
M uW a tPt5tlrias 1 .

* £ mmn K H"ld

ITC



111LL 1*L 28 125

11111L2

MICRO( OPY ki )M 01 ION Tf 4 HiA Ir



RADC-TR42-7

January 1982

TROPOSPHERIC REFRACTION
CORRECTIONS USING
EXOATMOSPHERIC SOURCES

Edward I. Altshuler
Keichi Mono

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED]

DTIC
SELECTE

ROME AIR DEVELOPMENT CENTER A JUNTO 1982D

Air Force Systems Command A

a Griffiss Air Force Base, New York 13441
C>
-CJ

82 06 10 048'

.-



This report has been reviewed by the RADC Public Affairs Office (PA) and
15 releasable to the National Technical Information Service (WfIS). At WIaS
It will be releasable to the general public, including foreign nations.

RADC-TR-82-7 has been reviewed and is approved for publication,

* IAPPROVED:
\'JOHN E. RASMUSSEN
Acting Chief, Propagation Branch

APPROVED:

AL SCHELL
Chief, Electromagnetic Sciences Division

FOR THE COMMANDER:

JOHN P. HUJSS
Acting Chief, Plans Office

If your address has changed or If you vish to be removed from the iADC
msailing list, or if the addressee Is no longer employed by your organization,
please notify RADC (EEPM) Hanscoam APB NA 01731. This will assist -s in
maintaining a current mailing list.

Do not return copies of this report unless contractual obligations or notices
on a specific document requires that it be returned.

-9 .



__T T -- . -- CLR, L.. . .ILt .-.-' ,r'4 - '- .... ' M a '" 4h...fl.I-7 ' 'g .. - ".. . . . . . . . . . . . . .. ---I'

REPORT DOCUMENTATION PAGE -I, .n1 II ,IFilA

u, m D(r- -82 -7

TROPOSPHEHIC HEAcTION _OHRI'HC lIONS April 1981 -Nv. 198
USING EXOATMOSPIIEI'ic SOU 'IW ciM,...,N;i)l, ME' M. N..EER

7 Au ?.on ~ A' R& A N M

Y-dward I.. Altshuler
Koichi Mano

SPERFORMING ORGANIZATION NAME AND ADDRESS 10 PROGRAM E.LEEN' PF2.E I" .

.RE A & 0 41NV N R

Deputy for Electronic Technology (HADC/F EP) 62702',
Hanscom AFB 60o7102 F
Massachusetts 01731

I' CON TROLLING OFFICE NAME AND ADDRES . PORT 1A

Deputy for Electronic Technology (RAD(C/FEP) January 1982
Hanscom AFB I'. , -_ .......Massachusetts 01731 18

14 MONITORING AGIENCY NAME A AODRSS ,,Id,,..n, I ',,,. i,,,,,,, , )1, , d fI- I ffmi I A I, Ih

i Unclassified

16 f M' .1 1 S'AIF.EN, .,I ,,. &r, .H

Approved for Public Helease, Distribution Unlimited.

Is SlIPPLEMENIAPY 411FI,

Tropospheric refraction
Angle and range error corrections
Rangc error dependence on angle error

20 ARSIRAC' I ,, . . . ... ~..s. 61,,,.h A

The performance of radar and navigation systems that operate at low
elevation angles is often limited by tropospheric refraction, which produces
two main effects on radio waves, angular bending and range error. These
errors increase with decreasing elevation angle and are of the order of 0. 7
and 100 m respectively near the horizon. For some locations, and for many
applications, antenna pointing corrections based on surface refractivity are
adequate for elevation angles above a few degrees. However, new systems
which operate at elevation angles near the horizon require improved accuracies.
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20. Abstract (Continued)

A technique for obtaining angle and range error corrections by utilizing
exo-atmospheric calibration sources, such as radio sources or satellites,
has been reported. In this report, a sensitivity analysis of this technique
established the accuracies possible for angle and range error corrections.
Three types of errors limit the accuracy of these corrections: measurement
errors, computational errors, and errors in estimating distances. The
parameters to be measured are "he apparent elevation angle of the calibration
source and the surface index of refraction. One integral must be evaluated
numerically to calculate the range error. Finally, the radius of the earth,
the heights of the target and calibration source, and a residual range error
that arises because the calibration source cannot be tracked to zenith must be

estimated. -
A detailed analysis of the effect of uncertainties in the measured param -

eters on the accuracies of the angle and range error corrections was con-
ducted assuming all errors to be independent. All calculations were based
on a 1958 refractivity profile compiled by the Central Radio Propagation
Laboratory of the National Bureau of Standards. It was found that the refrac-
tion corrections were most sensitive to errors in the apparent elevation angle
of the calibration source and only moderately sensitive to variations in the
surface refractivity. Other sources of error have only a slight effect on the
correction accuracies. We conclude from this study that accuracies within
approximately 2-3 percent of the total correction are possible.
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Tropospheric Refraction Corrections
Using Exoatmospheric Sources

I. INTRODI CTION

The performance of radar and navigation systems that operate at low elevation

angles is often limited by tropospheric refraction, which produces two main effects

on radio waves, angular bending and time delay. The angular bending is due to the

change of the index of refraction with the height of the atmosphere. The time delay

occurs primarily because the index of refraction is greater than unity, thus slowing

down the wave, and to a lesser extent, because of the lengthening of the path by

angular bending. Since radar and navigation systems determine range from time

delay measurements, the additional time delay produced by the troposphere results

in a corresponding range error. For illustration, in Figure 1, the refractive angle

and range errors are plotted as a function of elevation angle for a CRPL Reference

Atmosphere (see Figure 2). Since the angle error of a source is also a function of

altitude, cases are shown for altitudes of 90 kin, for which the index of refraction

is approaching unity, and infinity, which would correspond to a celestial radio

source. It is seen that these errors increase with decreasing elevation angle and

are the order of 0. 70 and 100 m respectively near the horizon.

For some locations, and for many applications, antenna pointing corrections

based on surface refractivity alone or, if necessary, on a vertical refractivity

(Received for publication 18 January 1982)
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profile arv .dequate for elevation angles above at fe. dh-grt . v I 1 -

tems that operate at very low elevation angles require improv! a, ui a, ies.

A technique for obtaining ;,ngle and rangc error (ort . ti( : , ,, 0111 ' 1 1 -

atmospheric calibration sources (often referred to :,s "ti t . ,,s ) I ' 0  t

3uch as the limb of the sun, radio sources or sateltites h. t i, Iw, , 1,. 1,

angle error correction for a target can be determin ed tfrot, ,I ,., , I

urement of a calibration source if the approxinit te heights ol t . t :Ll 1 .,Ltl 4

and target are known. However, neither radio soure( C. 1 n t .11 . -. It .11 *l'

for range calibration, since radio sources are dvtt t, I . 1, ' 1 ,ti t

range of a satellite is not generally known to a sufflt it tit t it-igt. • ,: . , ,

value. Mano and Altshuler 2 have shown however, that tht ,igt t i ,,, at , tx-

pressed as a function of angle error data thus making it postiO,1, t, oLbtalr Iangi.

error corrections from a set of angle error measuremtents.

Three types of errors limit the accuracy of this techiiquc. int ia,1ir.tInnt elu'or s'

computational errors, and errors in estimating distances. rhe. pa,'ac.-, " to be

measured are the apparent elevation angle o; the calibration sourtt and the :urfac c

index of refraction. One integral must be evaluated numerically to calculate the

range error. Finally, the radius of the earth, the heights of the target and cali-

bration source above the earth, and a residual range error that arises becausc tht,

calibration source cannot be tracked to zenith must be estimated.

In this report, a sensitivity analysis of this technique determines how these

errors affect the accuracy with which angle and range error corrections for the

target can be obtained. To solve this problem, we assume a time independent,

spherically stratified, nonionized atmosphere with an index of refraction that

monotonically decreases with increasing altitude. As a result, our solution is only

valid at frequencies above which ionospheric effects are negligible and cannot be

applied to atmospheres having inversion layers in refractivity. Also, it is assumed

that both the calibration source and the target, the position of which is to be deter-

mined, are at heights above which the refractivity is negligible, that is, above the

troposphere.

2. ANGLE ERROR CORRECTION

Consider a radio wave traversing a medium for which the atmospheric index

of refraction is a function of the radial distance r from the center of the earth;

1. Bean, B.R., and Dutton, E.J. (1966) Radio Meteorology, Nat. Bur. Stand.
Monograph 92, U.S. Government Pritig7Ofice, Washington, D.C.

2. Mano, K., and Altshuler, E.E. (1981) Tropospheric refractive angle and
range error corrections utilizing exoatmospheric sources, Radio Science
16(No. 2):191-195.

7



n = n(r). The ray path lies in the great circle plane determined by the locations of

the antenna and target, as shown in Figure 3 and is described by Snell's law,

r n(r) cos U(r) = const. (1)

Here 0(r) represents the elevation angle of the tangent to the ray at a point of

radial distance r. The antenna is assumed to be located on the earth's surface,

at a distance a from its center. We designate the positions of the target and cali-

bration sources as 1 and 2, respectively, and the parameters relevant to each are

labeled with the corresponding subscripts. Thus r 1 and r 2 are the distances from

the earth's center, h 1 and h 2 are the heights above the earth, and E1 and £ 2 are the

angle errors for the target and calibration source respectively. The angle error

E 2 of the calibration source is determined as follows. The apparent elevation

angle of the source, 0a, is measured and the precise time is recorded. The true

angular position of the source, 0 t , is determined, at that time, from ephemeris
data. The angle error of the source is then

E2(o) = 0 a -0 t . (2)

Before the angle error e for that target can be computed it is necessary to first

calculate the angular refraction, T. It has been shown that9

E9 - Cos- + n(a) cos 0a -sin
2ahh2 a 2

where n(a) is the surface index of refraction. It is interesting to note that as h 2

approaches infinity, E2 approaches T. Therefore, for celestial calibration sources,

7 is approximately equal to E2. If both the target and calibration source are as-

sumed to be outside the troposphere, where the index of refraction is approximately

unity, then the angular refraction is the same for both, given that they have the

same initial elevation angle. If the target is below the troposphere, then its angu-

lar bending is slightly less than that of the calibration source and this difference

must be estimated, based on the height of the target. With 7 known, the angle

error of the target, F-, can now be determined from

sin(, - fl) A a+hl)2 a2 cos2(0a - aI-a sin(6a-El)1

-sin(r - 2)[/(a+h2 )2 
-a

2 cos 2 (0a- E2- a sin(Oa- (2)4)

8
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Figure 3. Geometry of the Problem

As mentioned previously there are several types of errors that limit the ac-

curacy to which the angle and range error correction can be determined. In Eq. (4)

we assume that the target height, h 1 , is 90 km, the calibration source is celestial

(h2 = xc); the earth radius a is 6370 km and the index of refraction is that of a CRPL

Reference Atmosphere with n(a) equal to 1. 000313. We then proceed to conduct a

sensitivity analysis of FI on the above parameters by varying each; it is assumed

that the uncertainties in the parameters are statistically independent because of the

nature in which they are obtained. The errors in the angular position of the target,

based on these uncertainties, are plotted in Figure 4 as a function of elevation

angle. These data can be linearly extrapolated to smaller or larger changes in

refractivity or distances. Also, it is expected that the general characteristics of

these curves will not change significantly for different heights of the target or cali-

bration source. It is seen that earth radius and target height accuracies of about

± 1 km are needed to achieve angular accuracies which are a fraction of a milli-

degree (mdeg). Surface refractivLty must be measured to an accuracy of better

than one N-unit to achieve a comparable accuracy, particularly for the very low

elevation angles.
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f Figure 4. Dependence of Angle Error Cor-
~rection on Surface Refractivity, Earth Radi-
r us, and Target Height

]C

STo examine the dependence of F 1 on the measurement accuracy of E'2' we take

the derivative of Eq. (4)

a *0 )sn0 ~ ) i

-,,= 1 "/a + h1)2 _ (a n(a) cos 0 ) 2 ,/a +h2 ) 2 - (a n(a) cos a 2

a 1 2
a sin(Oa -E I)

1 +2 [a o(0

The ratio of the angular errors of the target, for different Ceights, to those of the

calibration source are plotted in Figurreer once again the calibration source

is assumed to be at infinity. It is seen that the angular accuracy with which the

target can be located improves as its apparent elevation angle becomles smaller
and its height increases. This is just the opposite of t(4 behavior of the other er-

rors, which is fortunate since they are all statistically independent. The angle

10



error accuracies of the target are shown in Table 1 as a function of all of the param-

eters previously discussed. In addition, rms accuracies for these statistically

2.0-

h 1 70 KM

1.8 -

S90 KM

. 1.6-

200 KM

1.4-

1.2 1000 KM

10.000 KM

~~1.0•
1 2 3 4

Pa (DEGREES)

Figure 5. Dependence of Angle Error Correction on Ap-
parent Elevation Angle of Calibration Source

Tat) 1. Dependence of Angle Error Correction on: Accuracy of Apparent Eleva-
tion Angle oi Calibration Source, Surface Refractivity, Earth Radius, and Target
Hleight:

1 rm s::
a f1/ 6 t o + k 1I/6N 6 t 1I/6a 6E I/6h 1  m deg

deg mdeg/N-unit mdeg/km mdeg/km mdeg/km -N-units

0 1.00 3. 30 0. 1 0. (38 3. 57

1 1.11 1. 90 0.41 o.44 2.38

2 1.25 1.27 1). 31 0. 32 1. 84

3 1.43 11. 514 0.24 0.25 1.75
4 1. (; o. 73 0.20 0.20 1. 75

1. 1,1 0. 0. 16 0. 17 2.04

Ior a srura, " ri, ra tiwit of 313 N-units, earth radius of 6370 km and target
height of 1r kin.

Assume errors of t I mdeg for angle of calibration source, ± 1 N-unit for sur-
facc refractivitY and f I km in earth radius and target height respectively. Cali-
bration -;wizc is assumed to be at infinity.

11
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independent errors are also tabulated but since the parameters have different units

it is necessary to fix some of them to make a comparison, Thus it is assumed

that the angular accuracy of the location of the calibration source is ± 1 mdeg, the

accuracy of the !'urface refractivity N a is 313 ± 1 N-unit, the target is at an alti-

tude of 90 ± 1 kin and the earth radius is F;:70 ± 1 km. It is seen that under the.fe

conditions the angular position of the target can be estimated to about ± 2 mdeg.

31. R \I I{lOR COKRF(nIo

An expression for the range error has been previously derived and is shown
in Eq. (6)

e 0 = V/r -n(,)2 [a n(a)cosO0 - - (a cos[O - ()J} r 1a
m

0 =Cos 0

+ a n(a) cos 0 T(aj =;a - a n(a) ,7 "O) d cosCs0TO 0 )In Cos 6]
I m

where
7(0) = " + f( 0a)- Cosos n - sin - Cos[0- F()

2( a r I1

n(r) = index of refraction at point r.
0 a = apparent elevation angle for which range error correction is

calculated.
UM = maximum elpvation angle of calibration source.

m

As mentioned before, there are several sources of error that limit the accuracy

to which the range error correction can be determined. In Eq. (6) we assume that

the target height h I is 90 kn; the calibration source is celestial, h2 = oc; the earth

radius a is 6370 km; and the index of refraction is that of a CRPL Reference At-

mosphere with a surface value of 1. 000313. For illustration, we further assume

that we are interested in obtaining a range error correction for a target at an ele-

vation angle of 0a a 30 and that the maximum angle at which we can measure the
a0

apparent elevation angle of the calibration source is O a 200.m
We shall first examine the computational accuracy of the integral in Eq. (6).

An extended form of Simpson's rule having the format shown in Eq. (7) was used.

12I



Cosi)I
a +- 41

Cos U iD

(cos(),5 - COSO U) (7)

f where
T7.. = T(Cost)..).

In practice, a set of elevation angles, U..j, failing in the interval between 0 and ()U
is selected using an algorithm which weights the distribution of angles in an optimal

manner. The accuracy with which the integral can be evaluated increases with the

number of angles used and in Figure 6 the numerical integration is shown as a func-

tion of the number of angles for 0 a= 30. The true value of the integral is 551. 92 m.

It was found that an error of less than 0. 1 percent (-0. 5 m) could be achieved if

25 angles were used. In Figure 7 the number of angles that would be needed to ob-

tain a comparable accuracy for other elevation angles is plotted. It is seen that as

the elevation angle for which the correction is desired decreases, more angles are
needed; over 50 angle error measurements are required for targets approaching

the horizon.

The apparent angular positions of the calibration source are measured at these

angles and the corresponding values of T are calculated from Eq. (3).
For illustration, the actual distribution of angles used in Eq. (7) are tabulated

in Table 2 for 0 19. 50, 0 30, and n = 25. It should be noted that althoughm a
there are 30 angles tabulated, 5 angles in the first and last columns are the same,

so the measurements are only made at 25 angles. Also, note that the angles are

not uniformly distributed but rather are weighted toward the lower angles.

We then proceeded to conduct a sensitivity analysis of 6R. on variations inh,
a, N a, and E2 assuming that errors in measuring or estimating these parameters

are statistically independent. We found that the dependence of L\Re on the accuracy

of either h 1 or a is very weak with changes only of the order of millimeters in 6H
for- errors of the order of kilometers in either h I or a. The effect of an error in N
on 6R ewas significant and is plotted in Figure 8. It is seen that an error of one N -

unit cat, result in an error of several tenths of a meter at very low elevation angles.
Next, the dependence of ARe on F 2 was studied. Eq. (6) was solved for uncer-

tainties in £2 from ±k0. 010 to ± 0. 000 10. As stated previously, the number of angles
necessary to evaluate the integral was increased with decreasing elevation angle as

shown in Figure 7, so that the error due to approximations in numerically calculat-

ing the integral was kept small. Because of minor computational complications 0m

13
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Figure 6. Computational Accuracy of Numerical Integration
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Figure 7. Number of Angles Required to Evaluate Integral
with Sufficient Accuracy
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Table 2. Optimum Set of Elevation Angles at which Calibration Source is Measured

i 2 3 4 5

1 19.5000 18.2608 16.9345 15.4986 13.9193

2 13. 9193 13. 0598 12. 1407 11. 1473 10.0577

3 10.0577 9.46642 8. 83t,11 8. 15764 7.4 1703

4 7.4 1783 7.01893 6. 59607 6. 14431 5. 6;5674

5 5.65674 5.39651 5. 12313 4.83436 4. 52725

6 4. 52725 4. 19778 3.84020 3.44577 3.0000

03

02 •

0 . 1 .
1 2 3 4

Il DEGREES|

Figure 8. Dependence of Range Error
Correction on Surface Refractivity

was chosen as 19. 5° rather than 200. The range error accuracy, subject to all

the conditions on h1 . h2 , a. and Na mentioned earlier, is shown in Figure 9. It is

seen that accuracies in the measurement of '2 of the order of 1 mdeg are needed

to obtain range error accuracies of the order of 1 m.

Finally, the residual range error that results from not being able to measure

the apparent elevation angle of the calibration source at angles above fi was
m
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Figure 9. Accuracy of Range Error Correction

investigated. In Table 3, range errors corresponding to the ('RPI. Reference At-

mosphere are tabulated for elevation angles from 4°0 to zenith for a wide range of

surface refractivity. 3 It is noted that the range error drops very rapidly with in-

creasing elevation angle and it is estimated that these values are accurate to at

least 10 percent, particularly for the very high elevation angles. Thus the final

step in determining a range error correction for a tar(!et at an angle of 30 would

be to add on a residual correct. .i, which can be interpolated from Table 3 for

N a = 313 and 0 M- ,t,. ou, namely 7. 06 m. Therefore, the total range error cor-

rr, ction would be 3 0. 65 In plus 7. 06 In or 37. 71 m.

4. (OCSIONS

A sensitivity analysis of the accuracies with which angle and range error cor-

rections can be obtained using atmospheric calibration sources has been conducted.

It has been found that both corrections are most sensitive to the accuracy with

which the apparent angular position of the calibration source. E 2 ' can be measured.

For the angular error correction, the accuracy improves as the height of the cali-

bration source decreases and that of the target increases (as their heights approach

one another) as seen in Figure ,5. Also, the accuracy increases as the elevation

3. Altshuler. E. E. (197 1) Corrections for Tropospheric Range Error, AFCR I-
TR-7 1-04 19, AD 731 10
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angle approaches the horizon and at zero degrees the angular accuracy of the tar-

get is equal to the accuracy of the calibration source measurement. The accuracy

of the range error correction on the other hand improves with increasing elevation

angle, as seen in Figure 9.

The accuracies of the angle and range error corrections are only moderately

influenced by the surface index of refraction measurement, however, an attempt

should be made to measure the surface refractivity to an accuracy of ± 1 N-unit.

The accuracies to which the earth radius and target height are estimated may

slightly affect the angle error correction but are negligible regarding the range

It is difficult to estimate the impact of the residual range error that arises

from the contribution from angles above 0 M, Obviously, the higher the value of

0mthe smaller the contribution of this residual error and the less its effect on
the range error correction. In summary. it seems reasonable to assume that

angle and range error corrections, accurate to approximately 2-3 percent of the

total correction, are possible by utilizing exoatrnospheric calibration sources.

18
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