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PROPAGATION AND SCATIERING CONSIDERATIONS FOR THE 0.2-3.0 GHz

FREQUENCY RANGE FOR A SPACE-BASED RADAR

T. DTR0DUCTT 0?1

Asnace-'based, ground-looking radar must contend with a propagation
meciun characterized by ;mroe-erties that can vary, substantially along the
path of propagation. In order to realistically predict the performance of
such a radar one must be cogn. -zant of the properties of the non-homogeneous
propagation path. Since many of these propert-ies are frequency dependent
with different properties exhibitino different frequency dependencies, it
may be necessary to perform trade-off studies in order to select the optimum
frequency wit-h respect to &he system requirements and the prccagation
phenonena.

In the following, a survey is made of the electronagnetic propagation
effects associatea with the varying properties of the lower atmosphere and
ionosphere which are significant for earth-space propagation in the 0.2-3.0
GHz frequency r. ice. The effects of weather-related nhenomena are included
in the survey.

2. THE LOwE, ATMOSPHERE

nthis section the proagation zrooer-tes of the portion of the
atmosphere below an altitude of 50 km are examined. ({ropaqazion workers
often refer to this lo-"er atmospheric region as the troposphere, although
in the usual meteroloqical terminology the trccosphere is the portion of
th1e atmosphere extending from ground level to about 10 km in altitude,
dhile the portion of the rtmosee ining between about 10 km and 50 km in
height is called the stratosphere ([I), pp. 953. 1040).) The physical
;henomena of the lower atmosphere that affect propagation are the qradi.ents
in the refractive index, the scattering and absorption of electronmagnetic
"waves by weather-related precipitates and dispersions (rain, snow, clouds,
fog), and the absorption and radiation of electromacnetic energy by
a-tosdheric gases. The consequences that these pheno-ena have for propaga-
tion are considered in turn.

2.1 Refractive Index Effects

The refractive index of the atmosohere is approximately 1•.0003 at sea
level and decreases toward unity with increases in altitude. The gradient
in the refractive index can cause propagating rays t bend; the perceived
direction of a radar target as determined from the refracted rays can thus
be different from the actual direction, thereby introducing errors. Doppler
errors can also be introduced if the rays between the source and the target
propagate along curved rathe- than straight paths. Finally, range errors
can be introduced both by curvature of the ray paths and the non-unity
value of the refractive index. Sone quantitive results on these effects
will now be presented; the angular error will be considered first.

in [21 a graph is exhibited showing the angular error due to refraction
-when a target in the lower atmosphere is observed from the ground. Bmoloying
the data from this graph one finrds that the refraction error at the ground.
AaG, for a target at 100k ft altitude is approx-imately given by
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= 0)

0.00020 ctnS for 100% humi;di-ty

0.00015 ctnS fcr 0% hunidity

_ in a standard at=osphere (defined in .11, p. 61) for elevation angle
greater than 50, where AcGt is in radians. in the case of interest here the
obser-.er would be elevated and the tarcet near the cround, so that this for-
mula cannot be applied directly. However, by using a formula for the
total bendLng Z of a ray propagating throuah the !ower atnosbhere ([31,
p.24-6)

- = (nC--)ctn8

where nG is the refractive iadex at the ground (where the target is assuned-
to be located), and by noting that (see Fig. 1)

-r =AUC. + Aa0

;nere lo 0 is the angular error as seen by the elevated observer, one
finds that

A0 = - G

or
I(nG - 1.00020)ctnS for 100% humidity

,%2)

(nG - 1.00015)ctrn for 0% humidi-t

If one en1loys the values, obtained from formulas in" 121 at zero altitude, of
nG = 1.000?.38 and 1.000262 for 100% are 0% relative humi-adtv, reszectively,
then Sq. (2) becomes

0.000138 ctn- for 100% humidity

AMM 1(3)
0.000112 ctn8 for 0% humidity

At 0 = 50, the mininum elevation for which Ba. (3) is valid, one obtains a
value of 1.6 milliradians for aco for 100% humidity, For higher eleva-
tion angles or for lower humidity the anTular error will be less.

Eq. (3) applies when the observer is at an altitude of 100k ft.
Since the interest here is on space applications in which tie observer
would be many times this altitude, a formula more appropriate for current
needs is required. If Am represents the angular error for obseirations of

the ground, then it is shown in Appendix A that

2st
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Fig. 1 G eometry- of angular errors and ray bendling.
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[sin-0+2(ho/ro) + /r 21/- sinO

Aa(h, )=- B0 ) (4)

L-- " 2 e-2 .(h/r )211/2- n

where ho 1OOk ft, -.:here h is the altitude of zhe observer (hUho), and where
ro is the radius of the earth. The angula=r error Aa is seen to decrease as
the observer's altitude increases with 6 remainina constant. In ter•s M
of the straight line distance D(h,O) between the target and the
observer one obtains

-D(ho, 0)
Act(h, 9) = D(h, a) aiO(9)- (5)

:t can be seen fr-nm this last formula that the error in tie calculated oosi-
tion of the target on the qround due to refraction, proportional to
ae(h#e)x D(h,e), will remain constant as the altitude increases
for a constant elevation angle.

EBs. (4) and (5) are derived on the assu-ption that the index of
refraction is unitv above 100k ft; the ionosbhere is not taken into accoUnt.
The equations allow one to gauge the =agnitude of the angular error caused by
refraction in the lower atmosphere, even when ionospheric refraction is ore-
sen-t.

Results for the effect of refraction in the lower atmosphere on the
doppler frecuencv w-ill now be given. The problem was dealt with in [2] for
the ca;%e in "which the observer was fixced on the ground and the moving tar-
get wav; -Ievated. The results given by Eq. (39) in [2] can be applied to
the current problem by replacing an. " with aaG so that one has

2fv
Afd = - c .aGO)cos. sin'

Here f is the r.f. frequency of the radar, c is the speed of light, Afd is
the ref raction-in,!uced doppler error, and V is interpreced as the total
relative velocity of the target with respect to the observer (the observer,
a satellite, will be in motion). The quantity * is the angle between the
(relative) velocity vector of the target and the straight line drawn from the
observer to the tarqet; the cos" factor .istakenly dropped -n [2].
Since thc doppler frequency fd is given by

2fV
"ýd c os*

one sees that
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'd AaG(=,s.in .6)

Substitutinc the expression for AaCG given by Eq. (1) into Ea. (6), one obtains

I 0.00020ctn-a sink for I00% humidity

- I
-~d - - )(7)

I 0.00015ctne sintr for 0% humid-ity.

At 6= 5, fthe oorest elevation angle for which Ea. (7) can be emoloyed, thie
relatire doppler error is found to be 0.23% near I --900 for 1030% hummiditv. At
higher elevation angles or at lesser angles between the velocity vector and the
ooserver-to-target line t.he error wil! be less.

The range errors introduced by refraction and propagation velocity
changes in the lower atmosphere can also be found in 12]. A ZormuLa whnic
aives a reasonably cood fit to the graphical data in the reference for an
observer at an altitude of at least 100k ft is

8.3 csc9 for 100% humidity

7.3 csc--- for 0% humidity,

AD being the one-way range error in feet when the observer is at elevation
angle U. This formula will tend to break down for elevation angles below

As an e.zample of the type of errors observed, the Ea. (8) gives a value
of 95.2 feet for tine one-way range error at 50 elevation and 100% hu.'idity.

The effects described in this section are freq&uenc indepe&ent, in

the following sections frequency eependent effects will be discussed.

2.2 Weather Effects:

The effects of certain 'eather phenomena on the propagation of elec-
tromagnetic waves in the freq-uency range of interest will now be considered.
In particular, the effects of rain, hail, snow, clouds and fog will be examin-
ea.

The physical processes by which these phenomena affect propagating
waves are absorption and scattering. In general, waves •ropagating through an
atmosphere in which these phenomena are present will be attenuated by both
absorption and scattering. However, in the frequency range of interest here
the wavelength (a minimum of 10 cm) is much greater that the linear di-ensions
of any of the associated particles (raindrops, fog droplets, etc.) and attenu-
ation due to scattering is insignificant in comparison to that due to absorp-
tion ([41, pp. 672-673). Nevertheless, scattering cannot be ignored since
the energy reflected back to the observer =ay constitute a significant anount
of clutter.

Si. T I i~i•• F [ A",, . ... '~ --



2.2.1 Attenuation

(i) Rain

Attenuation by rain will be the first tonic to be considered here. A
formula which has been found useful in estimating --his attenuation is [5]

A = aR"° (9)

where
2_.03

6.39x1V-5 , ft < 2.9

a=

2.42

4.21x0-f2.2 2.9<f < 5.4

b = 0.851f 0 "1 58 f 8.5

A is the one-'av attenuation in d•/'.m, R is the rain rate in ./hr, and f.

is the frecuency of propagation in GCz. The -alues of a and b furnished with
Bc. (9) apply to rain at a temperature of 0°C; the effect of temperature on

attenuation will be discussed shortly. Table I provides values of A for a
range of rain rates and frecuencies. The attenuation is seen to increase
approximately as the square of the frequency.

t

The values in Table 1 apply to rain at a temperature of 06C. Attenua-
tion will decrease with increasing temperature, and since changes of 3 to I
can be observed over a 40 0 C temperature span, a correction formula for tem-
perature is desirable. if the at enuat;.on is principally due to absorption,
a reasonable assumption in the present frequency range, then the attenuation
is governed by the ( tion (13], p. 24-22)

-1..

-8.186M1 cSM (Ew-1)/(w+2)t , (10)

where A is again the attenuatisn in dB/km, M the liquid water content of
air in g/m3 (a plot of ME versus rain rate is given in Appendix B), IC3
the wavelength in cm of the propagating wave, and r- is the complex
relative dielectric constant of water. By using the Debye formula for
£• whidch appears in 14], p. 675, with some sligat notational changes,
viz.,-- -• £

4- (L1

lC=

where £wo, £, and AX are temperature dependent constants, and by taking
note of the facts that c.o>>Ca and Al<;kcm in the current frequency, range
(which can be seen froa the tabulations in 14]. p. 675), one can show that

¶ 6
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2.

E*W 1 3 do-C..

It~r c.*2 (E -o ~ +2) s (2)

-Let Ki(TX ) denote the expression on the left-hand side of Ea.
S(12) with i-s imolicit temnerature de-endence, i.e..

- - 1.3
i 2 M En W+2, 0 3)

-Then by substituting the tabulated values of AX, etc. ([41, p. 675, where
the decimal noint is in error in the 300 and 400 values for AX) into the
right-hand side of Ea. (12) one can obtain the values given in Table 2.
It can be seen from Eq. (12) that the quantity! lcKi which appears in the
table is independent of )cX-. The tabulated ratio Ki(T, &ct)/Ki(0, cre)
is the temperature correction factor, i.e., the factor by which one multi-
plies the 0OC attenuation (in dS) in order to obtain the attenuation at
tenperature T. .f2is factor can also be seen to be independent of )L=.it should be noted that the X-independence observed here would not be

ioalid for wavelengths much less than the minimum wavelengths of current
concern (10 cm). Finally, it is noted that some of the values shown in
Table 2 differ by a few percent fran those calculated by Gunn and East(161, Table 1).

TABLE 2. Temperature Dependence of Water -Absorption Factor
and Attenuation Correction Factor

I T (-C) )XY&mi (T, AcM) Ki(T, Xcm)/Ki(0, .c=)

o -0.110 1.0
!!I I

I 10 I -0.0713 0.65 !

10.0 -0.0546 0.50

20 -0.0509 0.46

30 -0.0388 10.35A
I 40 1 -039I0.28

-Ea. (9) and Table I ive the One-way rain attenuation per km. Rain
models have also been developed for predicting the total cne--_ay attenuation
in rain for various rain rates and for various elevation angles of the

source. One of these models is that of Lin as given in [7]:



2636
t aRb -R--6.2+ 2636sin- .

4-G

HEre A- is the total one-wav loss i- dB, R5 is the five-minute averace rain-
rate in mmfe, G is the elevation ;f the ground above sea level in kn, and
6 is the elevation of the source. Quantities a and b are the same as
x-iose given with Ec. (9).

Plots of t.e total one-way attenuation v;ersus rain rate for several

frequencies are given in Fig. 2.

This section on rain attenuatich is concluded with Pig. 3 and
acco-mpanyina Table 3 (both taken from [7P) which show the U.S. and global
distribution of rain employed in another rain attenuation emodel, the Crane
rzdel.

TABLE 3 - Point Rain Distribution Values (=.=/h) versus Per-
cent of Year Rain ?ate is Exceeded (from j7?)

* . I PO-- I I I

fiW ., A C j D. D. D, I Z FG H

0019 1102 1 27 ,0- I,'1117 1,2t J.21, 2. - o ;

OVXiSI. 2 D 3 3 10,; 1." 5I1 19 J2D 10.
M 1 9 . 51 ;243 ! 1 - : .

M _5 9 2S 37 :.9 63 M

1O .2 119 is 1=2 3.0A :70 40 151 1.71 105Z 17S6
D-4....L... 91.....L 1 16 3. 31 210520 33 7'n m:

(ji1 Snow

A form~ula for th-e attenuation of electromagnetic waves oropaqatinq in-•-falling snow is given by Gunn and a [, 536). In t" f ec a

of interest here only the second term of the attenuation expression is sign.--- .
ificant, allowing one to obtain-:

for the one-way attenuation A in dB•.y: at 00 C where the rare at w.ich th~e

snow falls is ecuivaient to licuid water fall rate of R •/h. (.As a rule °
of thumb, the liquid water rate is 1/10 thE snOW fall rate ([I)] p. 868). +:

Atabulation of attenuation for several values of R and frequency is given :
-4 in Table 4. Attenuation in snow is uroportional to frequ,1ency in te re-
sent fr:qu, enc range, hereas it may be recalled that rain attenua6iontends to vary with the square of thne frequency.

II

AA fo'Al fo hIteuto-o lcrmgei avsooaaigi

faln snow '-'-- is give by Gui an Eat 16,. 53) Ith Zreen*ra'n.'
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TABLE 4 - One-Way Attenuation in Snow (dB/kn)m:

I I I
I ! R (==/"n of Liquid Water) II fc-.j.= Ti __ I

0.25 ! 1.25 2.5 1.5 -.o. 25 1
I ! I I ! I
I 0.2 3.7x10- 6 I 1.9x10-5 ! 3.7c10-5 7.5x10-5 1.5-x10- 4  3.7.-0-410o
10.5 9.3xr10-6 A_ 7x10S5 9.3x10-5 1.9xi0-4 I3.7-x10-4  9.3xI0-4

t91.0 x.0o-S 9.3x,0-5 1.9x,0- 4  3.7-,0-4 7.5,1o-4 j 0.0019
2.0 3.7x10-5 1.9x.10- 4  3.7x10-4 7.5x10-4 1 0.0015 0.0037
3.0 5.6xi0-5 2.8:00-4 5.6xi0-4 0.00111 0.0022 0.0056

. 0 -" rJn2..&cO4 10.0022

As with rain, attenuation in snow exhibits a te-zerature dependence.
The attenuation in sncw tends to decrease with decreases i.n rcenueratre,
however. The attenuation will be given ty Ea. (10) if one replaces Lw
with CT, tile co:-plex relati--e dielectric -onstant of ice. It is conven-
ient to define an absorption factor .i for ice analocous to the K. factor
defined for 11cuid water i" '13). in particular one defines

Li-1
Ki(T) = L..+2 } (16)

Values for .i are given in [61 (Table 2, p. 525). One can eaplov these
values to obtain the tenperature correction factor Ki{(T)/K (o) for several
values of T; the values of the factor are civen in Table 5.

The values of Ki fron which the tenperature correction factors of Table
5 were computed were actually determined from measure=ents in the 3 = to 9
cm band. However, it ampears likelvy that the tabulated values of the
factors apply to the entire wavelength span of interest here (10 c= to 150
ca) for the following reasons. The data in [8) indicate that the De!bye
foraula, which has the form given in Eq. (11), adequately characterizes -.e
dielectric properties of ice ,when AlA is a t.-aoerature dependent parameter
assuminq values of from 6.6 km to 49 'm in the -0.1C to -210C temperature
range. Then because the &A parameter is mmuc greater than the naxirM
wavelength of interest (150 c-), the Debye formula shows that the dielectric
properties of ice will exhibit little variation across the entire band of
interest as well as at even shorter wavelengths. The wavelength invariance
of the measured dielectric properties of ice in the 3 c= to 9 cm band tends
to indicate that this is indeed •he ca-s=.

! ~~( "":iK ) Rail.

SThe- attenuation properties of hail would tend to be extremely var-

* able, assuming that the individual hailstones would generally have a liquid
water coating. This can be- inferred from the finding that the absorption
in an ice sphere surr(unded by a spherical liquid water shell can vary.

13
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from a small fraction of the absorption that would be exhibited by a water
s;-•ere of the same total mass to more than twice that of the water sbere,
de:uending on the t:ickness of the licuid water shell [6].

(iv) Clouds an-d Foa

Attenuation in fcc and licuid water clouds, -where the droolet size is
on the order of 0.01 co or less ([3], p. 24-22 and [4], p. 677), is given by
Sq. (10) with the aid of definition (13) and Table 2. The value of M,

TABLE 5. Temperataire Dependence of ice Absorption Factor
and Attenuation Correction Factor

-TC - I I":
IT(!C) I .€) I Ki(T)/K,,.(o)ISi ' 'T

!0 T 9.6x-•0 4  1.0

-10 1 3.2x10-4  1 0.33

-20 -2.2x.10-4 0.23

the licuid water content, varies from I to 2.5 g/m3 in clouds, although
values as high as 4 g/h 3 have been observed ([3], p. 24-22); in fog M is
typically much less than 1 gI=3 although values as high as 2.3 g/_ may
be found in heavy sea fogs ([4], pp. 677, 683).

Eq. (10) can be employed to obtain the attenuation in ice clouds by
replacing Ew "ith and by using definition (16) and Table 5. T"The
values of attenuation obtained apply to ice crystals uncoated by liquid
water; a water coating will cause the type of variability in attenuation
noted for hail. The mass of ice per unit volume of air in ice clouds
tends to be substantially less than the mass of water found in liquid
water clouds, often being less than 0.1 g/m3 and rarely more than 0.5
g/= 3 ([6], p. 24-22).

Plots of attenuation in fog and clouds at 00 C are displayed in Fig.
4. Attenuation at other temperatures can be obtained by multiplying the
attenuation obtained from this figure by the value in the third column of
Table 2 (for liquid water) or Table 5 (for ice) corresponding to the
desired temperature.

2.2.2 Scattering

All of the weather pheno=ena considered in the section on attenuation
will reflect electromagnetic energy back towards the source. This energy
may constitute a significant amount of clutter.

For collections of particles whose dianeters are much less than the
wavelength of thle scattered wave, as will be the case here, the scattering
cross-section n in square meters per cubic neter of the particle-filled
medium is ([3], p. 24-22)

14
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=10-0 r 1K1m Z (171

whe re 1

K e-2

E: being the complexc rel.ative dielectric constan~t of the :-article scatterers,
and where 3 is the ref lectivit'; factor i.n units of milmters to the sixth
power per cubic meter, values for which will be given shortly. The factor
10-10 which anpears: in (17) bat not in [31 arises from the units selecte
here for n and the wavelength.

Tefactor IIK2 -which anoears in Ea. ',17) is relatively insensitive
to bothn temperature and friEquency f or water and ice, as a study of Tables I
arid 2 in !61 reveals. One can simply employ the values

I 0.3 for -liquid "dater

(20.21 for ice

irnZ-.: endently of temperature and Ifrrequen-cy.1

-he ref lectivity factors for the weather p~hentomena of interest here
are ([31. pp. 24-31, 24-32)

(200 R1.6 f~or rain

Z 11000 R1.6 for snow (19)

14.8xIO-2.q2 for fog and liqu.id w.ater clo:uds

;0here Z is in units of (=~) 6 /,A3 , whe~re R is the rain rate (or equivalentA

rain rate for snow) in mm/h. and where M is the mass of liquid water -per
unit volume cf- air in q/2 3 .

A plot of the volumetric reflectivity (scattering cross-section per
unit volume) for rain and snow is shown in ?ig. 5, w-hile -via. 6 shows the
corresponding plot for fog and liquid water clouds.

The scattering cross-section of hail should be strongly dependent on
the relative thickness of t-he w-ater coating the hai3 stone is likely to
have. This is due to the fact that the scattering cross-section of a
spherical drop of liquid -water is factor 4.3 greater than the cross-sectio
of the same drop when completely frozen; a partially frozen drop of Water

consisting of a soherical particle of ice surrounded by a spherical shell
of liquid water has a scattering cross-section whnich exceeds Uhat of the
completely 'frozen drop by a factor between unity and 4.3, denei iinq on the
relative masses of ice and liquid -water [61.

The reflectivity factor Z for an ice cloud will be the same as that
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for a liquid water cloud if the relative 1ýistribution of particle diameters
is the same. in this case the reflectivity of the ice cloud will be about
0.23 the reflectivity of the liquid water cloud by virtue of the ratio of
the values of IK12 fo_ ice_ nd liquid water (Ec. (18)), assuming t-hat the
ice crystals do not have appreciable liauid water coatings. Licuid water
coatincs would cause the same type of variation in cross-section that was
noted in connection with hail.

2.3 Gaseous Effects

2.3.1 Absorption

The oxygen mclecule possesses a magnetic dipole moment which causes
gaseous oxygen to undergo an energy-absorbing interaction with any ti-e-
varying electrc-magnetic field that =-ay be present; similarly, the water
molecule --ossesses af) electric dipole moment which likewise causes water
vapor to undergo an energy-absorbing interaction with a time varying field
([41, pp. 648-664; [3], pp. 24-13, 24-14; [6]; [7]). As a result of these
interactiotis, an electromagnetic wave will suffer attenuation as it prcpa-
gates through the at"osnhere.

The absorotion in dB/km at sea level (1013 mb atmospheric pressure)
and at 6801 can be obtained rrrom ([3], pp. 24-13, 24-14)

0 0.34 r _AV _ _ ]_I"_ _2/c
A I + -

02 -2---- 1/,12 cm+1&,/c)2 (I/.1 -2) 2+ jA./c)2

AV 2/c+ +2+a/cj(0
{1le +2 2

(I1/1C+2) +(!iv,/c) (3

S= [0.035 2 2
- CM (1/ 1 cm-/1. 3 5 ) +(Av 3 /c)

Av3/c 1 f
+2 -2 4-0-05{"Av4/0:W1( 1/Acn+1 /1.3 5 ) 4(-213/)

(21)

wihere A0  and AH 0 are the absorption coefficients for oxygen and water
2 2

vapor, respectively, where

AV=/C 0.018,

a'v 2 /c = 0.050,

S= Av 4 /c = 0.0906. 19
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and where P, is �he absolute humidity in grams (of water vapor) per cubic

meter of air.

A number of values calculated with the aid of Bcs. (20) and (21)
are given in Table 6. Table 7, adapted from [11, p. 444, gives values of Pv

in saturated air (100% of relative humidity) at 1013 mb atmospheric pressure
for a range of temperatures; a plot of these values is shown in Fig. 7. The
attenuation at sea level due to water vaoor is given approximately by the
value of A taken from Table 6 tiies the value of pv taken

from Table 7 (or Fig. 7) times the relative humidity divided by 100%. in
order to obtain more exact values for AH o or A0  at other temperatures or

2 2

pressures, one must employ correction factors for the A.'/c values and
the coefficients used in Eas. (20) and (21) (s.te [3], pp. 24-14, 24-15.
24-16).

TABLE 6. One-way Attenuation in 02 and in Water Vapor (per gram of water
vapor per 33) at Sea Level (0013 rb) and at 68c F.

IfIAr (dB/-=) aH"v(Bkpr/=3 )
_ _ _ _ 21 2_ _ _ _ _ __I i~

S0.2 0.00074 0.00000025

- 0.3 0.0014 0.00000057

0.4 0.0022 0.0000010

0.5 0.0028 0.0000016

0.6 0.0034 0.0001023

0.8 0.0042 0.0000040

11.0 0.0047 0.0000063

2.0 0.0057 0.000025

3.0 0.0060 0.000057

An inspection of Table 6, or the figures which appear in the

references, reveals that the attenuation due to oxygen absorption and the
attenuation due to water vapor absorption both increase with increases in
frequency over the entire frequency range of interest here. Although the
amounts of the increases will be different for other altitudes and tempera-
tures, the trend wil remain t�he same. By calculating values of .

20



f ron Tables 6 and 7 one finds that =he attenuation due to water vapor will
be al-Dst insignificant in comparison to the 0-2 a-tenuaz.on at the low
end of che frequency range, even at high absolute hutidities, but az the

unper end of the frecuency range =he water vapor attenuation could be a
substantial frac-:ion cf the 02> attenuation for hich absolute humidizies.
Since =-e cne-wav aztenua-ion due to both oxygen and water vato-,- is the

TA-LE 7. A•bsolute iunidctt in Saturated Air at Sea Level (1013 =b)

(0Aaoted froz- =he -ncyclooedia of Atnospheric Sciences and A-szrogeology,
edited yv R.W. Fairbridge. Copyright ; 1967 by Reinhold Publishing Corp.
All rights reserved.)

IT(OF) P (g/=n3) T I P,

30 4.44 65 1 15.71351 i 70 II
35 5.43 70 18.51

40 I 6.55 I 75 2..6,

45 7.S6 i 80 25.31
4 I II I I

S 9.40 85 1 29.5

!55 11.2 90 34.21

160 13.3 951 39.61

sun of A0  and Aq 0' one would incur little error in calculating attenuation,
2 2

by neglecting AH 0 at the !ower frequencies, but at the hiqh frequenctes

2
for high absolute humidities the error could be on the order of tens of
percent.

in order to obtain the total one-way atzenua.ion frcm an elevated
source to the ground for gaseous absorption, one deter-•ines A0  and AH 0 as

2 2
functions of altitude and then integrates their sum along the oath of propa-
gation. For elevation angles bet-ween 60 and 900 the total one-way attenua-
tion in dS due to gasecus attenuation, A., uill obey a law of the form

At. = aocs5 (22)

o-nere ao depends on frequency and humidity; for eleva--ion angles between 00

and 60 one musz eaploy a ray trace method for which no simple resuli ap-
pears to exis- [7. 7

By employinq interpolaticn with the data in [7], one finds that for a
round-temoperature of 68°F (20"C) and for a relative humiditv, of 42% the

value of ao for -a. (22) at 3 Gum is 0.036. To obtain an approxi=aze

21
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value of a. at other frequencies one can employ a graph given in [3] (p.
24-20), which gives the attenuation vs. frequency for a low-initial-eleva-
tion anqle, 300 mile path, for two geographical areas at two times of the
year. On the assumption that ao should scale as the attenuation values
tak:-,en from f.sfgure in [ .-, the curve for Bismarck, N.D. in February
was employed to scale the 0.03G 1!aue of a tat 3 GC-*.z; the results can be
seen in Table 8. 7hne Bismarck curve was emoloved to cet the scale factors
because the absolute humidity (as onposed to the relative humidity) would
be expoected to be relatively low in winter, and the 0.036 val!e of ao at
3 T-iz was cbtained for a value of absolute humidity (7.5 q/=3 at 680F,
42% relative humidity) w.1hich is too low to have a significant effect on
the attenuation. At much higher humidities (say 20 g/m3 or more at sea
leve!) the values of a. might underestimate the loss by tens of percent
at the hich frecuencies. However, since attenuation at the low end of the
freauencv rance is fairly insensitive to humidity, the values of ao for

these frequencies should not vary signficantly over the observed range of
terrestrial absolute humidities. As a final note on the a- scaling, the
value giv-en in Table 8 for 2 G-z is about 5% less than the calculated
value in [7].

7A

TABLE S. Attenuation Scale Factor and Attenuation Coefficient
a- (the Attenuation in dB at 900 Elevationi for Gaseous
Absorption for Low Humidi;t

IG•_0  Scale Factor I a.

.2 o.-,5 0.0053II K

.3 I 0.25 0.0091

I I.4 0.35 0.012

KI.5 j0.43 0.016

.6 0.53 o0.019

.8 i0.59 0.021

1.0 I 0.68 0.024

2.0 0.88 0.032
3.0 1.0 0.036
I I

2.3.2 Antenna Temperature

Oxcygen and water vamor radiate r.f. energy. which contributes to the

23A3



noise temperature of an antenna having a bean that intersects the atmosphere.

The noise tennerature contributions of these two atmospheric comnocnents de-
pend directly on the respective atte ato cotnsa tefeecy f
interest (13), ?. 39-5; [9); 11101). In general, oxy-,gc-1 will contribute

norestrogly-o the noise teno;erature than will water -.anor i_ h :e
quencv rance or interest here; this -is particularly true at the low end o:

* the f-r-cuencv rance.

Li.8, a cornoosite of ficures ffon j9] and fill, shows the no-:_se
tennerature due to oxygqen and water vazor of a ground-based, narrow beam an~-
tenna -for several elevation angles; the teaneerature looki~ng towards the
ground from soace would be the sane provided thiat the --eam was suffilcientl1y
narrow. Th~e absolute humiditvi for whicn the curves zn the ficure were calcu-
lated was assumed to decrease llinearl-y frcom 1@0 g/tO at sea level to zero at
an altitude of 5 kn.a

The maximun and mnimium galatic noise components would be important
for a space-based, crround-lookAing sys tem if --he surface under observati;on
had a high reflection coefficient and mirrored the sky4, as the sea surface
does.

3. THE IONOSPHERE

The ionosphere is the partially ioniz-ed recion of the atmosohere that
beamns at anpromizatelv 50 k=- altitude and is generally defined as ending at
aboum -iCGO kn alti-;tude. The free electrons in this region chance the ser-i t-
titv from its free soace value; the interaction between the eart:-'s nagnetic
field and the free electrons produces an anisotropy in the permittivity of
the region [1]. It is these changes in the pernaittivity which produce the

* electromagnetic wiave propagation phencze -a characteristiLc of the ionosphere.

The electron density in the ionosphere varies diurnally, geog-raphi-
cally, seasonally, with sunspot number and wihother solar phenomena.
The total electron content, i.e., the electron number density, intec-rated
vertically from t-he bottom to top surface of the ionosphere, can vary by
two orders of magnitude depending on the tinIe and location it t.s neasured;
predictions of these variation-s are nade by. the Air Weather Service of
the U.S. Air Force [14). Because the large temporal and4 geographical
v-ariations in the electron density will produce correspondingly large
changes in the magnitude of the observed propagation effects, in order to
allow for a conservative analysis the effects will generally be discussed
for typical daytime condi%-.tions when the ionization has peaked. Itshould
be bor i in =ind tha th oiaion can increase by a factor of 10 above
the typical or average level, however.

latThe discussion of the ionospheric effects will be restricted to cases
;"nwhich th bevris located above ionosehere, i.e., at an altitude of at
lat1000 ka. Space-based radar sys tens are excpected to operate at least

this high in order to obtain exctensive ground coverage, and hence the denendi-
ence of the propagation phenonena on the location of the source wi-thin the"
ionosphere wcould not be needed. rurt~hernore, the restriction does allow a
considerable simiplication -to be made in the discussion.

24
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Fig- B An.tenna noise te-•perature due to oxy.gen and water vapor for severa•l
elevation angles for a ground-based antenna-

(.WaPted-from D.C. Rog-, J_ of -Applied Physics, 30(9), ppv. 1117-1I-19 (1959),
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Co yright @ 1959 .zL. -nst. of ?hy~sics, •an -frc= J.R. ?ierce and R_ Kocofner,
Transoceanic Cc--'=unicaticn by M.eans of Satellites, Proc.- 4 .Z _7, ;)... 372- •
380 (1959), Copyright 1959 IRE (now 11EEE); used by per'•ission..)
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3. Refraction Errors

The calculation of the refraction error introduced by the ionosphere
has been examined by nunerous investigators (e.c. [21, [15], (16]). :4ny
existing results are for the refraction errors for around observations of
elevated sources, in hnien cases some maniculation is euired in order to
cet the refraction errors for elevated observers lcckinc at a ground zarqets.

,ic. 9, obtained from [21, shows the refraction error for a croun.
coser-er receiving a 200 :4oz signal from a source located in, the ionosohere
for three different elevation ancles. The carves in the ficure were derived
by using a layered =odel of the ionosphere for daytire ionization levels.
If one lets Aa, renresent the refraction error (in radians) at the
ground when observinc at source located at an alti!tde of !000 kin, one
rinds that the equation

aG(e) = 0.00033ctnB (23)

fits the data in the figure to an accuracy of better than 15%. How-ever,
since ionosoheric refraction remains relatively constant bete-'een 00 and 5*
elevation [13] or possibly may e.hibit a slight increase as B increases tn
this range [16], Sq. (23) should not be employed at less than 1-0 eleva-
tion. Letting ao reoresent the ionos'neric refraction error for an
observer at 1000 km altitude Icokina at a grouno target, it is sho•n in
Appendix C that the following relationship can be obtained:

(1-nI )cose-%aG( C )sin9
Ao = . (24)

cos
-a0

Here hl is t.e height of te observer, lLi0 k, r0 is the radius of the earth,
and nI is the real part of the ionospheric refractive indem at altitude hf.
At frequencies of interest here one has (neglecting losses and magnetic
bias) [15] I '

Shere w is the angular frequ-ncy of the propagating wave, and where m. is
the (angular) plasna frequency -efine by.

ne(h)e

p 2 Uh ) S me o a (26)

The cruantities_ nelh), e, and me are, respectively, te num-ber density of the
electrons at altitude h, the charge of an electron, and the mass of an elec-
tron.

,The results in Appendix A can be used to obtain the refraction error
at altitude hh, if there is negligible bending of the wave between alti-
tudes h, and h. Letting &A(9,h) represent th-e refraction error at alti-
tude h where e is still the elevation angle of the observer m-easured fron
from ground level, one has

26
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Fig. 9 - Daytie ionospheric refraction error for a ground observer of a 200
MHz elevated source for three elevation angles.

(From G.H. Mi•l•nan, Ar-ospheric Effects on VHF and UHF Propagation, Proc.
IRE, _.6, pp. 1492-1501 (1958), Copyright 0 1958 IRE (now IEEE), used by
perm-issi-"on.)
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r .2rfI 
sine

L V/
"-0

S-r h 1h_211/2
Isin -:÷2(•f .-• '- sinc

0 0

(1-nT-0.00033)cos 0  - sin- O -0

,+') 2 2 1l/2 [ 2s . i2n-- 2..1/2
COS + "2ro7 ) - -

ro -O

"where Sc. . (23) for AeG has been em1ovedo. in ter--s of the straicht line
distance D(S,h) between the target and the cbserver, one can write Ec..
(27) as

(1-n.--.00033)cose D(9,h1 )
=a(6,h) = (2S)

D(6,h)
n, -1/2

Bas. (27) and (28) are not va;id for 3<1 0 0 since E-. (23), e•oloved in
obtaining these two ecuations, is not accurate below 100 elevation.

In order to obtain concrete results from Ea. (28) one must know n1 , or
equivalently ne(h) in view of Eq. (26). Employing the Chapuan fonula for the
electron density given in 121 with a scale height F of 100 ka and values of
1.25x10 1 2 /a 3 and 300 kn for the =aximum electron density N and the height h
of the maximum density, respectively, one obtains n (h.)=6.2r101 0 i 3 .2_ov"
of t:i value ofn10E.(2) n
ing tis alu oe f ns n Eta (26), and using the resulting value of w- in
-Eq. (25), one finds that I - n 6.3x.09- at 200 X•qz. Using this value
in En. (28), one obtains for 200 Mu-z the result

- 0.00027cosC D (,h )
Aa(,=,h) D(,h). (29)

At 6=100, the minimun elevation angle for -w.•.ich Ea. (29) =an be e=ployed,.
one finds that the refraction error is appro-•imately equal to -0.44 =illira-
dians at h--"h, where the negative sign indicates that the propagating w"ave
will aporoach the elevated observer fron below the direct path to the target,
rather than from above the path as shown for Aa0 in Fig. 1.

It should be noted that the value of ne(hi) calculated fron the data
in [21 and e-ployed in obtaining Eq. (29) is a factor of 2 less than the
measured peak value of ne given in [17], fro-r- which Fig. 10 has been taken.
(The N. in this figure is the total nunber of electrons in a vertical

28
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7 W- zt
colucr. of unit cross-sectional area.) H!owever, since the bending of the
propagation path is still relat-ively slight at altitudes on the order of Ih1,
the -inaccuracies in tize electron densities at these alt.itudes are not expec-
ted to cause more than a 20%i-25:k chance in the calculated value o-f the
refraction error, whic~h anounts to no more than 0.1 =illiradians at f1~
Since t~he purocse Inere is to detern-ine zhe nacnituue of the Orocpagation
effects, this uncertainty in the refraction error is acceptable. 1 ore
orecise design. st.d-v Micht recuire a more e:.actintz analys-is, however.

One can show -Fron Ea. (29) ior Ea. 27)) that t~he refraction error
macnitude will decrease w-ith increases in the elevation angle for elevation
angles greater than 100. T-he equation cannot be enploayed at angles belaw
'100, as state-d earlier. Ea. (29) also reveals that the angular refraction
error mTagnitude for a given will decrease as observer altitude increases
(since :D(e,h)>D(8,hI) for h,'h.). Howrevez, it as noted earlier th-at the
ecuation is valid only if there is negligible bending of the propagation
oath between altitudes h, and hn. Since the electron density, and conse-
cuently the refractive index, exhibits a gradient even at, quite high alti-
tudes (see Fig. 11 taken fro- F-171), there will be a bit of additional bend-
ing of the -propagation path and the refraction error will differ slightlv
-- c-- the v-alue given by Eq. (29).

At night thie refraction errors woill '-e- less than those seen -during the
dAy. in (2) the refraction errors seen by a ground observer tracking an ele-
vated target -were found to be a factor of 2.7 less at night in conparison to
the daytime errors; the refraction errors seen by an elevated observer track-
ing a ground target should show a similar decrease.

The numerical results given so far are for a 200 M~Hz wave. The
ionospheric refraction error in the frequenc:y range of interest here is
proportional to the inverse square of the freq-uency_. [13)1. The error is prob-
ably of no maore than marginal importance at 200 M~z and would alzost ce-r-
tainlv be inconsequential at higher frequencies.

The ionosaheric refraction errors were calculated without taking Ainto
account tropospheric refraction. Although in an exact analysis the two ty-pes
of refraction errors must be dealt with simultaneously and cannot be separ-
ately calculated and added, at the very small refraction errors seen, at
frecuencies of interest here separate calculation and subsequent addition
of the individual errors is a very good apzroxiz~ation [16].

3.2 The iris Effect

The real part of the refractive index of a loss less or- slightly loss:vI plsn-will be less than uni-ty, and as aconsecuence a w-ave incident on the
ionosphere will und-ergo total internal ref lection (j183, p. 14S) if the angle
angle of incidence (angle between the direction of propagation and the iono-
spheric surface normal) is greate-r than a critical value -sc. As a cons-
equence. waves whose directions of propagation lie outside of a particular
cone whose apex is the elevated observation point and whose axis is nor--al
to the ionosp~here will not penetrate the ionos:phere; the effect is known
as the iris effect [131 and is illustrated- in tFig. 12.

30
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Fig. 11 - Electron densities at extre=e altitudes

(Fro-= .A. Kasha, -The lonosohere and its Interaction with Satellites, Chapter
2, Gordon and Breach, Science Publishers, inc., Copyright ( 1969, used by'
permission.)
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Critical ancle €c is equal to si-1(n ) ,13] where nis the minimumvalue of the refractive index in the ionosphere, i.e., the refractive index
at the height of maximum electron density. The maximum electron density
appears in the F layer of the ionosphere at an altitude of amorox:i=atelv
300 knm. Emnmloyino for (n ) the value of 2xi0 1 2 /m 3 taken from Fig. 10, and
utilizing the exoression for the refractive index given by Sq. (25), one
can determi•e the critical angle for any frequencv of propagazion. Table 9
lists the values of -5 for a number of frequencies.

The iris effect could affect an elevated observer surveying the
earth's surface by blocking the waves directed at certain Portions of the
surface, rendering these portions unobservable. However, one can easilyshow that a ray tangent to the earth's surface will intersect an ionospher-
ic layer at the 300 k" altitude at an angle of about 72.60 with respect to
the normal of the layer. Since this value is considerably less than the
smallest -c value in Table 9. there will be no blockace here of raysby the iris effect to any portion of the earth's surface. The iris effectt'hus has no impact on an earth surveillance system oerating at current
frequencies of interest.

TABLE 9. Critical Angle of Incidence for the Iris Effect

f kui z 'ýc IS I _ _ _ I
S0.2 86.40

0.5 88.6-

S1.•0 89.30

2.0 89.7-

3.0 89.80

3.3 Doopler Errors

The bending of the propagation path by the ionosphere -will cause the
doppler frequency induced by target motion to differ from what would be oh-
tained if the propagation path were the straight line between the target and
source. The expression for the relative doppler error is nearly identical
to that given by Eq. (6) for the error introduced by tropospheric refrac- I
tion, the difference being the replacement AG () by ABC(B) Thus therelative doppler error caused by ionospheric refraction is
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Ad Aa_(S)sin• (30)

The expression -or IaG{ for 200 MHz, 1000 Im altitude, and day-
time conditions was given by Eq. (23). Shmploying this in qc. (30), one
obtains

-(31) 0.00033ctn~sin1

Because of the limitations on Ea. (23), the above ecuation is not valid
for 6<100. At altitudes above 1000 km AZ will differ slichtlv from te

value given by Eq. (23) due to the additional ray bending introduced by the
longer propagation path in the plasma, as noted at the end of the section on
ionospheric refraction. As also mentioned in the section on refraction, the
expression for A&Z may be slightly inaccurate due to inaccuracies in the
electron density model employed in (2] at the higher elevations. These
inaccuracies in the value of AaG will lead to inaccuracies of a similar
magnitude in the value of the relative doppler error given by Eq. (31).

At night A"t- is a factor of 2.7 less than its daytime_ value, as
mentioned earlier. The relative dompler error at night will then be me-
creased by the same factor.

The previously mentioned proportionality between the refraction error
and the inverse square of the frequency implies that the relative doppler
error will also decrease as the " 7erse square of the frequency. Thus the
error at 400 M•z would be one-quarter of the value given by Ea. (31).

The total relative doppler error in a system is proportional to the
total refraction error introduced by ionospheric and tropospheric effects.
As mentioned in thie section on ionospheric refraction, the refractian
error for situations of interest can be closely approximated by adding the
individual refraction errors due to the ionosphere and the troposphere.
T1he total doppler error can therefore be closely approximated by adding
the individual ionospheric and tropospheric doppler errors.

3.4 Ranqe Errors

The ionosphere is a dispersive medium which will introduce an addi-
tional time delay in a propagating signal over what would be expected for
a free space propagation path. This additional tine delay is calculated
from the group velocity of electromagnetic waves propagating in the m-edium
[21, [13).

Plots of range error versus altitude for different frequencies and
elevation angles can be found in [2]. Employing the plot corresponding to a

decayinq electron density above the F-layer distribution and a 200 ?M-.z
frequency, one finds that the day range error AD(O) caused by the iono-
sphere is given quite accurately at 1000 km altitude by
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ADO0) = 310csc0', (32)

where

SCos 1+h 2 r, (33)

and where hi = 250 .k=; AD is in units of meters here. Parameter -' is the
angle a ray emanating from the ground at elevation angle 9 would make with
the tangent . lane at the point the ray would intersect an ionospheric layer
at altitude h,>. Sq. (32) is accurate for 0>100, and Probably cives
cood results down to 9=00.

The plot from which Ec. (32) was derived shows that the range errors
are nearly independent of altitude at the 700 km altitude and above, so that
Eq. (32) can be used for altitudes in excess of 1000 km.

The ranqe error introduced by the ionosphere is proportional to the
inverse square of the frequency for the frequency range of interest here,
just as in the case of the refraction error. At 200 .Mz, Eq. (32) gives a
value of 294m; at 400 Mhz the error would be one-fourth this value.

From lsthe data in 121 one would expect -the night-time ,ange errors to

be less than the daytime values by a factor of about 3.5, close to the 2.7
factor found for the refraction errors.

3.5 Attenuatio:.

Below a certain critical frequency the ionosphere is essentially
opaque to electromagnetic waves. This frequency is given by Eq. (26) at
the altitude h of maximum electron density. amploying for the maximum
value of n the 210012/= 3 ficure used in the section on the iris effect,
one obtains 12.7 fiz for the critical frequency, a typical value for this
parameter and well below the minimum frequency of interest here.

Waves with frequencies above the critical frequency can propagate in
the ionosphere, but they will suffer attenuation due to collisions between
the plasma electrons and the other particle species comprising the iono-
sphere. This attenuation is frequency dependent, being inversely oroor-
tional to the square of the frequency in Che range of frequencies being
considered here.

Fig. 13, based on the data in (2], shows the one-way daytime
ionospheric absorption loss. Although the data in (21 was for a 1000 km
altitude, the facts that the columnar electron content is increasing very
slowly at this altitude and above (see Fig. 10) and that the electron
collision frequency is decreasing with altitude ([191, Table 7.8), together
with knowledge that the attenuation is proportional to the integral overSthe propagation path of the product of electron density and electron colli-
sion frequency, imply that attenuation will increase very slowly above the
1000 km level. The values in the figure can therefore apply to observers
at several thousand kilometers altitude.
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t- can be seen f-c_ Fig. 13 that the two-way ionosoheric absorption
loss will be less than 0.4 dB at the minimum frecuency of interest here,
200 M-4-z. The data in 12] and [13] indicate that at night the less will
decrease by a factor of 10 to 20.

Before concluding this section on absorption loss,; =.o tyPes oz
ionosoheric phenomena which cause unusually hich absorption will be
mentioned. T.he first of these are the auroral absorption events which occur
in conjunction with luminous aurora, mainly at -h higher geomagnetic
latitudes 113]. These events, which can occur daily in the auroral zone
durinc the ecuinoctial =onths and which mersist from several minutes to
several hours, can cause increases in the absorption loss of from 6 to 20
times the tvpical daytime dB value. The second -type of ionospheric p'nenom-ena
is the polar-cap absorption event, which can increase the absorption loss
by a factor of 20 to 60 ti-es its typical dayti=e value, according to data
in [13]. The absorption increase extends from the polar caps down to the
equatorial limits of the aurora! zones. The polar cap event is caused by
an infl!= of orotons produced by a solar flare, and is most frequently seen
during the peak of the sunspot cycle. The event can .ersist for several
idays.

3.6 Polarization Effects

The presence of the earth's magnetic field in the ionospheric plas--a
results in the plasma exhibiting an anisotropy in its permittivit [(12],
[19]. Two =odes of electromagnetic wave propagation are possible in this
anisotropic medium, the "ordinarv waves and the "extraordinar_.-" waves, and
in general a plane wave propagating in this --edium will be a combination of
these two mcdes. Since the two =odes have different propagation constants
associated with them, a wave propagating through the medium can e-.iibit a
rotation of its polarization plane and/or a chance in the tyme of polariza-
tion (e.g., from linear to elliptical).

For frequencies cf interest here, the type of polarization will not
change during propagation through the ionosphere except -hen the direction
of propagation is almost exactly trensverse to the geom-agnetic field [131.
The transition angle 6. between the direction of propaqation and the
geomagnetic field at -hi-ch the type of polarization starts to change is
listed in Table 10 for several frequencies of interest.

Although the type of polarizations will not change if the angle
between the direction of propagation and the geomagnetic field is less than
the transition angle, the plane of polarization can rotate. This rotation
can cause a loss of nower at the reception antenna. For example, for a
linearly polarized antenna the power loss would vary as cos 2 w"here * is
the angle between the plane of polarization of the wave and the plane of
polarization of the antenna.
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TABLE 10. Transition Angle at which ".e of Polarization Begins to Change

S 0.2 89.760

I 0.5 89.900I I I
8.0 9.950ýI II I

I 3.0 9

The amount of polarization rotation deoends on the angle bet-een the
direction of propagation and the geomagnetic field; the rotation is a maci-

wum-when the direction of orozagation and the direction of the cecag-netic
field coincide, i.e., w"hen the oropagation is strictly "loncitudinal [!3].
Thus the amount by "-enich -t-,he plane of tolarization rotates will depeen-`. not

only on the elevation angle of the observer but also on his azimuth.

d n s [2] a plot is given of the phase change between the t.o prcagation
=odes for longitudinal nropagation of a 200 MEz wave for a t-o-ý-way path.

"The polarization rotation is equal to one-half of the phase chance between
the two components [131, so the one-way polarization rotation is e-.ua to

one-fourth of the two-way phase change. Fig. 14 shows the one-way polariza-
tion rotation calcalated from the phýiase change plot in [21. The loss

scales in the figure show the one-way loss and the t-wo-way loss (i.e., for

twdice the one-wa-, rotation angle) for linearly polarized antennas due to

rotation of the plane of nolarization. Although the data in [2] was gicen

for an altitude of 1000 km, the low electron densities above this altitude,
and consequently their minimal effect on rotation, allow one to use the

data at much higher altitudes.

It was noted earlier that polarization rotation is a maximum for

loncitudinal propagation, and will be less when the direction c.f propagation

is not aligned with the geomagnetic field. Thus the plots in Fig. 14

represent up.per bounds on the polarizacion rotation over all possible
azimu•hs and latitudes.

It is interesting to note that since both. the range error and the
longitudinal polarization rotation are proportional to the integral of the

electron density along the path of propagation they should both exhibit the

same dependence on elevation angle. Henc2- the rotation should be propor-

tional to csc 9' where 9" is defined by (33). If one employs the 8=90°

rotation values given in Fig. 14 and comnutes the rotation at --=10* using
this assumed angular dependence, the values obtained differ from those in
the fiqure by 111%.

At night the rotation is a factor 3 5 less than its daytime value [21.
This is the same factor that was observe" in the case of the range errors.
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3.7 Scintillation

ALnother icnosnheric orcoacation Phenomenon whnicn -.ay affect radar
svsten- =erformiance is scintill-ation, the temcoral fluctuation in a~nlitude
and ohnase or waves which nave traversed- the ionosnhere. The ohenon-encn i.s
artributedn to diffractive and fýcuCLsi-nc/dý-ef-ccujsinc eecsof eloncated
4rreculariti:es or i-'hc~oqenei;ties in the electrzon densityz, ot-! ~- -. e-
F'laye- [220j, [21]. The I;rreculari ties typically havpe di_-ensions of I km

in aim rtions transverse to the geonegnetic field and lengths of 4 k= to
,0, k:n alona the field [2!i; they exhibit ;rift .elocit;ies of 20-300 --/s

Early data an the scintillation of ninreunyradio waves can-e
from radio astronomic"-~ observations, as noted in [22], but stote

recenit data has come from terrestrial observations of satellite sicnals
A [231, [241. many cuestions renain to be answered about the =ohenonenon and

consequently it is still- the subject of nuch current research, as a study
of the Papers in [251 -will reveal.

The geograonical. areas where scintill1ation i.s or a sufficient
macnitude to cause problems writhi radiowrave systems are shown in 'Fic. 15,
taken from [26]. T1he density of the shading in the figure ind-icates the
depth of the fading associated with scintillation. the darkest shading
indicating the :Ieeuestu fading. Thne latitudes shown in the fiaure are te
qeomaqgetic (also called invar-iant) lati-tudes, which are based on cecaqa-
netic field lines; the relationshin between these latitudes and the geogra-
phic latitudes are s~hown in Fig. 16, taken fron [211.

it is seen froma Fig. 15 th-at t-h-e regions where scintillation is
significant are the poiar/auroral regions and the equatorial region in the
?reruidnient and early morning hours. The physical orocesses believed to be
the causes of the ionospheric irregularities are different in the equator
and Polar/ aurora! regions. In the form-er t~he irregularit-ies are attributed
to plasma instabilities, while in thne latter =article precipitatiOnz is
believed to be the cause 121]. There are likewise differences in the nature
of the scintillation observed in these regions and in the influence of
seasonal and other factors on scintillation; data on t~nese subjects waill
now be presented.

Ampolitude scintillati;on measurements w.ill be presented first. Since
the data were taken under a variety of different conditions onee cannot
generallyv draw conclusions from comoarisonts of the various values. Instead,

* cne s~hould use the data to gauge the =agnitude of the effects to be expected.
Near the equator, peak-to-peak anoplitude fluctuations of 29 db have been
observed in the 259 MiHz signal from the ?W9.I!SAT 1 satellite in Natal. Brazil
[271, while 27 db fluctuations were observed in a 1541 ýTz signal at 4
Ascen~si.an. Island durincl a tine frame in which fluctuations of 6.8 db an~d 8
-b were recorded at Huancayo, Peru and Natal, respectively [28]. A.mplitude
fluctuations of 9 db have been observ.ed at 4 G~z in Hong Kong [281. In
the northern areas where scintillation is significant peak-to-peak fluctua-
tions of 30 db havue been recorded at millstone Hill, 'AA, in the 150 3C:.
signals received fran the U.S. Navy Navigational systen satellites [2:]1.
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Data on on.ase scintillation are not nearly as Plentiful in the
literature as that an ampolitude scintillation, cassibli because phase =ea-
surements are more di! ficalt to- mak~e than amolitude measurenents. Phase
'luctua"tions of a few radian:-s have been observed at Lý-band (1575 3C-:z and

1228 ~ ~ ~ ~ M ~-z :Kaaen ashall Islands [291. Fluctuai-ions of a siln:±ar
magnitude have also been observed at Poker lats Rocket Rance, just north
of F'airbanks, Alaska, in the 1239 !C-z signal of the Multi-frecquency ceacon
of a Naw Za-vic tion Satellite; s-i=;utanecuslj., phase fluctuations wh~ch
appear to have magnitudes inthe tens of radians were c:-served i:n the 138

MT-z signal of the beacon (301.

KCnowledge of the fluctuation frequencies that characterize scintil-o
lation is also recuired for an underszanding Of the phernomenon. These

-eune vary substantially from the equatorial to the Polar/auroral
regions. In the polar/aurora! regions the period of the %;eak-to-pneak
fluc :uations is typicall1y 1-3 seconds, while in the ecuatorial reciorz the
oeriod is a factor of 2-10 longer [23]. The szoectra of some- ph-ase and
amplitude scintillation Observed at Millstone Fill, HA, can-- be found in
[311. A.pli;tude scintillation spectra Observed at Hiuancayo, Perru at 254

Mzanda at Nlarssarssuac, Greenland, can also be found in 132). in this
last reference, statistics on the ampDlitudLre scintillatinaee'lydt

produce plots showing data chann-el reliability f or different Message
lengths and signal threshold levels.

Scintillation e36nloits diurnal- and seasonal- changes, and it is also
influenced by geomagnetic and solar conditions. Bauatorial scintillation
tends to be a =-aximum about the time of the eauinox-es; and a mini-== about a-
the time of the solstices [211, (231. Scintillation increases with increas-
ing sunspc number [28], [331, [34]. Scintillationith poaaura
region increases during magnetic str 1 21] (disturbances of thne ceo-ac-
netic field frequently, but not invariably, caused by particle i nflux -rE
solar flares, and typically lasting 8-72 hr-s [351). in the equatorial
region magnetic storms cause scintillation to decrease dur-ing pe-ri.Ods Of
high sunsoot number, but the effect is unclear during Periods w.hen the

.7 number is low [211, [231.

Scinti llation varies with azimuth anda elevation cmqie, the phenomenon
becoming more pronounced at azinuths parallel to &.e local goemagne ticfil
and at elevation angles approaching 00. Fig. 17, taken frem !211, shows
the angular correction factors f or (;.# the variance of the log of the sia-
nal amplitude and one of the common measures of amplitude scintAlliation.
'Are axial ratios in the 'Figure are the ratios of the longitudinal to tran-
sverse dimens-ions of the ionospheric irregularities producing the scintil-
lations.

A factor of particular interest which affects scintillation is the
frequency. The S4 index, the variance of thie intensity fluctuations and
another common measure of amplitude scintillation [20], is co-mm7only taken
to exhibit an f-1-.5 dependence on frequency, although the -1.5 exponent
may be somewhat in error for C-"z frequencies [21], [33]. The rms phase
(or dozoler) fluctuations are geneerally accorded an f 1 I frequency depen-

dence.

42



1.''' ,L- 2 _

II II•:

-.C x%- 'O i

Fig. E7 C orrection factors for G f or (a) a zi~uth relati-,re to geomagnetic
field and for (b) elevation angle.

(ram R.K. Crane, Ionosp.heric 5tintillation, Proc. I1E-, 6_5, pp. 180-1901,
S~Cooyright rg 1977 E5, used by permission.)

43

-

-I III - i- frl



As a final note on scintillation, it has been observed that the :hase
fluctuations nave a Gaussian distribution whereas the intensity fluctuations
are well characterized by the MZakagami-m distribution

o(:x)= ea (well "ra

(34)

where

*m S 4  ,

S4 being the variance of the intensity fluctuations mentioned above; =ore
elaborate distribution functions which exhibit the observed correlatio.n be-
t-een phase and amplitude scintillation have also been derived . 361.

4. CONCLUSIONS

The major trade-off to be made in selecting a frequency in the 0.2-3.0
MHz rance- for a space-base radar, insofar as pronagation and scattering ef-
fects are concerned, is the relative insensitivity of the low--er frequencies
to weather-related phenomena versus the relative i_.unit.y of the hisher
freauencies to icnospheric effects. Clutter due to precipitation aopears
to be the most significant weather-related phenomenon; a complete assess-
ment of its effect on a system requires a knowledge of the antenna mattern
and other system parameters, however. The most important ionospheric
effect is the Faraday rotation, although scintillation may also be a prob-
lem. At the lower freauencies the use of circular polarization, or some:
means of adaptively changing the .olarization of the antenna upon recep-
tion, apnears mandatory; moreover, during extremely intense periods of
ionization sueh techniques might be needed even at the higher frequencies.
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APPEDIX A. Refraction Error Above the Troposphere or Ionosphere
in Terms of Error at the Upper Bounding Surface of
the Medium

An expression 'dill be derived here relating the refraction error
seen by an elevated observer at an altitude above the top surface of the
troposhera or ionosphere to the refraction error seen by an observer at the
top surface of the troposphere or ionosphere. Referring to Fig. A-1, what
is desired here is a relationshin between • and i', the refraction errors
at altitudes h and h', respectively, where h>n' and where h' is the altitude
of the too surface off the troposphere or ionosphere. The propagation
medium below altitude h' is assumed to possess refractive index gradients
so that ray paths in this medium will in ceeneral be curved. Above altitude
h' the refractive index is assumed to be constant so that ray Daths are
straight lines in this region.

It is assumed that the relationship betAeen F' and 9' is known a
priori, alonq with the facts that 9' is of first order smaliness (on the
order of a few milliradians for cases of interest here) and that first order
char•.es in 9' result is second order changes in

Let D(h,S) represent the st=aiqht-line distance between an elevated
observer at altitude h and a target on the surface of the earth, where 5 is
"te angle between the ground and the straiqht-line path to the observer,
measured at the target. Referring again to Fig. A-i. one has

OT = D(h,6), (A.1a)

O0T = D(h',6') . (A.1b)

Now fron the law of cosines for triangle CTO' one has

CO'2 = CT2 +' O'T2 - 2CT O'T cos(V'+-z/2),

or

ro+he2 r= 2 + D2 (h',6') + 2roD(h',5')sin' .(A.21

Solving for D(h',91), one finds that

D(h',S') = (ro 2 sin2 e'+2roh'+h' 2 ) 1/-rosin9" ° (A°3)

It will be useful to know how D(h',e') changes with small changes
in 9'. Taking the derivative of D'h,e') with respect to a', one finds
from Ea. (A.3) that
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d cos9.

d9 D(h'') = -D(h' ,,,9') [sin2 5'+2(h'/r o)+(h/ro-

(A.4)

One notes that

Id--i"D(h',-,")I!<D(h',9' }/[2h'/ro]-

cr

IdD(h',e')l 1dI el
D(h',S') < 1/2

[2h'/ro]

By applying the law of cosines to triangle CTO (or more simply by
replacinq h' and 9' with h and 6, respectively, in Ea. (A.3)) one can next
show that

D(h,s) = (r 2sin2 a+2r h+h 2 )1 / 2 -r sinS . (A.6)

Angles ý and can be related by an application of the law of
sines ta triangle TO'O. One finds that

TO' D(h',__ )
sini = - sin"' D(h,S) sine' . (A.7)

TO

Since :, is very small one can replace sing' with Z". Furthermore, i"
is clear from triangle TO'O that

p= " - (('-9)<,' , (A.8)

hence • is also very small and sing can be replaced with E. Eq. (A.7) can
thus be written as

D(h',9')D(h,V)(81) (A.9)

where the dependence of •' on 6' has been explicitly indicated.

It would be preferable if Eq. (A.9) could be written in terms
of 9 alone, rather than in terns of both 9 ar.d 9'. Let 6C represent the
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nhance in the calculated value of • if 5' is reolaced with 6 in Eq (A.9).
One can then! wri-e

D__--t 5D(h','-)

or
• t• + D~'•)I D~h,.•: •t(@'),

DW, - 1 D

______ (61 D(h'n '

•= L •,(') + D(h'rB') I (A.1O)

protided that 61-6 is of first order smallness. But from_ -. (A.8) it
can be seen that

hence the smallness of 9'-1 is established.

Now it was stated earli-er that : will exhibit a second order change
if C' chances by first order. The cuantity 6 w'/•" -hich avzears in Ea.
(A.10) will therefore be of first order snallness. Next, fron inequality
(A.5) it can be seen that the 6D/D quantity whicn appears in inequality
(A.10) will be on the order of (4C'-C)/(2h'/r )2 For the trocosphere
h'=20 miles and (ro/2h' . 2I/B1IO; f1r/t2e ionosphere

has a substant-ially szaller value. Since 6'-- Ls --n the order of a• €•~(-e" )/19-h/roll/2 w-ill
few- milliradians, the quantity w n the order of

few hundredth-s at most. Hence from. Ba. (A.10) one sees that / wilI
be on the order of a few hundredths at most, i.e., the error incurred b'"
replacing - ' with 6 in Ec. (A.9) anounts to a fel_ Percent at --ost. One
can thus write

D(h",C) (A.1 )
S{, ---D~h,6) -•'(C) *

?More explicitly, by enployinq Bqs. (A.3) and (A.6) one obtains

2 2 21/2
".1o sin 6+2roh'+n' ) -osn.
(r = 2 sin2 S+2r h+h2 )1 / 2 -r sinC (A.12)
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APPEDIX B. Ldcuid Water Content of Rain-Laden Air
The absorption by water droplets of an electroaagnetic wave prcoaga-

ring in air deoends uon the total -,-lume of -,ate-- .er unit volume of air

rather than on the shapes and size distribution of the droplets, Orovdce•
the droplet- diameters are all nuch less than a wavelenoth. Now absorotion_
in rain is cenerallv Lven as a functicn o• the hourly rain lete, w'ile

absorption in clouds or foc is given as a funct-on of the mass (;olune) of
-rater oer unit vcun-e or air. In order to ccmoare the values for rain and
cloud/fog absorption it wculd be convenient to knaw t1e volume of water
per unit velu' of air for various rainfall rates. This relationshi- will
be derived in the foLlowinq.

To simplify matters let it be assumed that the raindrors have discrete
diameters di, i=1,2, . Let R be the rain rate, let n(d.;R) be the total
nu-mber of raindrops per unit volume_ of air for rainfall rate R, and let v(d)
be the velocivy at which a raindrop of diameter di falls. Then one can rirte

71 =•-di n(di;_RlVldi)l ••

If W(R) is the volume of water per unit v.olue of air at rain rate R then One
can also -write

(3

1

Let

n(di;R) NO(R)f (dij;R) (3.3)

whrere No(R) is the total number of rain drops per unit volume of air for rai'
fall rate R and where f (di;R) is the fraction of raindrops per unlt volume
ha*-ung diameter di at rain rate R. -'mplcying (3.3) in (3.1) and (3.2),
one finds that

R = 6 No(R)Z[di'f(di;R)v(di)] (3.4)

"-(R) = - No(R)Edi 3f(di;R)- - (3.5)

Dividing Eq. (B.5) by Eq. (3.4) one readily obtains the result

E[ di f(dj;R:j
i (3.26)

W(R) = R ji[di•_7; E)VfR di)d T
i It
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This is th&- desired expression For t•he water eontent of rain-laden air in
-er.-s of --he rain- rate.

-.n order to obtain concrete nu-erical results fc- 3c. (B.6) it is
necessa.- to nave a distriJbdion f(di ;R) and the velecit7- fuinction v--r). A
nu=_ner 0, distribution functions are aveilable; the :jne "Wmich will be ew=i-
ployed here is the fre-quently used Laws and ?arsons iistribution as *siven
by i4edhurst*. frci Whicb a -1 Is obtained. T o--Fo-ula zo be used
fOr v(di) is obtained fron -est** for the standard I.C.A.-N. (International
Co=- ssion for- Ai; Navigation) at--ospnere, in particular

IL 93~en(00405~i1ezn-(d/.?7.i4~I.0.3<d<6.0

v(d) = (B.7)

1.91exn(O.029Oz)t1-exni!(d/O.316)i.7541}, 05<d<0.3

wrv is in units of n/s Where d is in units of-•, and. where z is the
height above sea level in km.

The results of the calculations employing -. s. (3.6). (3.7) and the

Law-s and P7arsons distribution are given in Table B-2 and Plotted in Pig. B-•.

• R.G. Pledurst, "Painfall attenuation of Centii=eter W'ave•s,- Cohar-;scn- i of
7h-eoz-. alld Aeasure-ment", M•EES Trans. z•nte.nas: and •r~opaqation, Ar--i3,
p. 550-564, 1965

S*A:.C. Best. a--irical Vor-aulae. for th~e: e-•na! "'4elocz" z-,g of •ae
P•rop.s falling th~rs;10h the At~os-24herem, Quart .J.R. .Fset. Soc.,
76, pp.- 302-311, 1950
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T-=LE 3-1. Distribution of Raindroo D-amerEr. for Various Rain Rates

(From R.G. Medhurst, Rainfall Actenuatia.- of Centimeter lzaves: Compariscn of
Theory and- :4-easure-ment, IEEE Trans. Antennas 2nd Propagat. A?-13, pp. 550-
M64 (1965), Copyright ( 1965 IEEE, used by pe--rissicn.)

Ra in Rates --/hr) and -',rs-Parsons Distribution (M)
_ _ , . . _ _ _ _ _ _ I
Scn) 1 0.2 8.2 2.5 I 5.0 12.5 25.0 50.00 100.0 _50.0_

Icn 500 I0 Is0
0.05 28.0 10.9 7.3 4.7 2.6 1.7 1.2 1.0 1.0

1 0.10 iso.1 37.1 127.8 120.3 I11.5 7.6 5.4 I 4.6 4.1
10.15 118.2 131.3 132.8 131.0 j24.5 118.4 12.5 I8.8 1 7.61A

0.20 13.0 1:3.5 119.0 122.2 25.4 23.9 19.9 13.9 111.7
,0.25 0.71 4 1 18 17-3 19.9120.9 17.1, 13.9

0.30 1.5 3.3 5.7 10.1 12.8 1 .5.9 1S.4 17.7
10.35 I 0.6 1 2.5 4.3 8.2 10.9 15.0 16.11
1 0.40 10.2 10.6 1.0 2.3 3.51 6.7 9.0 111.91

0.45 ! !0.2 0.5 1.2 2.1- 3.3 5.8 1 7.7
0.50 1 1 1 0.3 10.6 1 1.1 1.8 3.0 1 3.6t
0.55 1 l 1 0.2 0.51 . 1 1.7 2.2!
0.60 0.31 0.5 !.0 I.2

0.6 i I 0.2 0.7 -S.0
10.70 t I I 0 1 I 0.31__ _I 1 I 1II I I 1

TABLE B-2 Liquid Water Content of Air for Various Rain Rates

Rain Rate Water Content
-(a"-/hr) (c, 3 /, 3 )

I 0.25 t0.0-35
I 15 0.058 I
> 2.50 0.107
-.0 0.199

12.50 0.467
25.00 1 0.892 I
50.00 1.72 1

100.00 1 3.34
150.00 4.93
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.APPEIX C. lonospheric Refraction Error for an Elevated Observer
-n terms of Refraction Error at the Ground Tarcet

The total bending Y of a rav is equal to -ie su= of the angles between
the ray and the direct tarcet-to-obser_--er path at thie cround and berieen the
ray and the diect path at the observer (see Fic. C-, :

-= + (C.•)

One also has týe• followin, relationshins between the other nara-meters in Fig.

C.(C.2

- = - (.-q), (C.21

0= (. -?)x106 ctn S Anc-tni , iC.3)

acao%= (a+nh)cosa , (C.4)

£tana
Stant-tana - (C- 5)

The .rua. tity An is the difference between the crcund refractie -ndex,
.Nox10-6, and the refractive index at the observer, NxlO-6 .

One now employs Eq. (C.3) in Eq. (C.2) in order to obtain

'Y c+Anctna i C.6)

Next, with the aid of Eq. (C.4) one can show that

acosoo
ct-•a 1/2 (C.7) ,

[(a-hn) 2 -a 2 cos 2cz ,
0

'4-!

"*R. Weisbrod and L.J. .-nderson, "Si=.!e ?,etýhods for ConputIng Trooospheric
and Ionospheric Refraction S-Effects on Radio Waves", Proc. I.RE. 47(10), pp.
1770-1777, 1959

56
.4:



OBSERVER

• • •=•'=•la' RAY PATH

DIRECT PATH

Fig.c-i C- Geemetry of the reffraction error cc-outat io-5
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Elployinq this in Ea. (C.6), one finds that

a-Ancosao
[(=-h)+ (C.8)1
[ ai~h) -a-Cos-• 0

If this is in turn employed in Ec. (C.1), one can obtain the result

aAncos%
S+ -(C.9)

[ (a+h) 2-a 2coS 2 % 11/2

Eq. (C.5) can be solved for £ with the result

ctnt;

One then employs (C.7) in this equaticn in order to obtain

asinao

[(a-ih) 2-a cosdo1/

When this expression for C is substituded into Eq. (C.9) one finds that

Ancoso-SSina°
6- I (C.12)

2 2 1/2[(1-i+h/a) --cos (] 1

This is the desired result for the refraction error at the observer, e, in
terms of the refraction error at the target, a..

The notation for the geometric parameters used in the main body of
of this report differ from those employed here. In partf-cular, 0 was repre-
sented by AW, 6 by AaG, ao by 9, and a by ro. In terms of these
parameters Eq (C.12) assumes the form

Ancos- sn8.(C.13)

[ (lh/ro}2-cos29 5/2

58


