,
elevation, azimuth) radar, velocities and accelerations are obtained by
numerical differentiation of the spherical coordinates. It is worth investi-
gating whether other types of radars that directly measure velocity and
acceleration coﬁld provide more accurate meteorological data, and if so,

‘at what relative expense can these radars be obtained. Mr. Aaron Soltes

of Raytheon was asked by UDRI to act as a radar consultant in order to
provide an answer to this question. A questionnaire which requested a cost
ranking of_different Vtype radar measurements of several specified>accuracies
was submitted to Mr. Soltes. The accuracies .specified were to be main-
tained under geometric conditions typical of an 80° launch, 125-kilometer
apogee ROBIN trajectory. The type radar measurements considered were:

a) Range measurement
b) Range-rate by Doppler

c) Azimuth and elevation angles



d) A and E by gyros and otherwise

e) A and E by accelerometers and otherwise

The accu.raéies specified by UDRI were those that were estimated
to provide delnsity and wind errors of the magnitude outlined in the Federal -
Accuracy Requirements (Table 1). Table 2 shows the cost ratings and time

/

constants produced by Soltes. The time constant, as described by Soltes,

""...is the observation time over which individual measurements are averaged.

The cost rating column is based on a 1-10 scale with ''1" representing the
cheapest radar components. An FPS-16 radar would rate about in the middle
at '"'5'"". Some entries in Table 2 are subject to constraints and proper inter-
- pretation whicﬁ Soltes points out in comments about each type component.

Slant Range. --Soltes comments that the. sharp rise in cost rating in
going from five -meter to o'ne -meter accuracy is because of'a variety of
res;idual errors that are close to their irreducible ultimate limits.

Range -Rate.--Soltes comments that the a‘ccuracy and longest allowable
time constant for Doppler frequency measurements arevdependent upon the
R.F. wavelength used by the radar. The requirements of direct, simul-
taneous, unambiguous measurements of slant range and Doppler ;‘nay or
may not be compatible, depending upon the maximum magnitudes of R and

R that must be measured and upon the R. F. wavelength.

Azimuth and elevation (A and E). ~-'"The cost and time constant

ratings shown are for electro-mechanically steered antennas. The 0.1-

milliradian accuracy requirement is achieved with 'Cadillac -quality'



: TABLE 2
Matrix of Cost Ratings and Time Constants
' vs
Type of Measurement

v Time
Type Accuracy Cost Rating Constant
Measurement RMS (1-10) (seconds)
2. Slant Range 1 meter 10 0.1
5 meter 0.1
15.meter 1 0.1
3. Range Rate 1/3 met/sec 4 0.1
' (Doppler) 1 met/sec 3 0.1
5 met/sec 2 0.1
4. Azimuth (A) .1 mils 5 0.1
and . 5 mils _ 3 0.1
Elevation (E) 1. 0 mils 2 0.1
. . Servo Gyro - Servo Gyro
5. Aand E . 005 mils/sec 10 10 10 1
(Gyros) .01 mils/sec 10 10 4 - 0.1
v or .1 mils/sec 10 0.3 0.1
otherwise "« 5 mils/sec 2 0.1
1. 0 mils/sec 1 0.1
6. Aand E . 001 mils/sec? ?
(accelero- .01 mil.s/secz, ?
meters) .1 mils/sec ?
, or .5 mils/sec2 ‘ 10 ?
otherwise 1.0 mils/sec 5 ?




mechanical components and is close to tfle best that has been claimed to

dat.e (0. 05-millirad_ians).. To ma.intain 0. l-milliradian ratéd accuracy in

the field require's meticulous attention to and corrections for a variety of
error sources including solar heating, dynamic deflections, target dynamics,
etc., and frequent calibration and boresighting. "

A and E, --A and E can be measured by several rﬁethods. The two
for which cost ratings and time constants are given are for the angle velocity
data derived from angle tracking servo and rate gyros. Thésev types appear
most practical for the falling sphere téchnique. -The angle trackinbgv servo
ﬁlethod' may be' the simplest, but it requires sufﬁcienﬂy fine-grain angle
position data. The rate gyros yield a direct analog output that is more
accurate, but very complex "care and fe‘eding” of the gyros is required.

A and E . --Soltes comments: the inability of an electromechanicablly
‘steered antenna to rhove smoothly while' it follov.vs .a target c-reates even
more noise in the second derivative of its motion thgn in the first derivative
that is not related to true target motion. Consecjuently, unless a large
time constant can be tolerated, it is self-defeating to atteﬁpt to measure
A aﬁd E directly to the higher accuracies cited in Table 2.

In order to apply the results-of Table 2 to a projected radar design,
Soltes was asked whether there are any constraints inherent in designing
a radar that.qonsists of a combination of the different type measurement
components. For example, is it feasible to design a radar with gyros to

measure A and lé), and a Doppler to measure R. Soltes' reply is summarized



as follows: the constraints on angular and radial measurements are generally
eithér independent or compatible. Constraints orn slant range and Doppler
measurements may or may not be directly compatible. If they are not
directly compatible, they can be made compatible at some additional expense.

‘A final question asked of Soltes was ""What improvement in the time
constant or accuracy can be achie{red by a) having a real-time knowledge
of an average trajectory of the sphere and b) or programming the radafto
antiéipate the trajectory of the sphere?' Soltes' answer to part (a)‘is that
an average trajectory is of no value because individ;altrajectories probably
differ too greatly from each other. Soltes answered part (b) as follc_)ws:
"predicting the rnotion of a particular sphere in real time from its own
past history is definitely useful and the name of the radar tracking game.
How much real time computing can be accomplished within the allotted time
constant may well determine how accurately the target tracking mechanism
can estimate the true target motion from the noise-corrupted radar measure-
ments. "

The UDRI has used the answers and other informa;tion supplied by
Soltes in an effort to determine what is the best and most economical type
of radar to be used for tracking the ROBIN sphere. The next section dis-
cusses the evaluation of each type radar and the conclusions reached by

UDRI.
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Comparative Evaluation of Radar Types

The best tracking radar consists of the combination of type components
that have the lowest cost rating and will produce the desired accuracy and
wave structure in density and winds. The FPS-16 radar is the radar gen-
erally used for tracking passive spheres. It is available at all ranges and
therefore can be used as a guide to determine if a proposed radar, or radar
component, would improve upon accuracy, or be less costly than that pres-
ently atiained with the FPS-16 radar.

The first analysis of Table 2 consisted of determining whether slant
range or Doppler radars had a better cost rating in providing a specified
accuracy in 1.{, and under what conditions each was better. A specifed
accuracy consists of an RMS error and a frecuency response. Thus, in
'oi-der for the R obtained from differentiating the slant range measurement
to have the same accuracy as the R from the Doppler, two things are
necessary:

1) they must have the same RMS error in 1.1, and_

2) they must have the same frequency response, i.e., the wave
structure retained in each R measurement is identical.

Consequently, the technique used to compare the siant range and Doppler
components is the following:

Given a slant range radar of RMS accuracy o, m/sec, cost rating

——

of C, and time constant of At seconds,

—
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a) Define a method of obtaining R from the slant range measure-
ment. ' '

b) Determine the RMS error and frequer;cy response of the R de-
termined from (a).

c) . -Deiine an averaging method to get a smoothed value of R from
the Doppler measured R.

d) Find the RMS accuracy of the Doppler radar that will provide,
in the smoothed R, the same RMS error and frequency response

.as that from the slant range radar (step b).

e) 'From Table 2, determine the cost rating of the Doppler radar
with RMS accuracy specified in step d.

f) Compare cost rating of slant range radar to cost rating of
Doppler radar from step e. Since both radars produce the

same error and frequency response in R, the one with the
smaller cost rating is the most desirable.

The method of obtainiﬁg R from the slant range (step a) will be
defined as fitting a linear polynomial to N slant range data points and taking
. the Asiope as the range velocity at the midpoint of the data. The velocity
so defined will be denoted by Rsr' For this differentiating technique, the
RMS error in Rsr and frequency response, step b, are given respectively
as:

1 /2 ' ,

2 GRZ ] (1)

|
"R - [N(Nz-l)At-’-
ST

where
At is the time spacing between data points

N is the number of points used in the linear fit

12



“r is the RMS error in slant range - assumed to be normally dis-
tributed with mean zero,
and the frequency response as

g(w,N) = 3 {sin mN-D)atw]-TN-1)Atw cos{m(N-1)At w]} (2

T Im(N-1)atw]3
where

‘w is the fre.quency in cycles per second.

The derivation of Equations (1) and (2) can be found in References 2 and3,
respectively.

The method of obtaining a smoothed R from the Doppler R (step c) is
defined as moving averages. That is, Q values of Doppler R are averaged
apd the averaged value of R is defined as the smoothed R at the midpoint of
the c'la;ca.‘ The Doppler R is denoted as RD and the smoothed Doppler R as

o 3% .3
R D The RMS error of R D (step d) is given as:

D (3)

g = —
R D 1/'Q
where

Q is the nﬁrhber of Dopplerﬁ values of R avéraged, and

TR is the RMS error in the Doppler R - assumed to be normally
D

distributed with mean zero.

The frequency response of R _is given as

D

13



1

flw,Q) = O {

sin (QTWAt w)
sin (TAt w)

(4)

The derivation o Equation (4) is given in Appendix A. A' plof of the two fre-
quency response functions for various values of N and Q, Equations (2) and
(4), is shown as Figure 1.

The application of steps (a) through (f) is illustrated by the following
example. Consider a slant range radar from Table 2 with RMS accuracy of
five meters, cost rating of three, and time constant of 0.1 second. Deter-
mine if an equivalent Doppler ;adar' has a higher or lower cost rating.

The RMS error in the R from differentiating the slant range is ob-
tained from Equation (1) as: |

o (5)

R
sr

‘ /
- (210

The Doppler radar that produces an error in the smoothed Doppler

oo

1.2, li’pD, equivalent to the error in the differentiated I.{, Rsr’ is determined

by equating Equation (5) to Equation {3). That is,

: cm-f2 ) . _
- 30,000 Q ) (6)

= 3
Ry N(N? -1)

Equation (6) determines the Doppler RMS accuracy required to make

o = 015\* for specified values of N and Q.
sr . D,

14
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Since it is also required that the frequency response of R - be the
' S
same as the frequency response of R'PD, a constraint will be placed on the

relationship that must exist between N and Q.

The two response funcfions g{w,N) and f(w, Q) are shown in Figure 1
for varioue values of N and Q It is obvious that the two response functions
will net be identical over all frequencies, particularly over the higher
: frequehcies. However, when Q = 3/4N, it is remarkable 'how well the two
fuhctionsn agree over the lower frequencies of interest. The response of
the two functions differs by less than 2%. When the frequencies are higher,
say greater than 0.2, the difference between the two functions is sometimes
larger, but this is of little importance since these wavelengths are essentially

.destroyed by the filters,

A substitution of Q = 3/4N into Equation (6) determines the Doppler
RMS accuracy required to make both the RMS errors and frequency response

functions equal. That is, o T Ul.{* and g(w,N) = f(w, Q) for w< 0.2
sr D

This substitution yields:
, 1 N
°'f{ - 50 (7)
D [N2.)Y/?

Equation (7) shows that the Doppler radar equivalent (same RMS and
same frequency response) to the specified slant range radar depends upon
the number of points, N, used to determine Rsr' The choice of N strongly.

influences the density and wind accuracy that can be achieved. If N is

16



chosen too small, for example, a large noise error in density and winds will
result which ié not indicativ-re of the maximum accuracy in wind and density

that could be achieved by choosing the best N. On thfz other hand, if N is chosen
too 1é.i'ge, excessive smoothing will result that destroys real oscillations in the
data that could otherwise be observed. By considering the present FPS-16 system
as a standard, the optimum density accuracy is achieved when N = 91 points.

| T-his-corresponds-to-the linear-smoothing interval presently used in the High

' Altifcude ROBIN Program. * Substituting N = 91 into Equation (7) gives

g: = 1.65m/sec
RD

From Table 2, the cost rating of the Doppler radar with RMS accuracy
of 1. 65 m/sec is approximately 2.9. To summarize, the following has been
~accomplished: it has been determined that a Doppler radar with.RMS accuracy
of 1."65 m/sec is equivalent to a slant range radar with RMS accuracy of five
meters and time constant of 0.1 second for N = 91. The cost rating of the
Doppler is 2. 9 and the slant range radar is 3 0. Consequently, in this case
there is a negligible cost advantage of one radar over the other.
The analysis presented in the above example was pérformed for the
slant range radars of the other accuracies specified in Table 2. Table 3
shows the results of this analysis using N = 91 in each case. It should be

recalled that an N = 91 represents the smoothing interval used in the

%*The High Altitude ROBIN Program smooths on 19 one-half second
spaced data points. This corresponds to 91 point smoothing of 0.1 second
data points.
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High Altitude ROBIN Program and as such provides the same frequency re-
sponse és is presently being operationally achieved. The novise error in R
resulting from using N = 91 will only be the same as that achieved with the High
Altitude Program if the RMS error and time ccnstant of the slant range radar
is the same as that of the FPS-16. The noise error in R for N = 91 and eéch

accuracy is also given in Table 3. °

TABLE 3. -EREQUENCY RESPONSE--N FIXED

Error in
Time Constant Smoothed
Both Radars Slant Range Radar Velocity Equivalent Doppler Radar
At . mcrtR . N };({:O:t chsr:ch 5 Q TR . Cost
seconds eter arng m/second m/sec Rating
.1 1 91 10 .04 68 .33 4
.1 5 91 3 .20 68 1.65 2.9
.1 15 91 1 ' .60 68 4. 95 2

The results of Table 3 are graphically presented in Figure 2. This
figure shows the relative cost ratings of equivalent.slant range and Doppier
radars. vAny point on the curve represents _equivalent radars when compared
af the frequency response of the ROBIN system. As the c1‘1rv.e proceeds to the
right, the equivalent radars will provide less noise error in the derived R.

The noise error at which the Doppler radar becomes more economical (crosses
the line of equal cost ratings) than the slant range radar is approximately

o: = 0.20 m/sec. Increasing the accuracy in R is relatively insensitive to
cost when measured by a range-rate radar, but highly sensitive to cost if

measured by a slant range radar. For example, improving the error in R

18
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from o+ = .2 m/sec to o T 04 m/sec increases the cost rating for a slant
range radar from three to ten, but only increases the cost rating for a Doppler
radar from three to four. When using the FPS-16 radar and the High Altitude
ROBIN Program, the error in R ié approximately TR T 0.42 m/sec.. Conse-
quently, from Figure 2, it is seen that to improve upon the accuracy of the
present FPS-16 radar, it is more economical to enhance the accuracy of a
"Doppler rather than that of a slant range radar.

The resvults of Table 3 and Figure 2 were for a fixed smoothing interval
(N = 91) and consequently will all provide the same frequency response in
density - that of the High Altitude ROBIN Program. The slant range and
Doppler radars can also be compared for a fixed value of the noise error in
R. This fixed value can be chosen as that presently obtained with the FPS-16
radar and the High Altitude ROBIN Program: o = 0.42 meter per second.
In this case, the rationale for choosing N is: determine that N which will
produce o- = 0.42 meter per second. This is easily calculated from Equation
(1). Table 4 compares slant range and Doppler radars that provide the noise
error presently attained in the High Altitude Program. Figure 3 presents the
results of Table 4. For the present ROBIN system the slant range radar has a
cost rating of 2.1 and the Doppler radar a rating of 2. 7. However, if improved

frequency response is needed, Figure 3 shows it is much more economically

achieved by a more accurate Doppler radar.
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TABLE 4

op = .42 m/sec (High Altitude ROBIN Program)

Time Constant

Both Radars - Slant Range Radar : ' Equivalent Doppler Radar
af A R Cost
-seconds . .meters Rating
m/sec
1 1 19 10 14 1.6 2.9
.1 5 5 3 4l 2.7 2.8
.1 15 114 1 86 3.9 2.5

Comparative evaluation when time constant equals one-half second. --

Since the time constant of 0.1 second is less than that generally achieved
by an FPS-16 radar, and furthermore, since actual computation with 0.1
second data is often overwhelming in volume, it is instrgctive to look at
0.5 second time constant. Cost ratings for this type radar were not avail-
able; so we assumed 0.5 second time constant was thainéd By averaging five
0.1 second data points. This would in effect decrease the RMS rneaéure-
ment error by a factor of 1/vV5, The comparison was then made between
range and range rate radars-using the resultant accuracies. Table 5 gives
the results which are identicai to those of Table 4. This should not be
surprising. Averaging of five data points from both a range radar and its
equivalent range-rate radar should again provide equivalent accuracies.

We conclude from Table 5 only that you can not get something for nothing.

21



*{ Ul 10x17 ©SION PoX1q 3e siepey o8uey jue(g pue 13jddoq justeambry ‘¢ sand1g

Surjey 3soD seprey o3uey juelg

O L L e

/
wo3sdg NIGOY JO
osuodsay Aduondox g

/]

\ —
/
/
_ /7
/7
/ _ —_
/
| / 4
washs NIGOY Ul , : . S e -
e dwes - 33§/W 2% ) = M.mb : / |
\ —
/
4
\ ——a—d
_ 7
mmcm_m,m 380D Amsvm¢\
4 —
/
. 7/
| _ | | | ] | | l _

01

Sunyey 3so) aepey xajddod

22



TABLE 5

o = -42m/sec (High Altitude ROBIN Program)

Time Constant

Both Radars Slant Range Radar Equivalent Doppler Radar

At ’ o N Cost 0 o Cost

’ R Rati ‘ R Rati
seconds meters ating m/sec ating
0.5 1/~5 4 10 3 1.6 2.9
0.5 5/\/5 11 3 8 2.7 2.8
0.5 15/~/5 23 1 . 17 3.9 2.5

Comparison of Angular (A and E Radars to
Angular Rate (A and E) Radars

The steps {(a) through (f), outlined for comparative evaluation of
slant range and Doppler radars, are directly applicable to the evaluation
of angular and angular rate radars. Angular and angular rate radars were

~compared at the N value that produced the ffequency response of the High
Altitude ROBIN Program and also at the various N values that provided -
the sarfle noise error in A and E presently achieved with th‘e FPS-16 radar

and High Altitude Program. (i.e., CL=OL = 0084 mils/sec.) Tables

6 and 7 show the results which are graphically presented in Figures 4 and 5.

Figure 4 shows the comparison at N = 91 which provides the frequency
response of the High Altitude Program. Over the entire range of cost
ratings the angular measuring radar has a lower (cheaper) cost rating than

its equivalent angular rate radar. The difference in cost ratings is con-
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_ TABLE 6
Frequency Response N Fixed

Error in
Smoothed Equivalent
Time Constant ' Angular : Angular Rate
Both Radars - Angular Radar Velocity Radar
A ) . . ) .
t crA N lSots't a _ crAD Q O’AD ;Ots-t
seconds mils RAURE 18T sec ating
1 1 91 5 . 0040 68 .033 10 gyro
.1 .5 91 3 .020 68 . 165 5 servo
1 1.0 91 2 . 040 68 . 330 4 servo
1 2.0 91 1 .080 68 . 660 1.8 servo
TABLE 7
74 - .0084 mils/sec
(High Altitude ROBIN Program)
Equivalent
Time Constant Angular Angular Rate
Both Radars Radar . Radar
) - : — -
A | N N lg:ts;’; Q A ESots:t
seconds mils g mils/sec ating
1 1 '55 5 41 . 054 8 servo
.1 5 162 3 122 . 092 7 servo
L1 » 1.0 257 2 193 . 116 5 servo
1 2.0 409 1 307 . 147 4 servo
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siderable - a factor of approximately two. To achieve the accuracy attained
in the High Altitude Program with an angular rate radar would require a
cost rating of nearly nine as compared to an zngular radar cost rating of
less than five. The same results are seen in Figure 5 when the comparisons
are based on the same noise error as the ROBIN system. No situation
_existé when the angular rate radar is superior to the angular radar. Con-
sequently, the UDRI has discarded angular rate radars from fufther consid-

eration.

Comparative Evaluation of Angular and Angular Acceleration Radars
A simple comparison can be made to show the impracticality of
angular acceleration radars. For the ROBIN system the noise error in

the angular acceleration is approximately

oy = .0015 mil/sec?

The noise error obtained in acceleration measuremeénts by taking the

second derivative of a quadratic fit is

- 1. 2 g : . - B
oy = [ 720 ] / A (Ref. 2) (8)
‘N® -5N>+4N At?

The right harid side of Equation (8) will be equal to . 0015 mils/sec? when
At = 0.1, N 2 and N = 171, The cost rating of such an angular radar
with time constant of 0.1 seconds and an RMS accuracy of .2 mils is

approximately four. Next one can determine the number of points that

- must be averaged from an acceleration radar with a cost rating of five
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(this rating is given in Table 2) to give the same noise error in acceleration.
A cost rating of five corfesponds to.an RMS acceleration error of 1.0 mils/sec?.

Averaging Q acceleration points reduces the standard deviation of the

averaged acceleration by/Q (see Equation 3). That is,

S | )
Solving Equation (9) for the Q that mékes N * equal to . 0015 mils/sec?
gives | :
Q = 9628 points
- obviously a few more than one would care to use. As a result of this
investigation, angular acceleration measuring radars have been removed

from any further consideration.

Summary

The previous discussions have led to the following results:

a) Doppler radars hold considerable promise of improving accuracy
at little cost. Further evaluation of this type radar is warranted.

b) Angular rate radars are consivderébly more expensive than equivalent
angular-radars. As a result we have rejected angular rate radars from

further consideration.

c) Angular acceleration radars are considerably more expensive than
angular radars and can not provide the required accuracy. As a result, we

have rejected angular acceleration radars from further consideration.
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.ERROR ANALYSIS

Er_ror in the deterrr}ir;ation of winds and density from the ROBIN
faliing éphere may arise from many sources. The effects of an’erroneous
drag table, vertical winds, radar noise, smoothing technique, etc., all
must be taken into account in estimating the accuracy of the measurements
taken. .In this chapter we will examine the combined effects of inaccuracy
in the radar-generated coordinates (radar noise) and error introduced by
the smoothing technique. Two types of radars will be considered: the devices
that measure an object's position on_ly'and those which measure both position
and velocity alon.g the range direction. For brevity, we will call the former
""slant range rédars" and the latter "range-rate radars''. The basic smoothing
techniqueb'applied to the raw data from both radars is assumed to be smoothing
'by orthogonal polynomial fitting. A description of this method has been given
by Luers (R‘ef.' 1) so that it will be sufficient to say that orthogonal polynomial
émoéthing Has proven to be a most desirable technique for smoothing ROBIN
radar data. The majority of the discussion in this chapter will be given to
the determination of noise erroz; in the measurements of density and wind}
speedi Noise error originates in the noisy, unfiltered radar data and is
always carried, to some extent, through the smoothing technique to the
‘ computation of the final parameters. Bias error, which is a property of
the fitting polynomial(s), will also be examined in cases where methods

have been devised for its measurement. Noise error and bias error may
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be combined as total error in order to evaluate the overall accuracy of a

particular smoothing technique.
Spherical and Rectangular Coordinates

The raw radar dafa of a balloon track consists of the spherical
coordinates of the balloon's position: range, zlevation angle, and azimuth
-»angle, -and in.the.case of range-rate radars: velocity along the rang'g direction!
At sovme point in fhé analysis of the radar datz, a transformation must be
made from the spherical coordinate system to a rectangular coordinate
system in order that winds may be represented in a North-East reference
frame and density associated with a particular altitude. The question has
arisen as to where in ’t.:he smoothing process is the best point to make‘this
transformation. If the transformation is made on the spherical position data
before any smoothing is done (assuming we have a slant range radar) the
transformation equations are simple and require only the present set of the
th.ree spherical position variables. The transformation is, however, non-
linear so that smoothing on the resg.ltant rectangular coordinates could intro-
duce some error due to "misfit" of the smoothing polynomials to the data.
This misfit may or may not occur to as great a degree if smoothing were
done in the spherical system. Smoothing the spherical data to obtain first
velocities and then accelerations followed thereafter by transforming to accel-
erations in a rectangular system presents problems also. The transformation
equations for sphe;ical to rectangular acceleration are very complicated and

require knowledge of previous velocities and positions (due to the non-zero
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lengtg of the smoothing interval). Identifying and saving all the necessary
information to make a proper transformation of accelerations presents a non-
trivial bookkeeping problém. In order to determine which method {(smoothing
before transforming or transforming before smoothing) should be recommended,
é comparison of the noise and bias error in the rectangular accelerations
computed by each method was made. The comparison was made between
acceleration measurements rather than velocity because above 60 kilometers
density and winds are primarily determined by acceleration measurements.

Noise error. -- Figure 6 shows. the rectangular and spherical coordinate

systems used in this comparison and throu'ghout the error analysis. The
rectangular system is left-handed with the x-axis positive north and y-axis
positive east. The z-axis is positive upward. Range, R, is measured along
a line connecting the balloon with the radar site at the origin. (It is alsé
éssufned that the rocket is launched from the origin.) Elevation, E, is
measured positive counter-clockwise from the x-y plane, and azimuth is
measured positive clockwise in the x-y plane from the x-axis. Although
corrections for the curvature of the earth are make in the ROBIN program
(Ref. 2), a flat-earth approximation is sufficient for noise and bias error
analysis.

From Figure 6 it can be seen that the relationship between the spherical

coordinates and rectangular coordinates is:

x = R cos E cos A
y = R cos E sin A (10)
z = R sin E .

31



z(altitude)

(2
0%
>

<

Elevation

Azimuth

(East)

=~ x (North)

Figure 6: The Rectangular and Spherical Coordinate Systems

Used in the ROBIN System.
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-Equations (1'0) are épplied to _the raw radar data to convert each point from

R, E, A, to. X, Y, Z re‘present.ation when smoothing is done on rectangular
coordinates. To find tﬁe noise error in the rectangular coordinates -given

the noise error in the spherical coordinates the differential error approxi-
mation may bé used. | Assuming noise errors ir range, elevation, and azimuth
of §R, §E, and 3A, and ignoring second order terms, errors in x, y, and

z are-given by:

§%x = (cos E cos A)gR - (R sin E cos A)§E - (cos E sin A)gA

8y = (cos E sin A)gR - (R sin E sin A)gE + (cos E cos A)gA
8z = (sin E)gR + (R cos E)gE

or, in a more compact notation,

&% 5R
3% = {M] s E _ - (11)

bz 5A
where the matfix
cos E cos A - R sin Ecos A - R cos E sin A
(M) :' coéEsinA-RsinEsinA R cos E cos A
sin E 'R cos E | 0
The error variance, crz,1 ,’rnay be written as

¢t = E[(@i—E[si])Z]

i
where [§i] denotes the expected value of an error in i. If the noise is truly

random in nature, then the expected value of §i should be zero, or
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ai’- = E [(6i)*])

“In light of the above, the error variance in x, y, and z may be determined

by squaring both sides of Equations (11), which yields:

5x” cos’ E cos? A R? sin® E cos? A R? cos® E sin® A\ [6R?
5y?| = |cos® E sin® A R? sin? E sin? A R? cos? E cos® A}|6E?*| + [S] (12)

\0z% ‘sinz E R? cos® E 0 8A®

where [S] represents the matrix of all the cross terms containing the factors
SROE, SROA, and 8EJA. Measurements of R, E, and A are assumed to be
mutually independent so that E(6R 8E), E(6RS8A), and E(SESA)=0. Taking
the expected value of both sides of the above expression and replacing

E [6x* ] with crxz and so forth gives:

2 2
crx R
lo 2 = M*] {e¢ 2 (13)
y E
2 2
v, N
where
cqsz E cos® A R? sin® E cos® A R? cos? E sin? A
m?]= cos? E sin® A R? sin® E sin® A R? cos® E cos? A
sin* E R? cos®’ E 4]

Z,cr ¢ ando ®

The quantities o E A

R are the noise error variances of the radar

measured coordinates and are functions of the radar.
Equations (13) give the noise error variance in the rectangular

position coordinates after the transformation from the radar's spherical
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system. It will be shown in a later section that smoothing the rectangular
coordinates to obtain rectangular accelerations results in multiplication
of the position error variances by a constant dependent only upon the

smoothing polynomial(s). Thus, the error variances in acceleration are

given by
2 2
G;i G'R
a.. 2 = Kj [Mz ] g 2 ' (14)
y E
i 2 2
\O‘.Z. LN

where K, is a constant, when smoothing is done on rectangular coordinates.
To find the noise error variance in x, y, and ‘2z when the sphericgi
coordinates are smoothed, expressions must first be found for rectangular
~accelerations in terms of the corresponding spherical quantities. Differen-
tiating Equations (lQ) twice yields:
- % = (R IRE? RAZ)cosEcosA -(RE +2RE) sinEcos A

- (RA +2RA) cosEsinA +2REAsinE sinA

<!
i

(R -RE? _RA%)cosEsinA - (RE+2RE )sinE sinA
+ (RK + ZRA)cos E cos A - 2REA sin Ecos A

(R -RE?)sinE + (RE +2RE )cosE

Z

where R, E, A and R, E, A are the accelerations and velocities, respectively,
in the spherical system. Application of the same techniques that produced
the error variances in Equations (13) gives expressions for the variances

when smoothing on spherical coordinates:
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2 v 2
T [°R
o.2] = [MZ] oael + [N%]
y E '
5. 2 . gor 2
'z A

"where -

cos’ Ecos* A RYsin’ Ecos® A RYcos? Esin’ A

Duetls cos? Esin® A R? ain’ Esin® A R? cos® Ecos® A .
sin* E R cos™ E 0
(E-: sinEcosA+AcosE sinA) (RAsinEsinA <REcosEcosA -R sinEcos AY

“[N')s 4 [(AcosEcosA-EsinEsinA) (RAsinEcosA-REcosEsinA -RstaE sinAl
Elcos’E {Rcos E -REsinEP
AND

(-E* -A')cos Ecos A-E sinEcos A-A cos EsinA +2AE siaEsinal

(P')a Q-i:‘ LAY Jcos E sinA-E sinEsinA+Acos Ecos A-2AEsinEcos A)®
[.E? sinE+Ecos E)?

O'R O'R

2 2 2

. 1
U +[P?] O (16)
O_;Z o 2

A A

(RE.: sinEsin A “RcosEsinA -RA cosEcos A)
(ﬂco-BcouA-'Rico-EnLnA-Ré sinEcosA) B
o

[-(R -RE!.-RA*) sin E cos A-(RE + 2RE) cos E cos A +{RA +2RA) sla E vin A+2RE/ cos Esin A}
[-(ii RE}.RA? )sinEsin A-{RE 4Zﬁt)co| E uinA-(Rx +Z“).£n EcosA-2REAcos Ecas A
[(K -RE?)cos & - (R +2RE sin E))?

(- (ii -RE? -RA? YcosEsinA+(RE+ ZF.{X-.:) ¢inEsinA - (Rx + ZEIIA) cos EcosA+2REAsinEcos Al .
[(K-RE® -RA*}cos Ecos A « (RE +2RE) sinEcos A - (RA +2RA)cos EinA ¢ 2REA sin E sin A}
0 . . ’ .

Note that the ma,tr_ix [M? ]is identical to tfle [M? ] matrix of Equations (13)
and (14). The ncise error variances in the smoothed spherical velocities
and _acceleration.s can be expressed as the product of a constant and the error
variances in the spherical position coordinates, in the same manner as the

rectangular acceleration in Equations (14):

2 2 2 2

0% R R R
2 _ 2 2 2 2 | 2 2

GS’. K, M?] O +K, IN* ] > + [P?] S (17)
2 2 2 -2

T N Va : A%a

where K, and K, are constants depending only on the degree and length of

the smoothing polynomial. The constant K, of (17) is identical to the K,

of (14), provided of course that the same smoothing polynomials and smoothing
intervals are used in each method. The R, E, and A error variances in

(17) may be factored out and the matrices K, [N? Jand [P?] combined as

matrix [Q?]. We can then write (17) as



X R

v ? = {x M)+ R} o : (18)
2 2 4 |

O'.Z. O'A

At this‘point, if we reexamine (14), the expression for noise errors in
acceleration when x, y, and z are smoothed, we see that the difference between
predicting the noise error in acceleration when smoothing on x, y, and z rather

than R, E, and A is the term

L4 vt

In order to determine the magnitude of the elements of [Q%] as compared to

the elements of K; [M?], a sample trajectory was analyzed by smoothing of

2 2

‘R, E, and A. Along with printing out the values of U':iz ) 0'.}; , and 0. s the

factors
o’ o 2
R R
K MZ 2 2 2
, IM2] 05 and' Q°] O
2 2.
A A

were output. From this data Table 8 was prepared showing the contribution
to the acceleration noise error by ea.-ch of the above terms at ten kilometer
altitude intervals.from 60 to 100 kilometers. The smoothing of the sémple
trajectory was done with the 19-21 linear-cubic double polynomial filter

normally used for density determination. Radar errors used were approximately
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TABLE 8: A COMPARISON OF TERMS IN THE EQUATIONS
FOR ACCELERATION ERROR

Altitude (Kilometers)

100 90 80 70 60
Contribution to t ' ) ' 1
) 1 H ] 1
2 [} ] ] I t
g..“from ] ' ! ' '
X i t 1 [ 1
[ 1 1 ] 1
1 .
K, [M?] i .032618 E .029245; .026315 1 .023832 1 022402
] N ] 1 1) ]
Q2] ! .000202 ! .000230 i .000158 ! .000029 ! .000017
’ H ] 13 ] )
— - i : )
! ] i ] ]
Contribution to ' ' ! ' !
2 U [} 1 1 1
0..“ from ! X , : :
] \ ] ! ]
1 ] ] [] ]
K, (M*] ' .032775 ' .029395 ! .026431 ! .023909 ' .022246
4 ] ] I ]
t ] ] [} ]
(%) ©.000203 ! .000232 ' .000166 ! .000029 ' .000015
: . ! : l
] ] ] ] ]
] 1 ] ] ]
Contribution to | : ' ' '
! 1 1 ] ]
] ] 1 ] i
0'.-2, from : ' ‘ X :
Z 1 1 1 1 1
] ] ] ] ]
K, M) 1 .022408 | .023543 ) .024461 , .025183 , .026591
1 4 ] ] ]
] ] ] ] ] .
Q%] ; .000009 , .000017; .000019 ; .000005 , .000006
1 [} ] ] 1
] 1 1 1 t
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‘those characteristic of the AN/FPS-16 radar, a slant range radar often
used in tracking the ROBIN. The standard deviation of noise error in range,

o_, is conservatively taken as six meters and the standard deviations in

R)

elevation and azimuth, o_ and o are assumed to be .15 mils (1.473x1073

E A’
radiahs) each.

Exa.rnination of Table 8 quickly shows that the contribution of all the
elements of the matrix [Q%]is for practical purposes negligible for all the
acceleration componénts throughout the altitude range considered. The
largest contribution from [Q?] occurs at about 90 kilometers Whére it may
be as much as l% of K; [M?] for the horizontal accelerations and . 1% for the
vertical acceleration. At lower altitudes the relative effect of [Q?] is less
than .1% for 0'.}2z and o‘.}.rZ and about .02% for (7-7:2 . Itis apparent. that the
approximation made in ignoring the contribution to the noise error by the
terms represented in the matrix [Q?] is quite good. One can conclude then,
that there is virtually no difference in noise error variance between smoothing
on the spherical coordinates R, E, and A and smoothing on the rectangular
coordinates x, y, and z.

Bias error. --It has been shown above that on the basis of noise error
there is little difference in smoothing on R, E, ané A and smoothing on x,

y, and z. Next wé will consider the differences in bias error between the
methods. As mentioned previously, bias error results from lack of fit
of the smoothing polynomials to the actual data. A study was carried out

by smoothing a computer simulated trajectory in both manners, i.e.,
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srﬁoothing on R, E, and A, and smoothing on x, y, and z. The resulting
rectaﬁgular ,acceleration components were compared to the 'v'truev" values
vcomputed by the trajectqry p’rograrﬁ. The ‘program sAupplied position
'coordiﬁates in REA form fo a smodthi,ng routine which used a 19-21 linear-
cubic bolynomial for both‘processes., The bias error was then cémbuted

by comparing the smoothed values of the acceleration components at a given
glti’cude to the true value at.that altitude as computed -by the trajectory
program. Bias srror was computed as a "perceﬁt bias'' by the equation:

smoothed value - true value

x 100
true value

"% Bias'"
"Figure 7 presents plots of the percent bias inx, y, and Z as functions of
altitude. Broken lines show the bias for smoothing on R, E, and A, while
bias for x, y, and z.smoothing is shown by solid lines. The figure shows

that while t.he bias error for both methods may be quite large in some cases,
the d_ifferencé between the two methods is ‘né more than a few percent at
most. This indicates that the difference between 'lack of fit" to the data

by transforming x, y, and z before smoothing and after s.moothing is small
and can be ignored.

Considering what small differences exist in noise and bias errors
between smoothing on spherical and smoothing on rectangular coordinates,
the better approach appears to be smoothing on x, y, and z. Thié method
requi'res less infbrmation for the coordinate t;'ansformationras s'hkon. by
comparing Equations (10) and (16), and so greatly simplifies any data analysis

scheme.
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Figure 7. Bias Error in Rectangular Acceleration (X, y, and z) for
Spherical and Rectangular Smoothing.
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Development of Methods for the Calculation of the
Noise Error in Winds and Density

Methods for‘ computing thg noise errors in win;i speed and density
have been developed for ROBIN systems using slant range radars and those
using range-rate radars. The calculations require values of the noise error
variances in the radar coordinates, parameters of the smoothing technique,
and a nominal trajectory. Although temperature and pressure may also be
measured by the ROBIN, their values are derived from the density measure-
ments, so that separate studies of noise error in T and P are not required.
The expressions developed should be sufficiently general as to be applicable
to virtﬁally all radars and smoothing techniques presently used in ROBIN
experiments. We will first éresent the error analysis for slant range radar
.systems and then examine the alterations necessary to apply the analysié
to r-ange-ra.te systems. The presentation of the slant range radar systems
is similar to thaﬁ given in Reference 2. However, the following presentation
takes into account the correlated errors in velocity - a point not considered
in Reference 2.

Slant range radars. --Noise in the radar measurements of range,

eleva‘;ion, and azimuth is assumed to be a random, Gaussian process so

that the mean (or expected value) of an error is zero. The size of the dis-
tribution of errors can then be described by specifying an error variance,

ot (ora standardideviation c), where o® is defined as the mean square error

. as shown in Equation (13). Let r. represent a radar measurement of range,
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‘elevation, or‘azifnuth at the ith‘point Iin time of the trajectory. We as sume
that the radér provides a series of such points (. i=1,2,3, ...) spaced

" in time be an interva'l At. We also assume that the error in each measurement
of r is independernt of those errors precediﬁg and following. The measurement

of r, may include some error so that we may express r, as
1
r., = r, +§r, ' (19)

£ .
where r. is the true value of ri'and §r, i5 the error. Transforming from
1
the radar's spherical coordinate system to a rectangular coordinate system
transforms the errors in the coordinates by the relationship defined by ‘

Equation (13),

o .2 = cos?® Ecos?Aoc_2% + R.%2sin’E _ cos?A.o 2 + R.%cos®E . sin*A. ¢ .2
x1 i i Ri i i i Ei i i i Ai

c 2 = cos?E.sinfA.o_.%2 + R.2sin’?E.sin?A 0 .2 + R.%2cos?E.cos?A.oc .2
yi i i Ri i 1 i Ei i i i Ai

o 2 = sinE.oc__.% + R,ZcoszE_c 2 . (13)
zi 1 Ri i i Ei ,

The error variance in x, y, z position determined by Equation (13) can be
used to express velocity and acceleration errors in rectangular x, y, z
coordinates as follows:

Let

t )
x, =x. t §x, (20)
i i i
. . t.

where 8x. is the error in the measured value xi and x,1 is the true value

i

of x at the it point. In smoothing x to obtain velocity, N values (points

in the time series) of x are fitted by the least squares criterion with an
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~orthogonal polynomial of degree k. The derivative of this polynomial is
~ taken and its value at the midpoint of the interval is taken as the x velocity.

As N is always chosen to be odd, the midpoint of the intervé.l is the point

N+l The velocity x at that point is fhen (Luers, Ref. 1)

L (N+LY ,<N+1>' ,(N+"1> ,(N+1>

X( 2 >—A1 Pl > +A2PZ 2 +.-.+Akpk 2 (21)
where

N
| ZPk“’Xi
=1 '

A'k = N )

At sz (i)
i=1"
> iy th ' o
Pk(l) is the k'~ order Legendre polynomial in i,
Pk'(i) is the first derivative of Pk(i),
At is the time spacing between points,
and N is the number of points in the smoothing interval.

. t .
Substitution of x, +0x, for x, in (21) and a rearrangement of terms
i i i

yields:
N. o (N+L o o (NHI |
Wy (2 ki ) I il S 2 P SO
i=1 At z P2 (i) Atz sz (i)
Coi=1 i=1

~ Assuming, as we did for x, that X may be written as the sum of a true
value and an error, x=x +08x, we may substitute this expression in (22).

If we then assume that the polynomial is an exact representation of the
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~ noiseless data, the noise error in velocity in terms of the noise error in

position is

NIy o N+
.(N+1> Z{P()P< >+“_+ Pk(ll)\rpk( z>}6x (23)
i=1 AtZPlz(t) Atz P2 (i)
i=1 : ' i=1

To compute the noise error variance in velocity, we square both sides of
(23) and take the expected value. Great simplification can be achieved by
i h
noting that N
) ) PP (i)=0 forj#k

j k]
i=1

N+1
P (__._ -
2) K > ) 0 for even k

and 3) E(éxj éxk) =forj#k

The velocity noise error variance is then

(] REDT R O] o

N '}ZE? (29)
Y P (0) Y P2 () ) B G
i=1 i=1 i=1

ot ()

Since fifth order polynomials are rarely, if ever, used, normally only
the first two terms require evaluation. These terms may be expressed as

 functions of N (Ref.2 ) as
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e (5] 12

Tw S N | e
) PR
i=1
and
 (N+1\?
[ ( 2 )] . 7(3NE-7)? -
N T SN oA (NE TN (25b)
Y, B ()
i=1

'Thus, for linear smoothing on x, y, or z to obtain velocity, Equations (24)
and (25a) may be combined to give an estimate of the noise error in velocity
in terms of the unéertainty in position. When cubic fitting is usedv, the
expression of (25b) must be édded.

The next step in the process of obtaining wind and density measurements
is the computing of accelerations. There are two approaches: 1) taking
the second derivative of the polynomial fitted to the position points, or 2)
fitting a new polynomial to the velocity points and taking the first derivative
of this polynomial. Both methods present desirable features. Using one
fitting polynomial and taking second derivatives for acceleration is a simple
and relatively fast process. (Obviously the order of the polynomial must
be greater than one if non-zero accelerations are to be obtained.) ''Double
smoothing', in contrast to ''single smoothing' described above, entails"
fitting a new Eolynomial to the velocity points provided by the differentiation

of the first function. The advantage to double smoothing lies in minimizing
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'the lack of fit (bias error) between the data and the smoothing polynomials.
Bias error has been discussed in detail in Reference 2 where it is noted
that the basic justification for double smoothing is that two odd order srﬁoothing
polynomials can usually be chosen so that the bias error is less than the bias
-resulting from taking the second derivative of an even o-rder polynomial.
Double smoothing, however, presents some complications in the computation
of noise error, as we shall see below.

For single smoothing an error in acceleration arising from an error

in position may be written as

o (NHL /Nt
S Sallchiil ' ) A ok il w 0 AR
=l L 2 P2 (i) Atzz P2 (i)
i=1 i=1

where Pk" (i) is the second derivative of the kth order Legendre polynomial
in i. Equation (26) is obtained in the same manner as was (23) except that
the second derivative is now taken. Squaring both sides of (Zé) , taking the

expected value, and noting that

1) Pj(i) Pk(i) = 0 forj # k,

2) P M (Iiﬂ> = 0 for odd k,

K Z

and 3) E(Gx,éxk) = 0 for j # k,
j

yields the noise error variance in acceleration,
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ey () e Y] o

.+ } X | (27
Lo At
Y P2 ), ) P ()
i=1 i=1

Since only quadratic and quartic fitting is normally used, the evaluation of

the first two terms can be given as

- N+1 \1%
. "
[7. ( )] ) 720
N © NP 585 14N . (28a)
), B ()
i=1
- and
P (8
AT ) 44100 (3N? - 13)? ‘ (28b)
N T 49N(N? -1)(N® -29N* +244N2 - 576) ° ‘ ‘
% 2
), Pl
i=1

As was the case with fitting for velocity, Equation (27) is used with (28a)
for quadratic single smoothing and (28b) is added for cjuartic smoothing.
Double‘smoothing consists of using a new polynomial of a different
order and/or different smoothing interval, M, to smooth 'the velocity points,
take the derivative, and obtain accelerations. At first glarfce it would seem
that the error variance in acceleration could be expressed by an equation
similar to (24) but with o replacing . and oL replaci_ng v, However, an
extra term mus.t'be added to the acceleration error equation when double
smoothing is used to account for the effects of non-zero correlation of

velocity errors introduced by the velocity fit. This correlation effect occurs
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due to the ''slide' of the filter. To obtain a sufﬁcient‘nurn‘ber. of acceleration
points so that winds and density may be computed more loften than every one
or two kilometers, aﬁy filter used is applied to the data in a sliding manner.
In single srﬁoothing sliding goes as follows: after the N position points have
' N

+1
> >th point, -

been fitted and ar acceleration computed and assiged to the (
the filter is .moved ahead a small number, normally two, of data points and

'a. new acceleration is determined. Thus,. the time spacing between any two
adjacenf acceleration points is S -At, where S is the number of points in the

slide. For double smoothing, the velocity smoothing interval slides along

the ppsition data, in jumps of S points, generating velocities separated by

SAt. The acceleration interval then slides along the velocity points in jumps

of one point as accelerations are computed. This procedure, as in single
smqothing, results in acceleraﬁions computed at points in time separated by

SAt. A sufficient nui'ﬁber of acceleration points are thus obtained to compute

winds and densities at relatively small altitude intervals, but the slide also
introduces correlation or dependence among accelerations since much of

the same position data was used to compute any Itwo nearb& acceleration points. The
meteorological parameters, however, are computed frdm a single acceleration
point so that the correlation in-accelgrations is not a source of error. in the
meteorological pa_raméters. In double smoothing, though, correlation among
velocity points must be taken into account in calculating the error in acceleration.
For example, in a 19-21 linear-cubic double smoothing with a slide of two,

the first velocity point is obtained from the 19-point linear fit to position
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points, the interval is advanced two points and the second velocity computed
using two new positions and 17 of the previous position points. This proceés
continues until 21 velocities are obtained, whereupon a cubic fit is made to
yield an acceleration.-
To compute the noise error in acceleration, the correlation among
velocities is taken into account by the last term on the right hand side of
M+1 :] <M+1 2
! e ———
2<M+l>_ {[Pl( 2) +P3 ) } +3“ b.b
« \"2/ M , M ZJ >
2 2 1#3 Z
Y P () ? P2 (i)
i=1

where

Pk'(i) is the first derivative of the kth order Legendre polynomial
in i, Pk(-i), used for the fit to velocity,

M is the number of velocity points in the smoothing interval,

At, is the time spacing between velocity points,

US{Z is the error variance in velocity (as given by 24),

pij is the correlation coefficient for the ith and jth velocity points

and bi’ bj are constants as defined by

Lo CE) o () o (5)
) P Y, P () ) P
i=1 i=1 i=1

for fitting polynomials of order k.

The complete derivation of the correlation term of (29) is presented in
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Appendix C, but it should be noted that the éorrelation term is only a function
of the degree and length of the two smoothing polynomials and the slide used
in applying the 4filterv. Thu‘s,. if these parameters are Rﬁown, a number
may be specified for the term which applies to any and all trajectories that
will be smoothed. |

Onée Equations (27) and (29) have be;an used to determine the noise

error variances in each of the rectangular components of acceleration, the

noise error in wind speed (Ref. 2 } in the x and y directions can be determined

by
» 2 . Z se » Z
z X X 2z
¢ % = g.? +( - > o’ +<.. > .2+ —-———~—jl 5.2 (30a)
WX X zZ -g X z -g z (z-g)? z
. 2 .. ‘ ee » 2 °
z Z
S YT | (A LN I L (30b)
wy y 1z -g y z-g/ = (z-g) z
where o. %, ogr2 , .2 are the noise error variances in the velocities X, Vs
X z
%, 0.2, &.2, o..%, are the error variances in the accelerations ¥, V. Z, g
x % z '

2

is the acceleration due to gravity, and crwx2 and o the errors in the x

and y winds. The noise error in density is (Ref. 2)

G2 : 2 E 2 © (2 . \2 '
) = () o0 () o, H () +(85)
( ! ) ot () oy, (2 ) = (31)

where V? = (x -w )? +(§r-w P +zt
x' y o

wo and WY are the x and y winds,

%, ¥, and %z are the rectangular components of the total velocity V,

2 2 . . .. ..
¢.“, 0..° are the noise error variances in z and z, and
Z

2 . . . .
c % 0 are the noise error variances in x and y winds.
wy
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The noise’er'rpr variance in density has been expressed as a ratio of the
error in density to the coméuted value of density in order to simplify the

. expression. Note that, as usual in dealing with the ROBIN system, vertical
windé are assumed not to exist.

E'quations (13), (24), (27), (30), and (31) allow caléulation of the
noise error in wind speed and density for ROBIN tracking with slant range
.sradars. This.pro.:edure may be .used to generate-tables or graphs of the
noise error in a measurement as a function of altitude for given combinations
of radar accuracies, sample rates, filtering techniques, etc.

To be able to apply both the abdve method for computing noise erroxr
for slant range radar systems and the method developed for range-rate
systems, a computer program was written called RFEP (Radar-Filter Error
Program). Four versions of the program were used in developing the methods
‘and using them to evaluate radar-filter combinations., sample rates, etc. The
first two versiéns, RFEPI and RFEPZ, ax;é simulation programs designed
to produce noise error in winds and density from randomly generated noise
error in radar data. RFEPI! processes randomly generated Gaussian errors
in the spherical position coordinates in identically the same manner that
actual radar data would be processed. The result is the variance of the noise
error in wind and density just as it appears in the ROBIN data reduction
process. RFEP2 performed the same simulation for range-rate systems.
With the aid of the two simulation programs, the analytic methods presented

in this chapter were formulated and tested. The analytic method for slant
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range radar systems derived above was coded in the third version of the error
pl;ogram; RFEP3, and the analytic method for range-rate systems which we
will examine below, was coded in RFEP4.

Figure 8 presents an example of the comparison of the fesults of the
simulation and analytic methods. The noise error in density for slant range
radar systems (solid line) is plotted vs. altitude as computed by the analytic
m_e.thod-of RFEP3. The noise error as computed by the simulation program
is given at 5km altitude intervals. Simulation values ‘are the result of the
prchssing of 30 random error values in the radar coordinates. Agreement
is seen to be generally good. Also showl;x in the figure by a broken line is the
result of an earlier analytic method (Ref. 2) which does not take into account
the effects of cofrellated velocity errors. This method consistantly predicted
lower noise error than the simulation method and was theréby determined to

-

be in error.
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Figure 8 Noise Error in Density Computed by Analytic and
Simulation Methods.
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Range-rate radars. -- The raw data from a tracking by range-rate

or Doppler radar consists of four quantities: range-rate, range, elevation,
and azimﬁth (R, R, E, and A) provided at points in time separated by the
sampling interval At. At the present time there does not seem to be ahy
generally agreed upon method for treating data from range-rate radars used
to track the ROBIN balloon. The s?nootﬁing method presented here along
with a noise error prediction scheme is suggested as the best utilization of
of the data to obtain the meteorological parameters. The procedure of the
proposed smoothing technique for range-rate radar systems begins with
smoothing the values of E and A with the orthogonal polynomial technique to
obtain values of E and A at the midpoint of the smoothing interval. If the
length of the smoothing interval is N, then the noise error in E and A ;re

given by - _
»"E (N;l)_ [P‘ (E;)] [?'gﬂ . } g
Z P, (i) Y P2 )
i=1 i=1
2 (N+1> {L (NH)] [P <N+1>] ‘ N

LPPY S (32B)
) Pyt () 2 P, (i)
i=1

i=1

(32a)
At? -

where, as in Equation (24), the first term in braces is used for linear fitting,
the first two terms for cubic fitting, etc. These terms may be given in terms
of N as in Equations (25a) and (25b). The smoothing on E and A data provides

E and A velocities at the point (N+1)/2 which may be combined in a set of
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transformation equations to find the x, y, and z velocities at (N+1)/2. The
.transformation equations are

x cos Ecos A -RsinEcos A -RcosEsinAl[R

1z | cosEsinA -RsinEsinA RcosEcosall | (33
z sin E R cos E ' 0 A

which require values of R, E, and A at the point (N+1)/2 in addition to R,
E, .aﬁd A. The values of R, E, and A are obtained by averaging the radar
R, E, and A data and the value of R is obtained by averaging the raﬁge-rate
R measurements. It was shown in a previous chapter that the number of R
points to be averaged to obtain a frequency response equivalent to that of
an N point linear differentiating filter is approximately (3/4)N. If we call
this number of points Q, then the error variances in the_ averaged values

of R, R, E, and A (denoted by an asterisk) are:

O_RZ* - "f{z /O ' | ' (34a)
GRZ* - O_Rz /0 : ' | . {34Db)
UEZ* = UEZ/Q . . v (34c)
UAz# ~ O_Az/Q | , | (344)

Applying the differential error approximation to Equations (33), the noise

errors in the rectangular components of velocity are then:

e — o e

2 2 3%
. o2
2
“E
2 _ . 2 ) ‘ )
o, = [T] 54 (35)
2 %
“Rr
2 2 %
O-Z. O'E
B R s
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where the matrix [ T) =

cos’ Ecolt A Rlain' Ecos’A Ricos’ Esin' A (EsinEcosAthcosEninAl  (ARsinEsinA-RefaEcoaA-ERcoxEcos AP (ERsiaEsinA-RconEsinA-AR cosEcoa Al

sin' § Rlcos* E [ Ecar’ £ . (1.\ cos E-RE sin €)° ) 0

The values of %, y, and z obtained from Equation (33) can now be
fitted with a new polynomial and the derivative taken to yield the rectangular
components of acceleration, X, y, and z'. If the number of velocity points
fit in this manner is M then we have values of x , etc., at (M+1)/2. The

noise error in the x acceleration is

P BT, et
ot (LY. (E o +...}(S’;tv)2+{)4%—r(ls—gi)—z} (36)

Y R ) Z P2 (1) i
i=1 '

‘where

Q-S I i-j l n! 2 2 2% . .
= [ X o, . . 2 2 %
éjk [ o2 _J[cos Ecos AO‘R +(EsinEcosA + AcosEsinA) U'R

+(RAsinEsinA-ERcosEcosA-RsinEcosA)? ot

+(.‘ER SlnESlnA-RCOSESIHA-ARCO SECOSA)Z (TAZ*J

N-S|i-j
2 2
[Z akak+S| i-j] | _l (R?sin? Esin? Ao‘E + R?cos?Ecos? Ao‘ %)
k=1 _
The first term on the right hand side of (36) is evaluated in terms of M in

the same manner as Equations (32) were treated for N. The second term on
the right hand side is the correction to the error variance for the effect of
correlated velocities. This term may be obtained by arguments similar

to those used in correcting the acceleration error term for slant range radars.
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Expressions similar to (36) apply to the other rectangulall acceleration
errors, o..2 and K o z,

When the acceleration components and their.noise errors have been
determined, winds and density and their error variances can be found in
the same manner é.s used with slapt range radar Syétems, that is, the errors
in wind speed and density for range-rate systems are given by Equations
- (30) and (31).

The above development of analytic noise error equations for range-
rate systems is designed to make optimum use of the raw radar data. By
placing the coordinate transformatioh between the determination of velocities
and accelerations, we have restricted the type smoothing that can be _uéed
to double smoothing. Although detailed bias error studies of the suggested .
range-rate method have not been done, it is expected that double smoothing
is probably most desirable in any case.

Tests of the range-rate smoothing method on data from simulated
| tre;.jectories have shown that some approximations can be made that will
greatly simplify the computation of the noise error. The n‘“xatrix [T] that
transforms the noise errors in-spherical positions and velocities to errors
in rectangular velocities (Equation 35}, can be divided into two parts: the

2% 2

first three elements of each row which multiply TR T and T A

2 sk 2%
R o‘E , and o‘A

2, and

the last three elements of each row which multiply ¢ 2%,

Using data from a sample trajectory, the individual elements of [ T] can

be computed. When the elements of [T] are then multiplied by representative
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values of the appropriate error variances, the contribution of each element
fo the error variance in x, y, or z can be noted. Such a comparison using
typical ROBIN trajecfory data shows that the contribution from the‘last three
terms of éach. row of [ T] is from 10° to 10% fimes smaller than the contri-
bution from the first three terms. This occurs due to the fact that the
values of R, fE, A are numerica_lly muc_h smallef than those of R, E, and A.
Thus, to a good approximation,‘thése terms can be ignored and the matrix
[T] reduced to a 3.x 3 of the first three terms of each row. This approxi-
“mation f;lrther simplifies the range -rate error computations since 1) the
noise error of the averaged values of R, E, and A are no longer needed
(the averaged values themselves are, of course, still required in the actual
data analysis) and 2) simplification of the @ij term of Equation (36) which

| contains factors identical to the elements of [T]. Letting the negligible

elements of [T] be zero, the @i. for x acceleration of (36) reduces to

| N-S |i-j]
M-S i—jl} : * ag 2+ [ Yo . a ](stinZEcosz Ac_?
Qij = [9_6'7— (cos*Ecos AO‘R ) ké k 2K+S | ij] E
+ R%cos? A sin? EO’AZ) . (37)
Similar reductions apply to the @i. terms for y and 3.
Summary of the methods for predicting noise error. -- At this point

we may summarize the noise error expressions for slant range and range-
rate radars. The equations for slant range radars are presented in Figure
9, starting with the assume-di radar noise error and the filter 'paramet_ers
and ending with the equations for percent error in density. Figure 10 shows

the same procedure for range-rate radar systems. The methods summarized
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2 , 0.2 - Noise error variance in range, elevation, and azimuth

Radar Charactcristics: URZ , o-E

A
-1 Samnple interval = 1/{sample rate)
Filter Characteristics: Single smoothing: N points fit with a kP order polynomial, first derivative for

velocity, second for acceleration

S - Slide (number of points)

Double smoothing: N points fit with a kth order polynomial, first derivative
for velocity, then
M velocity points fit with an Lth order polynomial, first
derivative for acceleration
S - Slide {(numb>r of points)
Noise Error in Rectangular Position Coordinates: . .
«xz cos® E cos® A R? sin® E cos® A R? cos® E sin? A uRz
dyz = cos? E sin® A R? sin? E sin® A R? cos’? E cos? A UEZ
Ao Csin? E R? cos® E . 0 o,
z A
Noise Error in the Rectangular Velocity Components:
c.? o ? where C = 12 for linear or quadratic smoothing
X x N(N2 -1)
2 Cc 2 2 o2
v. = e o . 12 + 7(3N° - 7) . . .
Y (At) y C NN T NN (NS DN for cubic or quartic smoothing.
o et
z z

Noiese Error in the Rectangular Acceleration Components:

Single Smoothing:

& z where € = 20 g drati hi
o v, ¢ * (NF-ews7an) for quadratic smoothing
o.? = (—&%_ 2 c - 720 ) 44100(3n2 13
¥ b (NPTSNSFAN) | 49N(NZ -1}(Ne <29N* +244N? -576)
2 2 -
%, T2 for quartic smoothing

12 zz ) .

2 2 -

o oy where C = M) b, b p for linear smoothing

o ? L itk

¥ Bate ¥ 1 ~ s

: 2 7(3M? -7) 22 .

2 2 .

%z 7 C = fipe-n * oM T by P i:oi‘::;ﬁg
. N-r itk

. r= |8(j-k}|, a; - weighting factors from the
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Radar Characteristics: | O'X;\Z - Noise ¢rror variance in the range-rate
o'Rz, sz , UAZ - Noise error variance in range, clevation, and azimuth
At - Sample interval = 1/(sample rate)

Filter Characteristics: N points fit with kP order polynomial to elevation and range for velocities

Q range rate points averaged

S - Slide (number of points)

Noise Error in the Elevation and Azimuth Velocities:
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in the figures allow calc.ulation of the noise error in winds and density as a
function of altitude for any combination of radar and filter of the kinds used
~in the ROBIN system. The propagation of the noise from its source in the
raw radar data to the final determination of winds and density can be examined
by these analytical techniques. Examples of the use of these methods will
appear later in this report. |

Noise error is not, of course, the only criterion in judging a radar-
fiiter system. Bias error and its related phenomenon, frequency response,
are also of concern, especially where determination of fine structure is
important. Unfortunately, arialytic expressions do not exist for the calculation
of bias error and frequency responsve for the types of filters used on ROBIN
‘data, so that these quantities must be computed by a simulation technique for
each Vparticular combination of radar, filter, and nominal trajectory. (Analytic
expres.sion do exist, however, for simpler types of filters. See Appendix A.)
This procedure consists of smoothing a simulated trajectory wifh the particular
filter whose frequency response is to be found and comparing the resulting wind
and density structure with the "true' values used in creatiﬁg the simulated
trajectory. The results of this rather laborious procedure can then be com-
bined with computations of the noise error by the methods presented above
to judge the worth of a filter for a particular application.

A Comparison of Noise Error in Winds and Density .
for Slant Range and Range-Rate Radars

The noise error in the meteorological parameters for the two types

of tracking radar has been compared by using the error prediction methods
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obtained in the last section. Computations were made of the errors in

density é.nd wind speed by both methods using the same simulated trajectory.
The }*adar errors assumed for the slant range radar were nominaily those

of the FPS-16. For the range-rate radar the FPS-16 errors were assumed
for the errors in the R, E, and A measurements and . 5 meters per seco‘nd
was taken as the 1 ¢ error of the rangé—rate measurement. The filters for
:the .slant range radar system used were the 19-21 1in¢ar-cubic for density

~ and the 51-35 éubic-cubic for winds. The filters used for the range-rate
system were thoée that have the same frequency response as the above, i.e.,
the 19—21 linear-cubic with 15-point averaging and the 51-35 cubic-cubic

with 39 -point a&eraging. In computations by either mefhod, the same slide,
two, and sample rate, two points per second, were used. Table 9 summarizes
‘the input data to the two ﬁoise error programs which were used in the comparison.
The plots of noise error for 5oth systems are presented in Figures 11 and 12
for density and North (x) wind, respectively.

Figure 11 shows, as one mlight expect, less noise error in density
throughout the flight, for the range-rate system. Noise error in wind also
shows general improvement at all altitudes for range-rate radars as shown
in Figure 12. Since the filters and radar errors used in the comparison
were chosen to be as similar as possible, the improvement shown in the
‘range-rate case should reflect just the value of the added range-rate measure-
ment (in this case with an accuracy of 0. 5 meters per second). In the section
of the tréjectory where there is considerable motion along the slant range

the improvement is most pronounced. In density, for example, a 41%
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TABLE 9. --INPUT DATA TO THE COMPARISON OF NOISE ERROR FOR
- SLANT RANGE AND RANGE-RATE RADAR SYSTEMS

.Radar Errors:

(1o values)

Filters:

Sample Rate:

Slant Range
Radar System

Rangé—Rate ’
Kadar System

Six Meters in Range

.15 mil in Elevation
and Azimuth

Six Meters in Range

. 15 mil in Elevation
and Azimuth

.5 m/sec in Range Rate

19-21 linear -cubic
for Density

51-35 cubic-cubic
for Winds

Slide 2

19-21 linear-cubic, 15-
pt. averaging for Density

51-35 cubic -cubic, 39-
pt. averaging for Winds

Slide 2

At = .5 second

At = .5 second
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improvement is obtained at 100 and 95 kilometers by using the range-rate
radar. The percentage improvement decreases at iower altitudes as the
radar detécts more angular motion, until_ at 60 kilometers, only a 22%
improvement exists. The same effect appears in the North wind error where
the improvement is 40% at 100 kilometers and 230/0 at 60 kilometers.

The increased accuracy of the range-rate radar measurement is
greatest just where it is needed at the higher altitudes where slant range
radar measuremernts become very noisy. It should be pointed out that the
assumed range-rate accuracy of 0. 5 meter per second used in this comparison
is probably a rather conservative estimate of the accuracies that are presently
available for range-rate radars. -Certainly even less noise in the measurement
of the range rate would result in greater advantage in the use of range;rate radars.

Ar: Examination of the Smoothing Techniques
Presently in Use with Slant Range Radar Tracking

The May 1970 High Altitude ROBIN Program (Ref. 2) was a 19-21
linear-cubic double polynomial filter to determine density and a 51-35 cubic-
cubic double filter for winds. These filters were chosen for their combination
of low bias and noise error over the 100 to 60 kilometer region. When the
noise error for. these filters was computed, the effect of correlated velocity
errors for double filters was not taken into account. In order to determine
what effect, if any, the added noise error would have on the choice of optimum
filters for the High Altitude ROBIN, a reexamination of density filters was
made. The results of the density filter study were then used to determine

if a reexamination of the wind {filters, a more laborious process, was required.
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As we shall see, it was determined izlfrlat:'no -reexamination of wind filters was
needed.

The more promising doﬁble polynomial filters considered in Reference
2 for density determination were the double filters: 41-11 cubic-linear,
19-7 linear-linear, 35-9 cubic-linear, 21-21 linear-cubic, 21-19 linear-
cubic, 19-21 linear-cubic, and 31-7 linear-linear, and single filters 21 and
| 31 quadratic. All these filters have relatively small bias and noise error
over the altitude range of interest. To determine whi.ch of these filters
should be 'recornmended, plots of the noise and bias errors as a function of
altitude were made for each filter and the results compared. Figdré 13
presents these plots. The compufation of noise error in density for each
filter was made using the technique outlined in IFigure 9. For all filters the
assumed radar errors were six meters in range and . 15 mil in elevation
and azimuth, Ot was taken as . 5 seconds and a slide of two points was used;
Bias error was computed by the methods described in Reference 2. The
absolute value of the bias was used for convenience in preparing the plots.

An examination of Figure 13 shows that, based on the criterion of
the best combination of noise and bias error over the entire altitude range,
the group of filters: 19-21, 21-21, and 21-19 linear-cubic appear to be
superior, the other double and single filters may be eliminated for excessive
noise and/or bias over all or a major part of the altitude range. Choosing
betweén the linear-cubic filters in the '"20-20" range requires closer
examination. When this is done, the 21-21 can be eliminated on the basis

of slightly larger bias of the three above about 80 kilometers. The choice
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between the 19-21 and 21-19 is almost impossib}e to make as they ére s0

‘ evénly matched in both noise and bias. If a point by point comparison is
'fnade, however, the.l9—21 shows slightly smaller bias more often for the
altitude range. Based on this difference, albeit very small, the 19-21
linear-cubic double filter appears to be the best for density determination,
as was previously found in Reference 2.

No new filter was found which has a better noise and bias error
profile than the density filter now used in the High Altitude Program.
Based on this fact and the knowledge that the effect of correlated velocity
errors is most important at altitudes above about 85 kilometers where
.wind error computed by any filter is large, a reexamination of the wind

. filters was not undertaken.
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THE EFFECT OF LAUNCH ELEVATION AND AZIMUTH

Much of the character of the descending secti‘on of the R.OBINY trajectofy
is determined by the conditions at 1:_he rocket launch. The launch elevation
éngle primarily determines, for a given vehicle, ‘both the altitude and down-
range position at apogee. The direction of launch with respect to the wind
structure, the launch azimuth, also has .an effect on the trajectory of the
balloon as it falls. In order to examine what influence launch elevation and
azimuth have on the accuracy of wind and density measurements, error
analyses were performed on theoretical trajectories generated to simulate
various launch conditions. An examination of thé results should suggest

what launch conditions are desirable for achieving minimum noise error.
- Elevation Angle

Four theoretical trajectories were generated by program THEOT,

. . o 0. o
one trajectory for each of the four launch elevation angles 72, 787, 82, .

o . i .
and 88 . The launch vehicle assumed in each case was the Viper-Dart
rocket. Since the program computes only the trajectory of the balloon and
not that of the rocket, the position and velocity of the balloon at the release
point were input for each angle. The positive downrange direction (the
launch direction) was taken as North and positive crossrange direction as

East. Table 10 summarizes the balloon release conditions for the four

launch angles.
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Altitude (km)

TABLE 10: BALLOON RELEASE CONDITIONS FOR THE
STUDY OF THE EFFECTS OF LAUNCH ELEVATION ANGLE

B_ailoon Release Conditions (Viper Dart Vehicle)

Launch Angle Release Position Release Velocity
Altitude Downrange Vertical Horizontal
o Velocity Velocity
72 . . 117000 m 80000 m 0 m/s 530 m/s
78° . 126600 m 57400 m 50 m/s 360 m/s
g2° 131200 m 39200 m 50 m/s 240 m/s
88° 135000 m 10000 m 52 m/s 60 m/s
North Wind ' East Wind
T T T 1 T T T
T Z> oo |
90 - . > 90 -
80L 80 = -
70 70F ]
50 50 .
40 1 1 ] L 1 | L
0 - 10 20 25 50 75 100
Wind Speed (M/S) Wind Speed (M/S)

Figure 14 Assumed Wind Profiles
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'The above launch angle data was abstracted from information supplied
by Mr. Bruc_:e Bollermann of Space Data Corporation, manufacturers ‘of the
Viper -Dart rocket..' |

As the wina structure has an effect upcon the resulting noige error, the
Asame wind structure was used in each simulated flight. The wind struéture
used was an approximate_versioﬁ of the actual structure measured by Viper-
Dart 12 (Ref. >2 ). Figure 14 presents this wind structure. The magnitude
of the wind directed North is assumed to vary sin_usoidinly with altitude. The
Wave.length was taken to be ten kilometers and the amplitude ten meters per
second. A constant ten meter per second North wind was added to the sinu-
soidal structure so -that the wind speed varies between 0 and 20 meters per
second. In contrast,' the speed of the wind blowing East was assumed to be
constrﬁcted of four linear functions of altitudes. From 60 meters per second
at 40 kilometers, the East wind speed increases linearly to a maximum of
100 meters per second at 70 kilometers. A sharp decline reduces the speed
to ten meters per second by 75 kilometers, after which the speed remains
at that value to 85 kilometers. Above 85 kilometers the winci speed again
increases so that at 100 kilometers the speed is 27. 5 meters per second.
This North and East wind structure was used in each of the four elevation
angle trajectories and was also used in the investigation of azimuth effects.

Noise error computations for wind and density were made using the
methods for slant range radars and range-rate radars coded in RFEP3

and RFEP4, respectively. The analysis of noise error for the slant range
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radars was made using the 19-21 lineaf-cdbic_filter for' density errqrv and
the 51-35 cubic-cubic filtef for wind error. |

The 19-21 1inear-cubic filter with 15-point averaging was used for
density in the analysis for range-rate raAda.rs. For winds ;che 51-35 cubic-
cubic with 39-point averaging was used. The 1 ¢ noise errors in position
coordinates for both radars were taken to be: six meters in range and . 15
mils in elevation and azimuth, the nominal FPS-16 values. The noise error
in the range rate for that type radar was 0.5 meter per second. In both cases
a sample rate of two points per second (At = .5 sec) was used. The standard
dev‘iation of the n’oise error in each meteorological parameter was computed
at each five kilometers from 60 to 100 kilomefers and plotted versus altitude.
Figures 15, 16, and 17 are the plots for density, North wind, and East wind,
respectively for slant range radars, while Figures 18, 19, and 20 show the

same plots for range-rate radars.

Slant range radars. --Figure 15 shows a rapid increase in density
accuracy with increasing elevation angle. This efféct is especially pronounced
at the higher altitudes (85 to 100 kilometers). This is to be expected since
for the greater launch elevation angles, 820,and 880, the path of the balloon
is closer to the radar site, and thus much of the motion at the high altitudes
is alc.)ng the range direction. Because accuracy of the measurement of range
is independent of range (within the limits of tracking of the radar) velocity
" and acceleration along the range direction can be obtained with little noise

error. As the elevation angles become lower, the high altitude accuracy
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rapidly decreases. At 100 kilometers the noise error ip the density is 24%
for the 72° launch, but only 4% for the 88° launch. In these cases more

of the kalloon rnof:io.n soon aftef apogee appears to the radar as angular
motion. Moving to lower altitudes, the‘ noise error for all launch angles
diminishes rapidly to a minimum at about 77 kilometers. Here the 72°
error is less than 2% and the 88° errér almost 1/2%. By 60 kilometers

the 72° error is about 3% apd the 88° about 1%, so at the lower altitudes
the improvement in noise error is not as great as at higher altitudes. The
noise error in North, or downrange, wind speed errof, Figure 16, shows
much less dependence on launch elevation angle. At altitudes above 80

or 85 kilometers, the higher elevation angles do result in lower noise error,
“but the 6v¢ra11 wind accuracy is so poor as to make the ROBIN-slant .;range-
radar combination of little value as a downrange wind sensor above, say,

90 kilometers. At altitudes below 80 kilometer%, downrange wind error is
very low, about 1 m/sec for all four elevation angles for this wind field. ‘The
accuracy situation at high altitudes is somewhat improved in the cross-
range (East) wind case. Here the three lower launch angles, 720, 780, and
820, still have wind speed errors much greater than ten meters per second
at 100 kilometers, but the 88° launch angle has improved the high altitude
accuracy considerably, having a 1 ¢ error of only five meters per second
at _1‘00 kilometers. Lower altitudes, again, show better accuracy of a few

meters per second for each angle.
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'I‘hé considerable difference in the high altitude noise errors in the
North and East winds may be explained as follows. The North (downrange)
wind ié derived from a change in ‘the North-South position of the ROBIN
which is measured by char;ges in both range and elevation angle from the
radar. Thus, the efror in the North wind is determined by errors in ra:nge
and elevation angle. Under the launch angles specified, the range error makes
the larger contribution to wind error. On the other hand, the East (cross-
range) wind is derived from a change in the East-West position of the ROBIN
which is measured by a change in the azimuth angle of the radar. The error
in the East wind, then, is determined by the error in the azimuth angle.
This error is smaller than the constant six-meter error in range which
composes the greater portion of the error in the North wind. Thus, the
error in the East wind is less thén the error in the North wind, under the
assumptioh_ of a launch'in the North-South direction (see Figures 16 and 17).
In addition, because the error in the East wind depends upon angular errors,
this wind is therefore more sensitive than the North wind to launch elevation
angle.

Range-rate radars. --The effect of launch elevation angle on density

error for.range-rate radar systems, as shown in Figure 18, is much the
same as the effect for slant range radars. Increased accuracy throughout

the flight is obfained.,by using higher elevation angles, with the most improve-
ment found above 85 kilometers. The curve representing the noise error for

o
the 88 launch elevation shows that error in density can be reduced to below
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1% for the entire flight when this nearly perpendicular launch angle is used.
Component wind spee'd noise error versus altitude is plotted in Figures
.19 and 20 for Nortﬁ_ (downrange) and East (crossrange) ;Nind, respectively.
' The behavior with launch elevation is again similar to the slant range radar
case; the major difference be_tweeﬁ them being only the overall improvement

in accuracy gained by the use of range-rate tracking.
Wind Structure

To examine the effect of the magnitude of the wind field and its
direction on nc;ise errors in winds and density, trajectories were simulated
using various wind structures. Three orientations were chosen of the wind
structure used for the elevation angle study. The first orientgﬁon, called
A, was the original orientation of the sinusoidal wind blowing North and
the multi-segmented linear wind blowing East. Orientation B results from
a 180° change of direction of both winds so that the sinusoidal wind is directed
South and the linear wind West. Orientation C is an interchange of the two
wind components, i.e., the sinusoidal wind blows East and the linear North.
Figure 21 presents the three situations.

One can see from Figure 21 that if we regard orientation A as a
launch with azimuth angle of 00, orientation B is a launch with azimuth of
1800, and C is a launch with azimuth 900. The effect of these various wind
directions on noise- in wind and density was examined for both slant range
and range-rate radar systems using RFEP3 and RFEP4 to plot, as for the

elevation angle study, the noise error versus altitude. Figures 22,23,
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and 24show the results for slant range radars and 25, 26 and 27 for range-
rate radars. In each case a launch elevation angle of 82° was used.

Slant range radars and range-rate radars. --From the six figures,

22 through 27 it is readily seen that the effect of launch azimuth angle on
noise error in winds and density is quite negligible. The difference between
the 1 o values for each orientation is in nearly all cases too small to appear
on the scale of the plot. This result indicates that at altitudes above about

50 kilometers the magnitude and direction of the wind field has little influence

on the noise error in winds.

z{alt.) z(alt.) : f(alt. )
y |
Sinuso.idal wind Sinsoidal wind Linear wind
————— D ——— ettt S .
L.aunc.h Launch Launch
IS direction direction direction
) — — -
& x (N) —x(N) — x(N)
JL g &
/A
y y
(E) Orientation A (E) Orientation B (E) Orientation C

Figure 21 Wind Field Orientations for the Study of Wind
Direction Effects.

83



T L T T T T T T T
~ 10 o - - -
R z : : : o .
‘ A
& c
Qa
5 ~
. -
0 1 | i 1 | | — i 1
100 95 90 85 80 75 70 65 60
Altitude (km)
Figure 22 Noise Error in Density for Various Launch Directions (Slant Range Radars
35 T 1 T T T T LB I 1
30 5 -
25 L .
) 20 F -
N~
2
3
b 15 L ~
10 F .
5 ban o
) A Bgc
0 . 3 5 1 1 L 1 1 1
100 95 90 8> 50 75 70 65 60

Altitude (km) |
Figure 23 Noise Error in North Wind for Various Launch Directions (Slant Range Radar



35 T T T . | L T T T
304,
25 -
20
(’0\ -
~
s
=
5% 151
10 p=-
50
43,‘,éc
0 i 1 i { f L i | 1
: 100 95 90 85 .80 75 70 65 - 60
. Altitude {(km)
Figure 24 Noise Error in East Wind for Various Launch Directions (Slant Range Radar
T T T ¥ T T T I L
15~
— 10
2
Q.
Q
b p—
g 4
e
|
'——g-“"ﬂé
¢
0 i 1 1 1 L L I 1
100 95 g0 B85 §0 75 70 b5 60

Figure 25 Noise Error in Density for Various Launch Directions (Range-Rate Radars

Altitude (kmy)

Qo




\iVi /oy

v

(M/S)

o

35

.

T T T T T T | T T
25 L ~
20" F -
A
-3
c
15 F n
10 | —
5 1 -
; A8 fc
0 1 1 1 1 ! 1 1 1 —1
100 95 90 85 80 75 70 65 60
Altitude (km)
Figure 2:6 Noise Error in North Wind for Various Launch Directions (Range-Rate Radars)
35 T T T T 1 T T T T
30 L -
25 =
20 |- ‘ -
2
15 | n
A .
5 - -
4,8 fc
0 1 1 1 ) I T 2 1 i
100 95 90 85 50 ) 79 ) )

Altitude (km)
Figure 27 Noise Error in East Wind for Various Launch Directions (Range- Rate Radar)



Summary

The investigation of the effects of launch elevation, launch azimuth,
and wind structure on the noise error in winds and density revealed several
useful points. With regard to the elevation angle, it was found that with eack
radar better accuracies were achieved with launch elevations near the vertical.
This fact is not surprising, as mentioned.above, since higher launch elevations
result in balloon descents closer to the radar, thus reducing the effects of
angular error. The improvement became proportionately greater with greater
elevation angles fqr both varieties of radar. With regard to launch azimuth,
it was found that crossrange winds can be measured more accurately than
downrange winds. This results because changes in downrange measurements
are observed by a radar in its range and elevation measurements while.the
crossrange effects are observed by the azimuth of the radar. Consequently,
if the east-west wind is desired to maximum accuracy, the launch should be

directed in a northerly or southerly direction, and vice-versa.
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| CONCLUSIONS AND RECOMMENDATIONS

The study of ra.dé.rs, filters, and .launch conditions for the ROBIN
passive s?here system has révealed several heretofore unsuspected conclusions
and confirmed some others which were already held. The study has shown
how the presént FPS-16 ROBIN system can best be utilized as well as indi-
cating how an improved-system whic‘h provides more accurate winds and
densities can most economically be achieved.

A summary bf the conclusions of this study and recommendations
for further research are presented below:

1) Indproved accuracy of the FPS-16 radar passive éphere system
is most economically achieved by a Doppler measurement of range -rate.
Modified FPS-16 radar‘s that include a Doppler measurement are preseuntly
in existence. To date they have not been fully utilized to provide optimum
density and wind reduction.

2) Radar measurements of angﬁlar rate, or angular acceleration

are not economically feasible. It is more economical to measure angles by

—.

radar and numerically differentiate to determine angular rates and accel-
erations.

3) The effect of correlated errors in accelerations from double
smoothing has been determir_led and expression derived to calculate its
effect. The effect of correlated erro;‘s in éc‘céleration was noAtAconsidéred
in Reference 2. The resulting estimate of wind and density errors for

double smoothing technique is somewhat higher than that shown in Reference
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2, particularly above 80. kilornevter's. Nevertheless, the conclusion that
the 19;21 linear -cubic provides optimum density measurgments is still
valid, evén_ after including the correlated errcrs term.

4) With the FPS-16 tracking system both density and wind accuracy
can be ifnproved‘ by launching ;t a higher elevation angle. Launching _a:c
88 degrees improves density accuracy by a factor of three or more over
a 78 degree launch. Improved wind accuracy is also significant - especially
in the cross-range direction.

5) 'With the FPS-16 tracking system the cross-range component of
winds can be measured to higher degrees o‘f accuracy than can the down-
rangé component.

6) The magnitude and direction.of the wind profile has no significant
eff(%,ct upon the accuracy that can be achieved in measuring the profile.

7) There is no significant difference between wind and density
accuracy resulting from smoothing on R, E, and A coordinates and sfnooth'mg
on x, y, z coordinates. Since the transformation equations are simpler
for x, y, z smoothing, this is the recommended smoothing érocedure.

In addition to the above conclusions, the following items warrant
further investigation:

a) The feasibility of installing a Doppler measurement device on
all FPS-16 radars that are used for tracking passive spheres.

b} Incorporating into the High Altitude ROBIN Program an optimum

filter for winds and density measurements when tracking with a Doppler

radar.



c) The feasibility of using a mini-computer, on a real-time basis,
to predict the trajectory of a sphere from its equations of motion and past
history and then using the predicted trajectory to augment the tracking

capabilities of the radar.
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APPENDIX A

DERIVATION OF FREQUENCY RESPONSE f(w, Q)

. -Assuming .the Doppler radar' measures directly without distortion of
frequencies of interest, then discounting noise, the radar output of the sinusoidal
wave R=Asin(2nwt) is of the form:

R = 2MTwAcos (21 wt)
Using moving avera'ges, R *,i's calculated as

R =

b 61— 2Tw A cos (2T wti) : (A-1)

T O g

If At is the time spacing between data points, then Equation (A-1) can be
rewritten as: :

Q-1

2
. oo 1 . )
RD = _Z)_ z 2T wA cos (21‘rw1At+p) | (A-2)
Q-1
L= - e

2

where B is the phase shift required so that time = 0 is on the same point of

the curve previously occupied by time = tQ 1

- 2

By trigonometric identities, Equation (A-2) simplifies to:

' sin Q21w At
R *  2TwAcosp { 2 }
D Q . 27w At
sin ———

The frequency response is given as the ratio of the smoothed RD to the
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true R. The true R at the midpoint of the interval (i.e., t = 0 after the

" translation by p)is R = 2mmw A cos B

Thus,.
. sk
- Ry 1 (sin (QTw At)
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APPENDIX B
DERIVATION OF THE NOISE ERROR VARIANCE
FOR DOUBLE POLYNOMIAL SMOQOTHING

The double polynomial smoqthing technique consists of the determination
of a'v:elocity from a linear combination of position points and the determination
of an acceleration from a second linear combination of velocity points. The
linear nature of this process allows one to calculate the error variances in
velocity and acceleration by applying the smoothing technique directly to the
~assumed errors in position. Noise err;)r in position is assumed to be normally
distributed with a mean of zero, and no correlation is assumed to exist between

noise error in different data points.

Let {G;r} be the set of all position errors .in any of the three position
coordinates. By our assumptions above, E(dx.) = 0 for all r. So we have
var (dx_) = O‘XZ.: E [(er)z‘] for all r. Also, let {ékj} and {Gip} be the sets
of noise errors in velocity and acceleration. We wish to determine var(f)kj)
= 0'}'\:2 and var (6'>ip) = 0:{_2 . The double polynomial smoothing technique
determines members of the set {ékj} in the following manner: For an N, M
double polynomial filter with a slide of S, the first velocity error 0%, is

formed by
N
8x; = z aiéxi (1)
i=1 A -

where {ai} are the weighting coefficients resulting from the Legendre poly-

nomial fit of position points to obtain velocity. To determine bk, the first
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S position errors are discarded and the next S position errors ( in chronological

order) are added so.that

N
8x, :2 ajbx; g - C(2)
i=1 .
In general,
N
o5 7 ) @55 j=bMo e B3
i=1

A single acceleration error is then formed by

M _
5% = z b, bk | L (4)
J o '
j=1
" where {b} are the Legendre coefficients from the acceleration smoothing.
J7

. s 2 .
Finding ¢.” in terms of ¢ *:
x X

N N
var(ok) = E [( Z 2, 8%, (i 1)s )2]= Y a?E <6xi+(j_1)sj] (5)
i=1 i=1 v
since cov(éxi 6xj) = 0 fori# j. Thus,
N
0'5:‘ = (r;(jz = z a.i2 crxz for a_ll j. | (6)

To find ¢..% in terms of ¢.° , we apply the definition of the variance again:
X x

M 2
(IR s

i=1
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But since velocity errors are correlated by the sliding nature of the smoothing

cov (65<i 65;),) £ 0 fori#]j, or

o
z 2 5.2 ) b.b L2
0. z bj o-x +2 L PP pjk crx , | (8)
‘ = E(8%. + 63 L . '
where pjk E( xj xk) / 0. (9)

To find pjk for j # k, we may substitute (3) into (9)

N N .
R LN [ RER. ) (10)
Pik = 7. % Lo %%+ -1 /\L %%+ (k-1)8
X =1 i=1 '
N N
= —-lz-—E[z a.? 8x dx +§z a. a 0x 5x ]
or i iG-S it k-1)8 T L i 2 T4 -1)S q(k-1)8
. )
' itq (11) .

1
- % [izlaizE(5Xi+(j-l)Séxi+(k-l)S>:|
N
1 o< . \
¥ o2 [LZ aiaqE(éxH(j-l)Séxq+(k-1)S/]
i#q

(12)

The first term on the right hand side of (12) is non-zero only if j=k since any
two different éxi are not correlated. However pjkj = k are not of interest.
Using the same argument, the second term is non-zero only for combinations

of i, q, j, and k such that
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i+(j-1)s_:q+(1'<-1)s o (13)

or | |
iog = (ks “ | (g

Therefore the only non-zero terms of the double summation are those in
which the subscripts of the a's are different by an integral multiple of S,
the particular value of this multiple depending upon the values of j and k.
If, for example, (k-j)S = 2 ttile double summation term, which is pjic’ can
be written out as

o 2

X .
taza, +"'+aN—zaNJ?:7 . Slk-j) =2 (15)
: X

= [al 3.3

Pk
Similarly, if (k-j)S = -2, the expression for p_jk is

o

Pik lasa; +a,a; tooaayg an.2d =5 - S(k-j) = -2 (16)

Comparison of (15) and (16) shows that for a given S

.= . 1
Pik ™ Pkj (17)
A simpler expression for Py can be found by generalizing from (15), (16),
J
and (17).
, . N-c 2
. : O-X
e R (18)
| i=1 *

where ¢ = [S(j-k)|

Equation (18) can be further simplified by recalling Equation (6),
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o1z

. : (6)
Substituting for 0-5{Z in (18), we have
N-c
z a_ a,
i 1i+c

i=1

[Ny wwps SR

N
z a.?_
1
. :1

1

pjk = c= IS(j-k.)I . (19)

Equation (19) for pjk may then be used with (8) to express 0..% in terms of
o and o, may be found in terms of crxz by Equation (6) so that the noise

error variance in acceleration for double polynomial smoothing is determined.

A great deal of labor in computing values of P, can be reduced by
J

roting that S(j-k) = S[(+1) - (k+1)] so that in general Pik T Pj+1, k41
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APPENDIX C

RADAR ANALYSIS OF THE AN/FPS-16
TRACKING A FALLING SPHERE

Aaron 5. Soltes
Raytheon Company

. INTRODUCTION

This report describes the results of a study aimed at enabling those
interested in the falling sphere upper atmospheric sensing technique to utilize
the AN/FPS-16 family of tracking radars to best advantage for trajectory
measurements.

It includes an error analysis of the AN/FPS-16 radar tracking a nomi-
nél ROBIN falling 'sphere trajectory; an evaluation of the results; and recom-
mendations on selection of type of sphere, settings of the radar, and existing
modification to the AN/FPS-16 that shox.ﬂd be employed, if avéilable, to improve
performance.

It is shown that the AN/FPS-16 radar, when properly employed, possesses
the capability for measuring falling sphere trajectories to its rated precision.
However, as an occasionai user of the radar rather than its operator and main-
tainer, the meteorologist is cautioned that the methods at his disposal for
controlling the quality of his measurements are of necessity limited, and that
he had best take certain precautions. Furthermore, with so many AN/FPS-16
radar configurations in the field, it was necessary for a first analysis to treat
the radar and its variations in a generalized way. Comments are offered as
to how the performance of particular radars may be further optimized by

individual attention.
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2. RADAR ERROR ANALYSIS

The AN/FPS-16 family of radars have a rated precision or instrumental
error of 9.1 mrad rms in angle and 5 yds rms in raﬁge. These figures are
the minimum error levels of the radar design, achievable under optimum
conditions with the equipment properly maintained and calibrated, and in the
absence of error components that are a function of target dynamics, echo
signal strength, and extérnal environment. In practice, the optimum conditions
under which rated precision is attainable prevail in only a portion of a radar's
total volume of coverage, since performance is actually dependent upon the
target cross-section, range, and dynamics, and the operating environment,
all of which are outside the control of the radar designer.

In order to utilize the AN/FPS-16 radar to best advantage for f;lling
‘spher.e trajectory measurements, it is important to eva}uate its performance
in the context of that tracking task, and to determine the regions and under
what conditions rated performance inay be expected.

There are two general categories of errors associated with a tracking
radar - fixed errors, which are essentially independent of the conditions
under which the radar is operated, and variable errors which depend upon
the conditions of operation. In the case of falling sphere measurements, it
is recognized that the meteorologist is often but an occasional user of the radar,
and therefore, has little control over the fixed errors that are primarily
functions of design, maintenance, calibration, and environmental conditions.

He does have some options, however, which enable him to minimize the
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contributions from some of the sources of variable error, and we will con-
centrate on them.

(A) Radar Settings

The radar design incorporates several adjﬁstable parameters

- which enable the ope‘rator to adapt its characteristics to a wide range
of target characteristics. This pe rnﬁts some latitude in matching
the radar to a particular task at hand in order to minimize target-
dependent errors. In order to take advantage of the adjustable radar
parameters it is necessary to determine the best settings to suit the
falling sphere measurement application and to supply this information
to the radar operator. Failure to guide the operator may result at
best in measurements that do not fully utilize the capabilities of the
systerri, or at worst in measurements thaf include unnecessary errors,
As a minimum, the radar settings should be recorded with the data to
permit post-flight analysis and check.

(B) Radar Modifications

At some sites, theré are several tracking radaré available, some
of which incorporate modifications that would pe_rrnit better performance
for falling sphere measurements. An analysis of how the various
existing AN/FPS-l.é modifications affect its performance provides the
basis for recommendations as to which modifications to employ for

falling sphere measurements.
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2.1 Assumed Conditions

The parameters and conditions of the radar, sphere trajectory,
and sphere radar characteristics assumed for the purposes of the analysis
are stated below.

2.1.1 Parameters of Basic AN/FPS-16

The significant radar parameters vary somewhat from
one source of information to the other. The set of parameters utilized here

are shown in Table 2. B

2.1.2 Falling Sphere Trajectory

The nominal sphere trajectory utilized in this analysis
is the "Model Balloon Trajectory"%* appended in tabular form in Table 1. It
is p.lotted in Figure 1l showing points where maxima and minima occur. The
plot ;s in the plane of the trajectory, and to facilitate computation the radar
is assumed to be loﬁated at the origin of the coordinates.

The various parameters of the sphere trajectory, including
slant range (R), range rate (f{), range acceleration (1“3\), elevation angle (E),
angle rate (ﬁ)), angle acceleration (:E‘:), and altitude are plotted as functions of

time in Figures,2, 3 and 4 respectively.

2.1.3 Radar Characteristics of the Spheres

Two types of inflatable spheres are commonly used for
- falling sphere measurements - a metalized surface reflecting sphere, and

a transparent sphere containing a corner reflector,

* - See for example, Barton, D.K., Radar System Analysis, Prentice-
Hall, Inc., Englewood Cliff, N.J., page 343.

ok Received from N. Engler, UDRI by letter 1/5/71.
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TABLE 2

Power output (PT)
Pulse Width (1)
Repetition Rates (fr)
- Antenna Gain (Go)
Antenna Beamwidth (8 o)
Wavelength ())
Receiver Bandwidth (B)
Receiver Noise.Factor (_1<I—]5?)
Plumbing & Duplexer -losses (L)
Angle Tracker
Velocity Lag Error (I/KV)
Acceler‘ation Lag Error (I/KA)

Servo Bandwidths (Bn)

Range Tracker
Velocity Lag Error (l/Kv)
Acce_leration ILag Error (l/Ka)
Servo Bandwidths (Bn)
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1.0 MW peak

1. 0usec

160 to 1707 pps

44,5 dB (12 -foot reflector)
1.1°(19. 2 mrad)

5.3 cm (mid -band)

1. 6 MHz
11 dB
4 dB

0. 0033 mrad/mrad/sec

0.016 1’1_'11‘ad/rnrad/sec2

0.5~ 6 Hz

0. 00018 m/m/sec
0. 00064 m/m/sec”
1. 0»10 Hz
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Escape Altitude: 125 km
Diameter: iM
AlM: 6.'545

Horizontal Velocity: 305 m/sec

_ 4 | . | I I
— © . .0 10 200 30 40 50 60 70 80

Distance Down Range from Radar Site (Km)

Figure 1. Model Balloon Trajectory (as observed from the origin
in the plane of the trajectory).
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(1) | A l-meter diaméfer reflecting sphere has a
calculated radar cross section of T/4 met_ervZ .
This value is assumed. When, for convenience,
‘the approximate value of 1 m? is used a 7% error
in radar range calculations results.

(2) - ROBIN sphere with corner reflector. A 25 m’

. . -
radar cross-section is assumed .

| 2.1.4 Other Assumptions

This study is focused on those factors about which the
meteorologist user has a choice, and of necessity assumes that all other
sources of error, over which he has no control, are either absent or within
the rated limits of the radar. Such factors include antenna alignment, bore-
sighting, orthogonality, servo adjustment, data pick-offs, wind, mechanical
and thermal deflections, etc.; range servo zeroing, jitter, receiver delay,
servo adjustment, data read-out, etc.

It is also assumed that provision is made for refractive
correétion of the data; that the elevation angle of the target is sufficiently
large to make multipath and residual refraction negligible; and that there

is no discrete interference toc degrade the measurements.

* See J.B. Wright, "A Summary of AFCRL Passive-Sphere Development
Efforts and Experience', Proceedings of Symposium on Status of
Passive Inflatable Falling Sphere Technology for Atmospheric Sensing
to 100 km - NASA SP-219, Sept. 1969, p. 9. .
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2.2 Radar Error Sources Considered -

The primary sources of radar error thaf have been considered
are the target-dependent variable errors produced l;y target motion and
thermal noise.

- Target motion introduces dynamic lags in the angle and range
servos as a functicn of the s'ervo bandwidths, while thermal noise establishes .
the ultimate limiting factor by which the pulse 'width and the antenna beam
width can be resolved to determine the target position coordinates. The
thermal noise ;s evaluated in terms ofv the signal-to-noise-ratio (S/N) which
is a function of the radar parameters in conjunct.ion with the target radar

cross-section and target range from the radar.

2.3 Radar Error Calculations

2.3.1 Preferred Settings of Console - Adjustable Parameters

Pulse Width (T) - the pulse width is set at 1 i sec to
provide an opportunity for good S/N.

PRF (fr) With the 1U sec pulse width, the PRF should

be set as high as possible bu? not to exceed 1000 pps in
order to provide the largest possible number of target
hits per unit time without exceeding the duty cycle limit
of 0,001. The maximum unambiguous range requirement
of Rmax = 133. km (see Figure 1) presents no p.roblem,

since it allows a maximum PRF of 1120 pps. The maxi-

mum available PRF not to exceed 1000 PpPs is fr = 853.
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Servo Bandwidths (ﬁn) - A time constant of 0.1 sec is
desired, if it can be managed. The observation time,
to, is established by the servo bandwidth and represents

the integration time of the servo:

Accordingly, a’'servo bandwidth of Bn = 5 Hz will be used
to yield to = 0.1 sec.

Dynamic Lags

The dynamic lags produced by the maximum target dynamics

are negligible compared with the fixed errors of the radar for the model tra-

jectory and radar location of Figure 1.

From Figure 3, the maximum angle rate and acceleration

occur at T = 90 secs. and T = 106 secs. respectively

E

E
max

- 5.95 mrad/sec.@T = 90 secs.

"

+0.196 mrad/sec? @ T = 106 secs.
max .

Using the angle tracker lag coefficients of Table 2, the

maximum angle lag errors are as follows:

from Figure 2

Max. velocity lag error = E /K. =0.02 mrad
max V

Max. acceleration lag error = E /K, = 0.0031 mrad.
max A

Similarly, the maximum range rate and acceleration are,
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R
max

- 421 m/sec @T = 84 secs.

1

1!

R
max

+10.7 m/sec® @ T = 102 secs.

Using the range tracker lag coefficients of Table 2, the
maximum range lag errors are as follows:

Max. range lag error = R /K = 0.084 meters.

_ max v
Max. acceleration lag error = R /K =0,0075 meters.
max a

To investigate the possible impact of the radar-trajectory

configuration of Figure 1 on the azimuth servo lags, let us assume that the
. . o . . . .

trajectory is rotated 90 around its initial point so that its plane is essentially
normal to the radar line of sight. The maximum azimuth rate will occur at

.T = 0 secs when the horizontal velocity of the sphere is highest.

I:I = 305 m/sec @T = 0 secs.

H 305 m
Amax = —ﬁ = m = 2.28 mrad/sec

Max velocity lag error = A/KV = 0.0076 mrad/sec.
The azimuth angle lag is also negligible.
The total variable error remaining is that due to

thermal noise.

2.3.3 Region of Optimum Accuracy Allowed by S/N
If we set the maximum angle error due to thermal noise
to 0.1 mrad (so that the total error due to fixed and variable errors is

NZ x 0.1 mrad),
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0

- = ° =0.1x10

N2S/N £ /P
r n

3

-

and solve for the required S/N, using the values of fr = 853, B =5, and
n

90 = 19.2 mrad from Table 2 and 2.3.1 we get

2
S/N = l—(——g> X —2
2 \o f
t r
1 /19 .2x10'3 5 '
0.1x 10
= 20.2 dB

The linear error at the target at the maximum range of

anax = 133.5 km (see Figure 1) due to the total clevation angle error of

N2 x 0.1 mrad is

I

' 3 -3
133.5x 107 xN2x 0.1 x 10 ~ = 18,8 meters rms.

We now evaluate the range error due to thermal noise

with the same S/N, fr and Bn

T 150
o = = meters rms

™ NB/NEJB_  NBO4x853/5

1. 13 meters rms.

Together with an estimated fixed range error of 2 meters, this yields a total

range error of
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= N2% 1+ 1.13% = 2.3 meters rms

o
r total
.The next step is to substitute the parameters of the radar

from Table 2 into the radar equation to determine the maximum ranges at

which the two types of spheres can be tracked with a S/N of 20.2 dB.

P.G)* A 1/4
R _ o e
max 3 .
(47)” S/N KT BNF L
where A = sphere cross section in m?®
e
-23
K =  Boltzmann's constant = 1.37 x 10 watts /deg/Hz
o)
T = 291 Kelvin.
ForA = Im?, R = 84 km.
, e max
For A = 25m?, R = 188 km.
e max

It is seen that the basic AN/FPS-I() radar alone (Curve A of Figure 5) is not
capable of accurately tracking the 1 m?® reflecting sphere over the model balloon
trajectory, Figure 1, but can perform satisfactorily with the sphere containing
the corner reflector to augment the radar cross-section to 25 m? {Curve E

of Figure 5).

2.4 Performance Improvement Calculations for Radar Modifications

There are several existing modifications to the basic AN/FPS-16
that can enhance its performance with respect to S/N. These include a 3MW
transmitter, a 16-foot diameter antenna, a low-noise mixer and preamplifier,
and a parametric amplifier. The range improvement factor for the same S/N

(20. 2 dB) is calculated below for each of these modifications.
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Figure 5. High Accuracy Regions of Coverage for Basic AN/FPS-16
and Combinations of Modifications when Tracking Im? and

25m® Targets.
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2.4.1 3MW Transmitter
Referring to the radar equatior in Section 2.3, an increase

in PT from 1 MW to 3 MW yields a range improvement factor as follows

,. 1/4
R(3MW) _ (3 _
ROMW) (1) = L.32.

It should be noted that the higher duty cycle of 0.00167 permitted by the
3 MW transmitter offers no advantage for our purposes, since the PRF cannot
be increased because of range ambiguity limitations.

2.4.2 Receiver Noise Figﬁre Improvements

a. Low-noise Mixer and Pre-amplifier

According to the RCA catalog this mod kit reduces
the system noise figure from 11 dB to 8 dB. The resulting range improvement

factor is

/4

R(8 dB) _ (1148 -84aB) % - 1.10.

R(IL dB)

b. Parametric Amplifier

This modification improves the receiver noise

ats

figure to 4 dB~ and increases the range by a factor

R(4 dB) _ 1/4
RITan) = (11 dB -4 dB) = 1.5,

2.4.3 Sixteen-Foot Diameter Antenna

The substitution of a 16' diameter reflector for the 12'

diameter reflector of the basic AN/FPS-16 is credited with providing 46 dB

% See AD290-192 "Instrumentation Radar AN/FPS-16", prepared by
WSMR, Aug. 1962.
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or 47 dB gain, depending upon the source document. Treating both cases,
the range improvement factors due to the increases in gain are

a. 47 dB Antenna Gain

R(47 dB) 1/2
e e T 47 - 44. 5 = .
RGLsamy - (4748 5 dB) 1.34
b. 46 dB Antenna Gain

1
R(46 dB)  _ 144 gp - 44. 5 dB) /2 _ 119

R(44.5 dB) :
An additional improvement is available due to the reduction
in beamwidth of the 16' antenna from 1.1° to O. 80. The angular error due to

thermal noise is further reduced by a factor

o
9.8 - = 0.725
o
1.1

of the value for the 12' dish.

2.4.4 Compbinations of Modifications

In order for the basic AN/IFPS-16 to be capable of tracking
a 1 m? reflecting sphere over the model balloon trajectory, its maximum range

capability must be augmented by a factor of at least

133.5 km
84 km

1.58

It will be noted that none of the individual modifications described in 2.4.1
through 2. 4. 3 above provides sufficient improvement for the basic radarto
track the 1 m’ target. However, several combinations of the above modifi-

cations provide enough improvement to permit tracking the smaller target.

These are shown in Table 3 and plotted in curves B, C, and D of Figure 5.
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TABLE 3

_ Combined :
Combination of ' Improvement Max. Range for
Modifications : , Factor 1 m? Target (km)
16" Ant. (47 dB) + Low
Noise Mixer 1.59 , 134
16' Ant, (47 dB) +
3 MW Transmitter L.77 149
16" Ant. (46 dB) + Paramp 1.78 150
3 MW Transmitter + Paramp 1,98 166
16' Ant. (47 dB) + Paramp 2.01 169

2.4.5 Digital Range' Unit

A digital range unit, being completely electronic, -eliminates
the cyclical errors of the range resolver and some of the other problems
inherent in electro-mechanical components. Although it may not provide any
inherent improvement in accuracy over the analog range tracker, it requires
less effort to maintain and should, therefore, be more convenient and reliable

to use.

3. RECOMMENDED UTILIZATION OF RADAR-SPHERE TRAJECTORY
MEASUREMENT SYSTEM

. 3.1 Sphere Selection

It is preferable to use the reflecting sphere rather than the sphere
with a corner reflector whenever this is possible because of the following

advantages:

117



More uniform reflection with changes in aspect angle
(less scintillation due to sphere rotation and movement);
Mechanically simpler, easvier to deploy, more reliable,
énd potentially less éxpensive.

Less vulnerable to degradation aerodynamically and in
reflection characteristics as outside pressure increases,
since skin does not have to support reflector at 6 discrete
points.

The corner reflector sphere (ROBIN) should, therefore, be
resorted to only when inadequate S/N is available from the radar-reflecting
sphere combination. As shown in Figure 5, this is true for the model balloon
trajectory tracked by the Bas"1c AN/FPS-16 alone or with only one of tl:;e radar
modi_fications listed in 2.4 above. |

However, if any of the combinations of modifications listed in
Table 3 and shown in Figure 5 curves B,C, and D are available, it should be
possible to track the simple 1 m? reflecting sphere accurately.

3.2 Console Radar Settings

It was shown in 2.3 above that the following choice of radar
parameters permits accurate tracking of the model balloon trajectory at 0.1
second observation time, without degradation of accuracy due to thermal
noise or dynamic lags. '

" Pulse Width - 1 Usec

PRF - 853
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Servo Bandwidths - 5 Hz
Angle
Range

3.3 Radar Modifications

Combinations of the 3 MW Transmitter, 16' Antenna, Low-i\Ioise
Mixer, and Pararﬁp Mod Kits permit the achievemént of the radar range capa-
bilities shown in Figure 5 with a 1 m* sphere and without thermal noise de -
gradation of position accuracy. The 25 m® correr reflector sphere can provide
adequate range performance with the basic radar alone, without any modifications.
As indicated in 2.4. 5 above, a digital range unit should be used,
if available.

3.4 Trajectory Location

It was shown in 2. 3.2 that the orientation of the trajectory did
not affect the angular tracking performance because at the ranges shown the
angle rates are too low to introduce significant lag errors.

However, it was indicated in 2. 3. 3 that the position errors at
the target are greater due to angle errors than range errors ét the radar to
target distances of Figure 1. Accordingly, it would be advantageous to locate
the trajectory with respect to the radar site so that the more accurate measure-

ment requirements are handled by the range tracker.
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4.0 CONCLUSIONS

This study has_identiﬁed in a general way the choices to be made by
an occasional user of the AN/FPS-16 radar for Falling Sphere measurements
in order to minimize errors that are within his control.

It should be emphasized that reducing such erré:rs to negliéible values
.in itself does not assure rated performance from the radar. The radar must
be carefully maintained, calibrated and tuned in order to keep the fixed,
target-dependent, instrumental errors within their advertised values. There
is little that the occasional user can do to provide proper maintenance. He
may,; however, call.l for certain performance checks on the radar, or auxiliary
data as part of his standard operating brocedgre to alert him when the radar
is below par during a run. Real-time recordings of tracking error signals
in 3 coordinates, for example, will enable him to correlate at a later time
questionable trajectory measurements with the radar's performance at that
moment.

Finally, there is the more sophisticated question o‘f optimizing the
radar parameters to obtain the data in the best form for subsequent off-line
traj'ectory analysis. Some of the radar self-noise is not random, and hence
smoothing techniques designed to improve the data in the presence of white
noise may actually be counter-productive. The spectrum of the radar self-
noise can depend upon the ’individual adjustment of the servo systems components,
and hence may vary from radar to radar and from time to time. To do an

effective job of matching the radar real-time smoothing, the data processing
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non-real time smoothing, and the trajectory takes detailed attention to the
particular radar and its components and cannot be handled satisfactorily on

a generalized basis. If a particular radar should become available for detailed
measurement and analgrsis of its servo systems, it could be made the subject
of concentrated attention on the optimization of the radar-data processing

interface to achieve superior performance.
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