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PROPAGATION AND SCATTERING CONSIDERATIONS FOR THE 0.2-3.0 GHz

i. INTRODTCTON

A space-based, cgrounc-looking radar must contenéd with a gropagaticn
sedivn characterizeé v propertiss that can vary substantialiv alonc the
path of propacation. In corder To realistically predict the performance cf
such a radar one rubst e cegnizant of the prorerties of the non-hozogeneous
propagation path. Since many of these prcperties are fraguency dependenc

with Gifferent

22y te necessarv to perfora trade-off studies in order to select the optizua

frequency with
ohenceena.

In the following, a survey is made of the electromagnetic propacaticn
effects associatec with the varving properties of the lower atmospnere ané
lonosphere which are significant for earth-space prosagation in the 0.2-3.90
Giz fregquency rez 1ge. The effects of weather-related phencnmena are included

in the survey.

2. THE LOWER

T T R e e G ST
T i Wy B2

FREQUENCY RANGE FOR A SPACE-BASED RADAR

properties exnibiting different freguency desendencies, it

respect %o the systen reguirenments anéd the prcragaticn

ATMOSPHERE

In this section the procagation properties of the portion of the
atnosphere below an altitwée of SO ko are exanined. (Progacation workers

often refer to

in the usual wmeterological tersinoicqy the itrcrosphere is the portion of

the atmosphere

w“hile the portion of the zimosphere lying between about 10 ko and 50 kn in
neight is called the stratospnere ({i]l, pp. 953, i1040).) The ophysical
phenomena of the lower atnmosphera that affect propacation are the gradients
in the refractive index, the scattering and absorption of electromacnetic
waves by weatner-related precipitates and dispersions (rain, snow, clouds,

£fcg), and the

atz=oscheric gases. The conseguences that these phencmena have for propaca-
tion are consicdereé in turn.

2.1 Refractive Incdex Zffects

this lower atoospheric regicn as the troposphere, aithouch

extending froa ground level to atout 10 ko in altitude,

ahsorption ané radiation of electromacnetic energy by

The refractive index of the atz-osphere is approzinately 1.0G03 at sea
level and decreases toward unity with increases in altitude. Thne gracdient
in the refractive index can cause oropagating rays to bend; the perceived

direction of a

e different from the actual directicn, thereby intreocducing errors. Dopdler
errors can also be introduced if the rays between the scurce ané the targec
oropagate along curved rather than straight paths. Finally, range errors
can be introduced Doth by curvature of the rav paths ané the non-unity
value of the refractive incex. Scae guantitive results on these effects
w#ill now e presented; the angular error will e considered first.

in {2] a gragh is exnibited showing the angular error due to refraction

whan a target i

the data from this graph one finds that the refraction error at the groungd,
8ag;, for a target at 100x ft altitude is approximately given by

Manuscript approved August 10, 1984,

radar target as deterained from the refracted rays can thus

the lower atnosphere is observes frea the grouné. Exploving
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0.00020 ctnd for 100s humidity

0.00015 ctnd for 0% nunidity
in a standarié atzosphere (defineé in i1}, 9. 61) Zor =2levation angle
greater than 3°, where dag is in radians. In the case of interest here tha
onserver would be elevated and the tarcet near the crcuné, so that this for-
oula cannot be appiied directly. However, by using 2 formula for The
total Tending T of a ray propagating through the lower zinospnere ([31],

aceaietsc® 13w Ll Bl e BRI EAS e 511

T = {ng-ilctnd

where ng is the refractive iadex at the ground (whers the target is assurced
to be located), ané ty notinc that (see Tig. 1}

T = dag + Aag

angular error as seen 3Ty the elevateé ohserver, one

R g L AT N TR e R

=<nere 3(.'.0 is tha2

finés that

-
or :
[ (ng ~ 1.60020}ctnd for i00% hunidity o
{2) 'e
Aanid ) = i
0 i
(ng ~ 1.00013)ctr8 for O% hunmidic :
§
If one emplovs the values, cbtained frozm formulas in {2] at zero aitrtade, of
ng = 1.000238 ancé 1.000262 for 100% ané Ot relative hunidity, respectively, :
then Zg. (2) becoces ;
b
0.000138 <tnd Sor 100% humidiiv .
Aeg(8) = (3) ;
3
H
0.000112 ctn€ for 0% nusidity .
M
at 8 = 5°, the ainimun elevation for which Zg. (3) is valid, one cbtains a o
vaive of 1.6 nilliradians £for dapg for 100% hnumidity, For higher eleva-
tion angles or for lower humidity the angular error will be less.
£g. (3} applies when the cbserver 1is at an altitude of 100k £t. i
Since the interest here 3is con space apdlications in which the oxserver ;
woulé be nanv tises this altitude, a foraula w=ore apprapriate for current EH
needs is reguired. If Aa represents the anqular error for observations of ¢
the ground, then it is shown in Agpendix A that 3
3
- ¢
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[s;.n 9+2(n°/:°) + (no/ro) } - sin8 3

Ae(h, E)=2eylS) (1) 3

> 'SP PPN L e 2 . a k7

. e isin<8+2{h/r ) + (u/x 12]3/2- zine g

ke 5 - (o) [s] - -
£ whers hg = 100X ft, where h is the alititude of the observer {nhdh,), ané whers
i 5 £, is the radius of the eartn. The anguliar error Ae is seen to decrease 2s
p B the observer'’s alititude increases with § renmaining constant. in ternps

E of the straight line éistance d(:,5) between the tarcet and the
o ocpserver one odtains

; ding, 8)

,
5 ;,,u,/: Pt

A ey il e tr ey i

Aa(n,8) = Dp(a,e) Leol). {5)
H
= K- It can be seen from this last formwia that the a2rror in the czlculated vesi-
- tion of the target on the ground due o refractica, proportionzl +to
5 Aci{n,2)x D(h,%), will renain constant as the altitudée increases
= - for a constanrt =levation ancie.

o - ; £gs. (4} ané (5} are derived on the assucpticn that the incdex of
; refraction is unity above 100k £4; the ionosohere is not taken into account.

The egquaticns allow one to gauge the zagnituée of the angular srror causes by

refraction in the lower atmosphere, even when ionospheric refractiocn is pre-

sente. ¢

Besults for the effect cof refraction in the lower atzosphere on the
foppler frecuency will now be given. The prodlem was éealt with in (2} for
the case in Which the observer was fixed on the ground ané the moving tar-
get was Slewated. The results given by Eg. {39) in [2] can be applied to
the current prodlec by replacing Loy wWith dag so that cne has

25y
83 = - ¢ Qagid)cosF sint

Y .
L bR e T A S L F T st R T SR S 308 Wy

(P TR RL T AR S

-

Here £ is the r.f. freguency of the radar, c is the speed of light, &%f; is
the refractien-inducaé doppler error, anéd V is interpreceé as the total
relative velaocity cf the target with respect tc the observer (the observer,
2 satellite, will Te in motion). The cuantity § is the angle Setween the
(relative) velocity vector of the target and the straight line drawn from the
chserver to the target; the cosy factor wzs sistakenly dropoeé :in [2].
Since thc doppler freguency fz is given by

P
¥

»

28y
fd = - ‘—C_COS? ’

¥

T e Lttt et aoosrs g B4 N AN ALIN NI AT W IV L4608 o oo dre a2 00 THLBIAD RS artbnen

one sees that

o otk




a8 PR P

3 = ‘F"@mu“\~%“:Q"- Rl 5 &amWWWﬂv«%ﬁww%mWQwﬁhmwﬁmm@Mwvuwmw
P = - i, N N e g PN BT e -
e SR O R e e . "
AL, N
¢ = dcag(S)sing . {8)
& o
-c

Substiteting the =2xpnrassion for da; ¢given by Egq. (1) into Zg. (8), one obtains

‘ £8.00020ceng sind for 100% hunidity
I (7)
1

J.00015¢c%ne sind Sor O0s nunidicv.

ac & = S°, the lcwest 2levation angle for which Eg. {7) can be emplovesd, the
ralative édeppler errcr is Zouné to be 0.23% near ¥ =90° for 190% humidity. at
nicher elevation angles or at lesser ancles tetween the welccity vector ané the

observer-to-target line the error will e less.

The range errors introcuced by refraction ané oropagation velccity
changes in the lower atmcspnere can aliso e found in [2)}. 2 Formeia which
gives a reasonably cood £it to the graphicai éata in the reference for zn
chservar at an altitude of at least 100x £t is

3.3 csc? for 10G% nenidisty

4D(S) (8)

7.3 cscB for O% numidity,

4D teing the one-way range error in feet when the observer is at elevation
angle 2. This formula will tend to break down for elevation angles below
3°.

As an example of the type of errors observed, the Zc. (3) gives a value
of 95.2 feet for the one-way rarge error at 5° elevation ané 100% hu=idisy.

The effects described in this section are freguency independent. 1In
the following sections freguency dezencdent affects wiil be Giscussed.

2.2 Weather Effects

The effects of certain weather ghenomena on the propagation of elec-—
trozagnetic waves in the fregquency rance of interest will now be considered.
In particular, the effects of rain, hail, snow, clouds ané fog will Le examin-

-

eu‘

The pnysical processes by which these phenozena affect propagating
waves are absorption and scatterins. In general, waves propagating through an
atzmosphere in whnich these phenomena are present will ke attenuateé by both
ahsorption ané scattering. Hewever, in the freguen range of interest here
the wavelength (a nminizun of 10 ca) is much greater that the linear dizensions
of any of the asscciated particles {raindrops, fog droplets, etc.! ané attenu-
ation due to scattering is insignificant in comparison to that due to absorp-
ticn ({41, pp. 672-673). Ylevertheless, scattering cannot be icnoreé since
the energy refiected back to the observer cav constitute a significant acount
of cliutter.
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2.2.1 Attenuation
(i) Rain

Attenuvation by rzin will be the oi considered hersa
formula which has Teen founéd useinl inati attenuation is

ar®

2.03

ax10=S<
6.39x10 &GEZ

_ 2.42
20" & s
3.21x10 feﬁz . 2‘95‘957. < 5.4

0.851£0-158 . 8.5 .
S oy fGF.z < 3

A is the one-wav attsnuation in &3/xza, R is the rain rate in mx/hr, ané fe‘&z
is the fracuency of propagation in G#z. The values of a and b furnished with
=g. (2) a2ppiv to razin at 2 temperature of 0°C; the effect of tecgerature on
attenuation will ve discussadé shortly. Table 1 grovides values of A for a
rance of rain rates anéd freguencies. The attenuation is seen to increase
approxipately as the sguare of the freguency.

The vaiues in Table 1 apply to rain at & tenperature of 0°C. Attenva-
tion will decrease wWith increasing temperature, ané since changes of 3 to i
can be observed over a 30°C temperature span, a ceorrectiorn formula for tea—
perature is desirable. If the attenuat:on is principally Sue to acsorption,
a reasonable assumption in the present freguency range, then the attenuation
is governed by the eguation ([3], p. 24-22)

+2)} , {10)

3 = -8.186MA" Iniic_-1)/(c

where & is again the attenuatizcn in é8/ka, M the liguid water content of
air in g/m3 (a2 plot cof ¥ versus rain rate is given in Appendix 3), }.c:
the wavelength in = of the propagating wave, and ¢, is the conplex
relative dielectric constant of water. 3y using the Debyve formula €for
€, wnich appears in {4), p. 675, with scme sligat notaticnal changes,

ViZes

€uo Eyw

E“:‘l. A (11)

(o~

where €., €_,, and AA are tenmperature dependent constants, ané by taking

rete of the facts that €.40>64m and 3)X<cAm in the current freguency range
{which can be seenr from the tabulations in [4], p. 675), one can show that

PP
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denote the =2xprassion on the lefi-hané
ature derencdence, i.=..

Then by substituting the tabulated values of AA, etc. ([4], p. 675, where
the decimal 2oint is in error in the 30° and 40° wvalues for AX) into the
right-hand side of =g. (12) one can obtain the values given in Table 2.
It can pe seen from Eg. (12) that the guantity kca:(i which appears in the
tadle is independent of A.,. The tabulated ratio X;(T, A)/Ki(0, Ay)
ig the temperature correction factor, i.e., the factor bv which one aulti-
plies the O0°C attenuation (in &B) in order to cbtain the attenuation at
tepperature T. This factor can aiso be seen to be independent of "‘c:'
It shcuid bDe noted that the A-independence observed here woulé not oe
valié for wavelengths nuch less than the =nininum wavelengths of current
concern {i0 cm). Finally, it is noted that scme of the values shown in
Table 2 differ bv a few percent fron those calculated by Gunn ané East
({6}, Table 1).

Temperature Depencence of Water Absorpticn Factor
and Attenuation Correction Factor

)

AenXs (T, Ag) X5 (T, A)/Xs (0, X

ca

-0.110

-0.0713

-0.054¢

-0.0509

-0.0388

-0.0309

)uec ety Ry

RUTN

Zg. (9) and Table 1 give the cne-way rain attenuation per ka. Rain
=odels have alsc teen develoged for predicting the total cne-way attenuation
in rain for various rain rates and for various elevation angles of the
source. Ore of these models is that of Lin as given in [7): .
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2636sin3] . {14)

=

#¢r2 A, is the total one-way lost in &8, Rg is the five-minute average rain-
rate in an/n, G is the elevation = the grouné zbove sea lavel in km, and
2 § is ¢

he elevation of the source, Quantities 2 and D are the same as
vhose given with Zc. (9).

Plots of the total one-way attenuation versus rain rate
frequencies are given in FTig. 2.

Tnis section on rain attenuvatich is conciudeé =
accempanying Tadle 3 (coth taken from [71) which show the U.3 n
éistribution of rain emploved in another rain 2attenuaticsi mcdel.
nscel.

b
{r,
A
Q
.
w
v
3
2]

'l
)
g
N
B

TASLE 3 -~ Point Rzin Distribetion Values ({oa/h} wversus Fer~
cent of Year Rain Raze Is Exceadeé (from {71}

2%;::-2' Pous 232 e Esxniboues sakes (s o)
¢ exceeded. |
? e you! D s vew
dyex faj2lc|njo || elF]jc!la : :
0001i28 iss ;30 9o froz i liee [es piv I3 =3} oo
002f28 {40 162 I72 !96 {107 138 |52 l109 D0 s} s
. 005{19 [26 fa: lsoc 266 L &r fniz f35¢ b s f3mg 0 33 -
01115 f19 j2¢ 137 a9 ;63 Lo i |7 it €3 st
22 |2 12 e {22 ‘ 38 at r id 1 118 103 138
os s boslu fre *22 151 22 ieols Ioml 23 als
3 fesjesin2 ju as P2 i35 s bag o 837
2 40} 43, 38 75 51 2% 2 38; 18 31 1082 175
£ 1 z2ei 25f 200 sof 2| top esi 26} o 12 (200 | e
10 | 13} 18} 15: 22] 30} a0} ao| 17f 37f esis20 | ns6
1L1f 18

{i1' Sncw#

A forzulz for the attenuation of elsctromagnetic waves osropagating i
failing snow is given by Gunn and Easzt ([6], p. 536)}. In the frecuency rang
f interest here only the second tern of the attenuaticn expression is sign
ficant, 2llowing cne to obtain

0

A = 0.00223R/A, 135)

for the one-way attenuation & in &8/knm at 0°C where the rate a2t which the
snow falls is ecuivaient to iiquid water fall rate of R =m/h. (s a rul
of thumb, the liquid water rate is 1/10 the csanow fall rate ({1}, p. 86
A tarulation of attenuation for several values of R and fregquency is giver
in Table 4. Attenuation in snow is proportional to frequency in the rre-

sent freguency range, whereas it nay be recalied that rain attencaticn
tenés to vary with the sguare of the freguency.
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TASLE 4 - One-Wav Attenuaticn in Snow (é3/kn)

R {ma/h of Licuid wWater)
fG:-‘.z !
0.25 1.25 2.5 1.5 i0. 2.5
0.2 | 3.7x10-6 1.9x10-5 | 3.7x10-5 | 7.5x10-5 1.5210-4 3.7:10-4
9.5 9.3x10-6 -..7:~:10‘3 9.3x10-5 1.9x10-4 3.7x10-4 9.3x10-4
1.0 |} 1.9x10-5 | 2.3x3i0~-3 | 1.9x19-4 | 3.7x10-4 | 7.5x10-4 | 0.0019
2.0 3.7x10-5 .,-.10‘4 3.7x10-4 7.5x10-4 0.0015 0.0037
3.0 5.6x10-> 2.8x10-4 5.6x10-4 0.0011 0.0022 0.0056
As & tn

The attenuation in

nowever.

The attenuation

snced

(10) :if

-—ia

cne

rain, attenvation in snow exnhibits a 'te:gera"uze cependence.
tends to decrease with céecreases in
w111 te given bvy Zg.

feoperature,
redlaces €

e

Al

e et oo e A s

with €3, the complex relative dielectric constant ice. is conven-—
ient to cdefine an absorption factor Ki for ice analocous to the X; £factor
defined for liguié water in {13). In particular one cefines

- €11

X3(T) 2 In{ sz | . (16)
Values for X; are given in [8] (Tabie 2, p. :25). Ore can enplov these

values to obtain the tenperature corraction factor \. ("‘)/‘« {c) for several
values of T:; the values of the factor are agiven in 'raole 5.

The values of ‘fi froa which the temperature correction factors of Table
S were computed wWere actually determineé from measurezents in the 3 == to 9
cn band. EHowever, 1t zppears likelv that the tabulated values of the
factors apply to the entire wavelength span of interest here (10 c2 to 150
ca) for the following reasons. The éafa in [8] incdicate that the Debye
forzmula, which has the fora given in Zc. (11), adequatelv characterizes the
dielectric properties of ice when 3X is a tezperature dependent parametar
assuning values of from 6.6 X to 49 xm in the -0.1°C to
range. Then Gbecause the 4A parameter is much greater
wavalength of interest (150 cz), the Tebve formula shows that the gdielectric
oroperties of ice will exhibit ttle variation acress the entire bané of
interest as well as at evern shorter wavelengths. The wavelength invariance
of the zmeasured dielectric prcoperties of ice in the 3 c= $o 9 ca band tends
to indicate that this is indeed the cas:.

-21°C tezmperature
than the maximuaa

{(1i3) Hail

The attenuation properties of hail woulé tensd to be extremely vari-
adle, assuning that the individual hailstores would generally have a licuid
water coating. This can be inferreé from the finding that the absorption

in an ice sghere surrounded bV a sgcherical licuid water shell can vary

13
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£rcn a2 small fraction of the absorption that would be exhibited by a water

sohere of the same total nass to more than twice that of the water sphere,
Gepending on the thickness of the liguié water shell [d].

(iv) Cloudés and Foc

Attenvation in fog ané liguicé water clouds, where the droplet size i

n the order of 0.01 ca or less (i3], p. 24-22 ané (4], o. 677), is given *

the aid of cédefinition (13) ané Tadble 2. The wvalue of

5. Teaperature Depencence of Ice Absorption Factor
ané Attenuation Correction Factor

X; (T) X; {T)/X; (0)

-9.6x10—3 1.0
-3.2x10-4

—32.2x10—4 0.23

-— s -

the liguié water content, varies from 1 to 2.5 q/m3 in <ioués, alichough
values as tignh as 4 :,-/:x3 have been observed ({3}, p. 24-22); in fog_M is
typically much less than 1 g/a3 althougn values as high as 2.3 g/s-..3 zay
te found in heavyv sea fogs ({4], op. 677, ©83).

£g. (10) can be eaploved to obtain the attenuation in ice clouds by
replacing €, with =y and by using definition (16) anéd Table 5. The
values of attenuation obtained apply to ice crystals uncoateé by liguid
water; a water coatiang «will cause the tvpe of variability in attenuation
noted for hail. The =ass of ice per unit volume of air in ice clouds
tends to Dbe substantiallv less than the =ass of water foung in liguié
water clouds, often being less than 0.1 ¢/m3 ané rarelvy mor2 than 0.3
g/a3 ({6}, p. 24-22).

Plots of attenuation in fog ané cloudés at 0°C are displayed in Fig.
4. Attenuation at other teaperatires can be odtsineé by multiplying the
attenuation obtained from this figure dbv the value in the thiré column of
Table 2 (for liquié water) or Table 5 ({for ice) corresponding to the
desired temperature.

2.2.2 Scattering

Aill of the weather phenomena consicdered in the section on attenuation
will reflect electromagnetic energv back towards the source. This energy

may constitute a significant aacunt cf clutter.

For collections of particles whose diameters are amuch less thaa the
wavelength of the scattered wave, as will te the case here, the scattering
cross-section n in sguare nreters per cubic neter of the particle~filled
nediua is ([3], o. 24-22)
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€ deing the conplex raiative dislectric constzst of the particle scatterers,
and where Z ic the reflectivity facter in unics of millimeters to the sixtil
Dower cer cubic meter, values for which will be given shortly. The factor
16-10 which appears ian (17) bot not in 3] arises from the units selected
here for n and the wavelength.

Y@l patiad Rk L el

The factor 1X]2 which appears in Eq. {17} is relatively insensitive
to both temperature and fraquency for water and ice, as a study of Tadbles 1
and 2 in {6] reveals. One can sioply enploy the valuss

0.93 for iiguid water

x|z =
) )0.21 ice

bR S L i ALY

Y

ind« endently cf tenperature ané frecuency.

The reflectivity factors for the weather phenczena cf interest here
are ([{3], pp. 24-31, 24-32)

200 ’'+® for rain
1000 R1-6 for snow (19)
4.8x10-2%2 for fog and liquid water clouds

whare Z is in units of (mm)6/m3, wherz R is the rain rate (or ecuivalent
rain rate for snow) in m=m/h, and where M is the mass of liguié water ger
unit volume cf air in g/a3.

A plot of the volumetric reflectivity (scattering cross-section per
unit volume) for rain and snow is shown in FTig. 5, while Fig. 6 shows the
corresgonéing plot for fog and liquid water clouds.

The scattering cross-section of hail shculé e strengly dependent on
the relative thickness of the water coating the hailstore is lixely to
have. This is due to the fact that the scattering cross-section of a
spnerical drop of liquid water is factor 4.3 cgreater than the cross-section
of the same Grop when completely frozen; a partiallv frozen érop of water
ceasisting of a spherical particle of ice surroundeéd by a sphericzl sheil
of liquid water has a scattering cross-—-section wnich exceads that of the
conpletely frozen drop by a factor between unity anéd 4.3, dege: 3ing on the
relative masses of ice ané liquid water [6].

The raflectivity factor 2 for an ice cloud will be the saxze as that

16
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or 2 liquid watar cloud if the relative fistribution of particle diameters
is the same. In this case the reflectivity of the ice cloud will be about
0.23 the reflectivity of the liguid watey cloud@ dy virtue of the ratio of
the values of |X|2 fo. ice a2md liguid water (Eg. (18)), assuming that the
ice crystals do not have appreciable ligui§ water ccatings. Liguié water
coatings woul@ cause the same type of variation in cross-cection that was
noted in connection with hail.

2.3 Gaseous Effects

2.3.1 2bsorption

The oxvgen =clecule possesses a nagnetic dipol2 moment wnich causes
gasecus oxygan to tndargo an energv-absorbing interaction with any tize-
varving electromagnetic fielé that may bes present; similarly, the water
aclecule zossesses 2af} electric dipcle mcrment which iikewise causes water
vapor to undergo an energv-absorbing interaction with a time varving fieléd
(I4], pp. 648-664; i3], ppo. 24-13, 23-14; [6); [71). As a result of these
interactions, an electromagnetic wave will suffer attenuaticn as it prepa-—
gates through the atmoschere.

The absorption in é8/ka at sea level (i013 ob atnosoneric pressure)
ané at 68°F can be obtained vrom ({31, pp. 24-13, 24-14)

W,

rAv1/c ) 3v2/c

-

0.34
A =
02 R2ca | 1/32_+(av,/c)2  (1/A,-2)2+i8v,/c)2

Av 2/c

+ 2

+2
(1/Ao+2)  +#{3v,/c)

.
&
5
;&

d
E
A§
=
=

iv 3/c

SN

ik

2 2
{1/Acn-1/1-35) +(Av3/c)

ERRO

+ f’
ead

T

Avi/c

2 2 +£.053(avy/c)
(1/Acn+i/1.33) +{Ava/c)

POVRYL

’
th

(21)
where Rg and Ay g are the absorpticn coefficients for oxygen and water
2 p

Sty

i
PrEyea -

vapor, respectively, where
AV}/C = 0.018,
4v,/c = 0.050,

6v3/¢: = AV4/c = 0.69906,

ALY NS W AV B A S Tt B Bl e,
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and where p,, is the absolute humidity in grams (of water vapor) per cubic
meter of air.

A number of values calculat with the aid of =gs. (20) ané (21)
are given in Table 6. Table 7, adapted froa [1], p. 444, gives values of 9
in saturated air (1090% of relative humicdity) at 1013 =b atmospheric pressure
for a range of tenmceratures; a plot of these values is shown in Fig. 7. The
attenuation at sea level! Gue to water vapor is given approximately by the

-~

value of 3370/9,, taken from Table & times the value of p,, taken

fron Tadble 7 (or Tig. 7) times the relative numidity divideé by i00%. In
oréer to obtain more exact values for 3y  or 3 &t other temperatures or
2 z

oressures, one must emplov correcticn factors for the Av/c values and
the coefficients used in Egs. (20) anéd (21) (s2e (3], op. 24-14, 24-15,
24-16).

TABLE 6. One-way Attenuation in O, and in Water Vapor (per gram of water
vapor per a3) at Sea Level (10i3 nb) and at &8° =,

~ > '~ o v n3
Aoz {&8/xn) "'“r!zo/"v (&¢8/ka per g/n’)

0.00074 0.00000025

2.0014 0.00000057

0.0022 0.0000010

0.0028 0.0000016

0.0034 0.6000023

0.0042 0.0006040

0.0047 0.0000063

0.0057 0.00G6025

0.0060 0.000057

An inspecticn of Table 6, or the figures which appear in the
references, reveals that the attenuation due to oxygen absorpgtion and the
attenuation due to watar vapor absorption both increase with increases in
frequency over the entire freguency range of interest here. Although the
amounts of the increases wili be different for other altitudes and tempera-

tures, the trand will renain the same. By calculating values of i, 0
-2
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fron Takles 5 and 7 one £inds that the acttenuaction éue To water vapor will
Te almdst imsigrniificant iIn comparison o cthe 9, attenuaction at the loo
2nd of cthe frequency range, even at high absolute hunidizles, but at tThe
uoper 2n3 of cthe freguency range cthe water vapor acienuvaiion coulé ke a
substancial fracticn cof the 0, actenuation for hich absolute humidicies.
Since the cne-wav attznuation due <o both oxveen and watey vapor is the

absolute Hupidity Iin Sacuraced

fron the Encvcloredia of atmosoheric Sciences a AsTrogeosloqv,
R.H. Fairbridge. Copvrignt () 1967 by Reinnoié Fublishing Corp.

3
Dv(g/n )

2.44

90

|
i
|
|
!
i
|
|
i
!
|
|
|
|
|

25 39.6

sur of 3g and Ay g, one woulé incur licctle error in calculating atlenuation
2 2

by neglecting Az g at the lewer freguencies, but at thne high <freguenc:es
for hign absolute humidities the error coulé e on the order of tens of
percenc.

In oréer tTo cbtain the Total one—-wav astenuatnion frecm an elevated

source To the ground for gaseous absorption, one deteraines 3p anC 3y g as
2 2

funcions of altitude and cthen integrates their sum alcng the path of proga-

Ggation. Tor elevation angles between 6° and 90° the Iczal one-way atienua-

<on in @3 cGue IO gasecus atTtenuation, A., wili obey a law of the Iora

A. = agesch (22)

where a, depends on frequency and humiditly; for elevation angles between 0°
ané 6° one must employ a rav trace method for which no simple result ap-
cears to exist [7].

3v eaploying incerpolaticn with <he data in [7], one finds that for a

grouné temperature of 6€8°F (20°C) and for a relative hunidity of 42% the
vaiue of a2, for =Zg. (22) at 3 GHz is 0.036. To obtain an aporoximaze
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value of a, at other Ireguencies one can enploy a grapnh civen in {3] (o.

24-20), wnich gives <the atrenuation wvs. freguency for a low-initial-eleva-
tion angls, 300 nile path, for =—wo geograpnical areas at two times of the >
vear. On the assumption that aj shotclé scale as the attenuatican values P

*aken from this figure in (3}, the curve Sfor 3Bismarck, ¥N.D. in Fabdrevary

é to scale the 0,035 rzalve cof a, at 3 Giz; the results can e
sean in Tadlz2 8. The 2Jisparck curve was 2nclovesd To gat the scalz factors
hecause the absolute hueaidity (as opooses to the ralative hunmidizy) would
be expected to 2 reliativelvy low in winter, and the 0.036 wvalue of a, at
2 GHz was cbtained for a wvalve of absociute humidity (7.5 9/33 at &8°F,
42% yolative hunidity) which is *co low toc nhave a significant effact on

t

~eai

the attenvation. 3t nuch higher hunmigdities (say 20 g/::3 or =or2 at sea
ievel) the valves of a, night unerestizmate the loss bv tens of cercent
re) Vv T

igh frecuencies. However, since attenuaticn at the low end of the
freguency range is fairly iasensitive to hunidity, the values of a, for
these frecuencies should not wvarv signficantly over the ozserveéd range of
terrestrial absolute nunidities. 32s a final note on the a, scaling, the
value given in Tadle 8 for 2 GHz is about 5% less than the calculatec
valee in [7].

BT

TAJLE 8. Attenvation Scala Tactor ané Attenuvazticn Ccefficiant
a, (the Atrenuation in &8 at 90° Elevationy for Gaseous
Absorption for Low Humidit

v

b

[}
e

pr, Scaie Tactor a

2 0.13 G.0033

P PR R (EPp
SRS I T PRI e WY& § T

-3 0.25 0.0021 -

I ED

-3 0.35 0.012
.5 0.43 0.016 !

-6 0.53 8.012
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-8 0.39 0.021
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1.0 0.68 0.02%
2.9 0.88 0.032

: 3.0 1.0 0.036
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2.3.2 Aantenna Temperature

Oxycen ané water vapor radiate r.f. energv which contridbutes to the

: 23
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noise tanperature of an antenna haviag a bean

that intersects the atnoschere.

The ncise tenperature contriputions of these twWo atzospaeric coapcnents ce-
pend directly cn the resgective attenuation constants at the freguency of
interest (I3}, o. 39-5; [9}; {i%l). In genexal,

more stronglvy to the noise tamperature than will

quencv rance of interest here; this is particulariy

“he Irzcuency range.

Tig. 8, a ccaposite of figqures from |

temperature que to ogvgen anc water vactor of a

tenna for several =2levation angles; the cenperature

crouné fron space woulé e the same provicded tha

e oean was suf

rarrow. The absolute nunidity for which the curves in the figure were calicu-
lated was assuned to decrease lirnearly Zrem 10 ¢/=” at sez level to zero at

an altituée of 5 %=,

The maxiaun and ainizun galatic noise com=ponents wculé te important
for a space-based, cround-looxing system if the surface undar ciservation
haé a nigh reflecticn ccefficient ancé nirrcred the skv, as the sea s

does.

3. TEE IONOSZHERE

Tne ionosphere is the partially ionized racicn of the atzosphers that
becins at approxirzatalv 50 o altitude and is generally defined as ending at

abouz i000 kn altitude. The free electrons in this

ion chance the zernit-

tity £rom its frae sgace value; the interacticn detween the =2arth's nagnetic
fielé and the free electrons prcduces an anisotropy in the perai
the region {[1]. ¢t is these changes in the pernittivity wnich producs the
alectromagnetic wave propacation thencze ~a characteristic of the ionosphere.

The electron édensitv in the ionoschere varies diurnally,
cally, seasonally, with sunszot number anéd with other

geograghi-
shenozena.

The total electron content, i.e., the alectron nunmder cdensity
vertically from the GTottoa to top suriace of the icnoschere,
two orders of magnitude depending on the tirze anéd location it :s measured:
precdictions of these variations ar2 =ade Iy the air

the U.S. 3Jir Torce [14}. Secause the larg

intecrated

can vary dy¥

Service of
gacgraphical

variations in the electron density wWill preduce corresgonéingly
changes in the 2agnitude of the obsarved propagation effects, in ordar to
allow for a2 conservative analvsis the effects will cenerally
for tvpical davtime conditions when the ionization has peaked,
e dora in nind that the ionization can increzase by a

the tvpical or average leval, however.

éiscussed
It shouclé
factor of 10 above

Tne discussion of the ionospheric effects will be
in which the cbserver is located above ionosghere, i.e., at an altitude of at
least 1000 km. Scace-tased racdar svstens are expected to coperate at least
this nigh in order to obtain extensive ground coverace, ané hence the céespend-—
ence of the propagation phenoczena on the location of the source within the
ionosphere woulé not be needeé. ~Furthercore, the restriction deoes allow a
considerable siaplication to be pade in the discussion.

restricted to cases
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{Adapted from D.C. Hogg, J- of spplied
Coprrignt © 1952 an. Inst. of Physics,
Transoceanic Ceomunication by Yeans of

Physics, 20(9), pp. 1417-1519 (1959),
and fre= J.R. Pierce zmné R. Xoxzpfner,

Satellites, Prec. IRE, 37, pp. 372-
Y

380 (1259), Copyright (©) 1959 IRE (now IEEE); used dy perzission
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3.7 Refraction Errors

The calculation of the rafraction error iatroduceé by the icnesphere
has been axaained by nuzercus investigators (2.c. [2]1, {151, [181). =®anvy
existing rasults are for the refracticn errors f£or crouné observations of
elevatad sources, in which cases scme manizulation is raguired in ordar <o
get the refracticn =rrors Ior elevatad obsarvars lccking at z ground targets.

3

- - 9
cbservar race 5

1y

ineé fron [2], shows the refraction 2rror for a grouné
ving a 200 ¥z signal from a source locatad in the icnosdhera
for three cifferent e2levation ancles. The curves in the figure were derived
v uvsing a lavered =model of the ioncsphere for édaytime ionizaticn levels,
If one 1lats :‘.3.'3 represent the refraction errxor (in radians) at tae
ground when observing at socurce located at an altitnée of 1000 %=, one
finds that the eguation

Aty b -

Aas(2) = 0.00033ctnd (23)

fits the data in the figure to an accuracy of detter than 15%. However,
since ionospheric refraction remains relatively constant Setwezen 0° ané 5°

elevaticn [13] or sossibly may exnibit a slight increase as ¢ increases in
this rance [16], =g. (23) shoulé nct ke enployed at less than 10° eleva-
tion. Letting A'E'c represent the ionospheric rafracticn =2rror for an
caserver at 1000 Xm altitude lcoking at a cground target, it is showa in
appendix C that the follcwing relationship can Se obtained:

-~ {(1-n3)cost-dag(8)sind
danl8)= - {24) .

fas -:;’—)2 - ces2]'?
o

Here ny is the height of the observer, 1070 kn, r, is the radius of the earth,
and ny is the real part of the ionospheric refractive index at altitude ny.
At freguencies of interest here one has (negiecting losses ané zmagnetic
bias) [13]

2 2

g (7)o (25)

1
n;:‘l—g

where ® is the angular frecuency of the propagating wave, and where &, is
the (angular) plasza freguency defined by

S
na(nde

200y =
up () = LI - (26}

The gquantities a,(h), e, a2nd a, are, respectively, the nunber censity of the
electrons at altitucde h, the charge of an electron, ané the mass of an elec-
tron.

-n a

The results in Appenéix & can be used to odbtain the refraction error
at altitude h>ny if there is negligible bending of the wave between alti-
tudes hy; and h. Letting AQ(2,h) represent the refraction error at alti-
tude h where € is still the =2levation angle of the observer neasured from
froa ground level, one has ’

42
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Fig. ¢ - Daytize icnospheric refraction error for a grouad observer of a 200
¥Hz elevated source for three elevation angles.
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(froz G.E. Millzman, Atcospheric Effects on VHF ané UHE Propzgation, Proc.
IRE, %6, pp. 1492-1501 (1958), Copyright &) 1956 IRE (now IEET), useé by
perzission. )
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Aa(2,n)

-

for Ac; has Deen employei. In tersms of the strai
éistance D(§,h) bDbetween the target and the cbserver, one can
(27) as

{1-n7-6.C0033)cos€  D(E,h;)

D{E,n}

2.31/2
24

Zgs. (27) ané (28) are not valid for 3«i0° {23}, =oployes in
obtaining these two eguations, is not accurate ° ejevation.

In crcder to obtain ccncrete results from Eg. (28) one zmust know ny, OY
eguivalently ng(h) in view of Eg. (26). =mplioving the Chapzan fcrmula for the
electron cdensity given in (2] with a scale heignt # of 100 ko anéd values of
1.25:{1012/213 and 300 kn for the paximum electrcn density N_ and the heignt a_
of the maxigun density, respectively, one obtains ne('n.. )=6.2z!0‘°/n3. =mpiov—-
irg this value of n, in Eg. (26), ané using the resulting value of &, in
Ze. (25), one finds that 1 - n; = 6.3x197° at 200 Hz. Using this value
in Z¢. {28), cne obtains for 200 Mz the resul:

D(&,n,)

sa(s,n) = - , 28,7 -
B1,2 2 .i/2
[(e) ros 8]

0.00027cost

A A I A LUy S R S A R s AR D R G L

At 5=10°, the ainizum elsvation angle for which =g. (29) can be exploved,
cne finds that the refraction error is aporoximatelvy ecgual to -0.34 =illira-
éians at h=h,;, where the negative sign indicates that the propagating wave
will aporcach the elevated observer from below the éirect path to the tarcet,
rather than from above the path as shown for degg in Tig. 1.

AT BT Fan A Fsd by L

It snould de noted that the value of n,(hj) calculated froa the data
in [2] and expioved in cbtaining Eg. (29) is a factor of 2 less than the
aeasured peak value of n, given in [17], from which Fig. 10 has been taken.
(The ¥, in this figure is the total number of electrons in a verticai
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coluzn of unit cress-sectional araa.) Howsver, since the bending of the
oropacation path is stili ralarively slight at altitudes on the order of h.,
th2 inaccuracies in the 2lectron densities at these aititudes are not 2xpec-
te¢é o cause more than a 20%-25% change in the calculateé value of the
rafracrion error, which

ezxounts tO no more than 0.1 =miliiradians at Z=i0°.
Since the purpesae hersa Is to cdeotermine Tthe =agnitude of the odropagation
2ffects, this uncertainty In 3

tainty In the refraction arror is acceptaebla. 32 nore
crecise desicn studv aicnt £33 2xaczing anelvsis, however

One can show £reoa .

29) {or Ec. 27)) that the

Zg. - rafraction error
macnitude will decrease with increases in zticn
Th

the elavation angla for 2leva
ancles greater than 10°. e eguation canmct e a2xployed at angles Zelow
30°, as stated earlier. Ec. (29) also reveals that the angular rafraction
arror magnitude for a civen £ will éecrease as observer altitude increases
{since D(2,h)>D(3,n,) for 2>n;). Eowever, it was noteé earlier that the
ecuation is valid only if there is negligible enéing of the proragation
path tetween altitudes i'l1 ané n. Since the 2lectron édensiiv, and
suently the refractive inéex, exhibits a gradisnt even at quite hich alti-
tudes (see Fig. 11 taken f£ro= [17}), there will Te 2 dit cf additicnal tend-
ing of the oropagation path ané the refraction error will differ glightly
frca the value given dv Eg. (29}.

nSe—

By

At night the refraction errors will e less than those seexn Zurinc the
In {2] the refractio:n 2rrors seen by a grouné odserver tracking an eis-
vated tarcet were found to be a factor of 2.7 iess at nigat in coaparison to
the daytine arrors;: the refraction errors seen Dy an elevated observer track-

ing a crounéd target snculé show a similar cdecrease.

cav.

The numerical results given so far are for a 200 Miz

wave., The
ionosgheric refraction erxcr in the frequency range of interest hnera is

proportional to the inverse scuare of the frecuency [i2l.
ably of nc more than marginal importance at 200 Hzz,
tainiy be inconseguential at higher freguencies.

Tze error is predb-
and would almost cex-

The ionosoheric refracticr errors were calculated without taking iato
account troscsphneric refraction. Although in an exact analysis the two types
of refraction errors nust ke dealt with simultaneously ané cannot he separ-
atelv calculated and adcded, at the vwvery ssall refraction errors seen at
frecuencies of interest here separata caliculation ané subseguent a
of the individual errors is a very gocoé aporoximation [16].

gé&ition

3.2 The Iris Effect

The real part of the refractive incex of a2 iosslass or sligntly lossy
plasza will be less than unity, ané as a conseguence a2 wave inciédent on the
ionosphere will undergo total internal reflection {{18], p. id8) if the ancie
angle of incidence (angle between the direction of propagation ané the iono-
spheric surface rorm:al) is greater than a critical value $.. As a cons-
eguence, waves whose directions of propagation lie cutsidée of a particuiar
cone whcse apex is the elevated cobservation point ané whose axis is norzal
to the ionosphere will not penetrate tne ionosghere; the effect is xancwn
as the iris effect {13] and is illustrated in Tig. 12.
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Fig. 11 - Electren densities at extrexze 2ltitudes

{Fro= ¥.A. Kasha, The Icnosphere ané its Interaction with Satellites, Chapter
2, Gordon and Breach, Science Publishers, Irc., Copyright ) 196%, used by
permission.)
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( a) {13] wher2 n_ is the ainimun
value of the refractive index in the ionosgnere, i.e., the ractive index
at the heignt of maximun electron density The paxinua
apoears in the T laver of the ioncsohere at an altitucde
300 xn. ZSaploying for (n;) _ the valte cf 2xi012/mn3 taken
utiiizing the oxpression for the refractive index given dv Zg. {25}, one
can éetaraine the critical angle for any frecuency of pregacation. Tadbie 9
lists *he valiues of 3¢ for a number of freguencies.

R 41

Critical angle @c is equal %o sia V(n

RN

The iris effect could affect an elevatad obssrvar surveving the
2arth's surface by blocking the waves directed at cersain zortions of cthe
surface, rendering these portions unobservable. However, ome can easily
show that a rav tangent to the eartn's surface will intersect an ionosgher-
ic laver at the 300 k= altitude at an ancie of about 72.6° with respect to
the normal of the laver. Since this value is consideratly less than the
saallest §. valve in Table 9. there will be no blockage here of ravs
by the iris eifect to any portion of the earth's surface. The iris effect
thus has no impact on an earth surveiliance systen cperating at current
freguencies of interest.

ALt 5

% 2% 0

Riin
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TABLE 9. Critical angle of Incidence for the Iris Effect
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fGHz éc

3.3 DBoppler Errors

The bending of the propagation path by the ionoschers will cause
doppler frequency induced by target motion to differ from what wouid be
tained if the propagation path were the straignt line between the target
source. The expression for the relative Goppler error is neariy identicai
to that given by £g. (6) for the error introduced by tropospheric refrac-
tion, the difference being the replacement 8a,(8) by AEE(B). Thus the
relative doppler error caused by ionospheric refraction is
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822 Aa (9)siny . (30)
=q
The exprassion for dag(8) for 200 Miz, 1000 xm aititude, zné day-

tine conditions was civen v Zg. (23). Zaoploving this in Zgq. {(30), one
cbtains

As L

Agg .. 33

= _ 0.00033ctadsiad . (39)

“é

Because of the limitations on Zg. (23), the above eguation is not valicé
for 5¢10°. at altitudes above 1000 ka AG; will Giffer slichtly from the
value given by Eg. {23} édue to the additional ray bending introduced dv the
ionger prcpagation path in the plasma, as noted at the end of the secticn on
ionossheric refraction. &s also mentioned in the section on refraction, the
expression for A'&'G may be slignhtly inaccurate due to inaccuracies in the
alectron density model epploved in (2] at the higner elevations. These
inaccuracies in the value of A?:'G will lead to inaccuracies of a similar
magnitude in the value of the relative doppler error given by =g. (3i).

at nignt da; is a factor of 2.7 less than its davtime value, as
mnentioned earliar. The relative Zoppler arror at nicnt will then be de-
craased by the same factor.

The previously mentioned proportionality between the refracticn error
ané the inverse square of the freguencv implies that the relative doppler
error will also éecrease as the . 7erse sguare of the freguencv. Thus the
error at 400 iz wocul@ be one-cuarter of the value given by Eg. (3i).

The total relative &copler error in a system is proporticnal to the
total refraction error introduced bv ionospheric and tropospheric effects.
As menticneé 1in the section on ionospheric refraction, the refraction
error for sitvations of interest can be closely approximated by adééing the
individual refraction errors due to the ionosghere and the troposphere.
The total doppler error can therefore be closely approximated by acéding
the individual ionospheric and tropospheric doppler errors.

3.4 Range Errors

The ionosphere is a dispersive medium which will introduce an aééi-
tional time cdelay in a progagating signal over what woulé de expected for
a free space propagation path. This additional time delzy is calculated
£rom the group velocity of electromagnetic waves propagating in the zediun
{21, [31.

Plots of range error versus altituce for different freguencies and
elevation angles can be found in [2]. Zmploying the plot corresponding to a
decaving electron density above the F-layer gdistribution and a 200 =z
frequency, one €£inds that the day range error AD(8) causeé by the iono-
sphere is given quite accurately at 1000 kn aititude by
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AD{8) = 310cscB*, (32)
where
L]
s = _1 {cosa
= 14-12/v- i, (33)
and where hp = 250 kn; AD is in units of peters here. Parameter g+ is the

angle a ray emanating froa the ground at elevation angle 9 world make with
the tancgent olane at the point the ray would intersect 2n ionospheric laver
at altitude hp. Eq. {32) is accurate <for 0>10°, and probadbly gives
cood results down to 6=0°.

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

The ranqe error introduced by the icnosphere is prcrorticnal to the
inverse square of the £frequency for the freguency range of interest here,
just as in the case of the refracticn error. at 200 iz, Zg. (32) gives a
value of 294m; at 400 MHEz the =2rror would be cne-fourth this value.

FTron the data in [2] on2 wWould expect the night-time range errors to
te less than the daytime values dy a factcr of about 3.5, close to the 2.7
factor founé for the refraction errors.

-

3.5 Attenuatic:.

Below a certain critical £reguency the ionosdnere 1is essentially
cpagque to electromagnetic waves. This fregquency is given by Eg. (26) at
the alticude h of maximun electron censity. Eaploving for the maximun
value of n_ the 2.1:1012/1: fiqure used in the section on the iris effect,
one cbtains 12.7 MHz for the critical freguency, a typical value for this
Darareter ané well belcw the minimun frequency of interest here.

Waves with frequencies above the critical frecuency can propagate in
the icnosphere, but they will suffer attenuation due to collisions between
the plaspa 2lectrons and the other garticle species comprising the iono-
sphere. This attenuation is frequency dependent, being inversely propor-
tional co the sguare of the freguency in the range of freguencies teing
consicdered here.

Fig. 13, based on the data in [2], shuWs the one-way davtime
ionosgheric absorption loss. although the data in [2] was for a i000 xn»
altitude, the facts that the columnar electron content is incrzasing verv
slowly at this altitude and above (see Fig. 10) ané that the electren
collision freguency is decreasing with altitude ([12], Table 7.8}, together
with Xnowledge that the attenuatisn is proportional to the integral over
the propagation path of the product of electron density ané electron colli-
sion frequency, imply that attenuation will increase very slowly adove the
1000 ka level. The valuves in the figure can therefore apply to odservers
at several thousand kilometers altitude.
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It can e seen from Fig. 13 that the two-way ionospneric absorpticn
Il less than 0.4 88 at the ninimunm frecuency cof interest hnere
Satz in [2] ané [13] indicate that at night the lecss wil
Zactor of 0 To 20.
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=1 Before ccnciuding this secticonp on adsorptien loss; twwo tyses of ;
2 icnossheric ghencoena wnich cause urnusvally hich absorption will e )
s mentioned. The first of these are the auroral adsorption events which occur
F§. in conjunction with luminous aurora, nainly at the higher ceczagnetic
22 iatitedes [i3]. These events, wiich carn occur €aily in the auroral zone
{Y during the eguinoctial conths anéd whnich persist f£rom several ainutes o

several hours, can cause increases in the azsorption loss of f£rca 6 to 20
times the typical Gaytize éB value. The secornd tyre of ionoscheric phencs=ena
is the polar-cap absorption event, which can increase the absorptcion less
bv a factor of 20 to 60 tizmes its tvpical davtime wvalue, according to data
in {i13]. The absorption increase a2xtends frcm the polar caps down to the
ecuatorial lizits of the auroral zones. The polar cap event is causeé by -
E: an ianfl.: of orotons produced by a solar flare, ané is ncst freguently seen
: Surinc the peakx of the sunsgot cycle. The event can persist for several

T
g < o] sl

. davs. :
E 3.5 Polarization Effects

X The prasence of the =2arth's pagnetic £i2lé in the Ionospheric plasza

43 results in the plasm2 exhibditing an anisotropy in its permiztivity [12],

3 [i2]l, Two modes of electromagnetic wave propagaticn are possible in this .

anisotropic medium, the “ordinary" waves ancé the “extraoréipnary™ waves, and
in general a plane wave propagating in this zmediurm will be a coobination of
these two ncdes. Since the two mocdes have diffasrent prosagation constants
associated with then, a wave propagating through the mediua can a24ibit a
rotation of its polarization plane and/or a change in the type of polariza-
tion (e.c., from linear to ellipticall.

Tor fregquencies c¢f iaterest here, the tvoe of polarization will not

2 change Gurinc propagation through the ionoschere except when the direction
: of propacation is almost exactly transverse to the cecomagnet:c fielé [13}.

The transiticn angle 6. between the direction of propagation and the
geonagnetic fielé at which the type of polarizaticn starts to chance is
ligted in Tabie 10 for several frecuencies of interest.

Tras AL

I FA

although the tvpe of polarizations will not change if the angle
; between the direction of propacation ané the geomagnetic fielé is less than
the transition angle, the plane of polarization cam rotate. This rotation
can cause a loss cf powWwer at the reca2ption antenna. For exaaple, for 2
linearly pclarized antenna the power loss would vary as cos2¢ where 9 is
the angle between the plane of polarization of the wave and the plane of ¢
polarization of the antenra.
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The anount of golarization rotation depencés on the anclie Tetween the
éirection of propagation ané the gecmagnetic fieléd; the rotation is a smaxi-
zun when <the éirecticn of orooagation ané the éirection of the cecmagnetic
£ield coiacide, i.e., when the oropagation is strictly "loncitudinal® [i3l.
Thus the anount by wnich the plane of oclarization rotates will deczend not
only on the elevation angla of the cbkserver Zut also

In [2] a plot is civen of the phase change between the two preocagation
=odes for longitudinal Sropagation of a 200 ¥Ez wave for a two-way path.
The polarization rotation is equal to one-naif of the ghase change tetween
the two coaponeants [13], so the one-way polarization rotaticn is egual to
cne-fcurth of the two-way phase change. Fig. 13 shows the one-way polariza-
tion rotation calcalated frem the phase change plot in [2)l. The 1loss
scales in the figure show the one-wav loss and the two-way lcss (i.e., for
twice the one-wavy rotation angle) for linearly polarized anteannas cue to
rotation of the piane of oolarization. 3Although the Gata in [2! was civen
for an altitude of 1000 &m, the low elactron censities atove this altitude,
and consequently their ainimal effect on rotaticn, allow cne to use tha
cata at auch nigher altitucdes.
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t was noted eariier that polarizaticn rotation is a =axizum for
lcacituéinal propagation, ané will ze less when the direction «f prosagation
is not aligned with the geomagnetic £ielé. Thus the plots in Fig. 143
represent upger dounds on the polarizacion rotation ovar ali siblie
2zizmuths ané latitucées.

LAY

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 progagation thev shoulé both exhinit the
sane dependence on elevaticn angle. Hencz2 the rotation shoulé Te propor-
tional to csc 2*' where 8' is é&efined by (33). If one employs the 8=90°
rotation values given in Fig. i1 and comoutes the rotation at £=10° using
this assuzed angular dependence, the valiues obtained differ from those in
the figure by 11i%.

B A D A rL S SR HIA X R

At night the rotation is a factor 3 5 less than its daytise value |
This is the same factor that was observeu in the case of the range orro

38
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3.7 Scintillation

Ancther icrosnheric oresacation snencnenon

svsten cerforaance is scintillation, the temzeoral
ansé snase of waves wnich haw raverses the ioncsohera,
attributed to diffractive anéd <{ocusing/cefccusine aflacts

7,

-
-
-

'
b
h]
17

) )

i203, i21j. The irracularitiess tTypicallv have
rzions transverse to the cecmagaetic fieldé ané lencths of &
0 xa alonc the field [217; they exhidit &rift veiccities of 20-360 =a/fs

oy wd s M

[N
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Tzrly Satae on the scintiliation of hich-freguency radio waves came
frea radéic astrencaicul observations, as nroteé in {22], zut =cst of the
racent data has conme from terrestrial observations of sateilite signals
{231, [231. Many cuestions renmain to e answered atout the ghenocencn and
cansecuently it is still the subject of auch current research, as a st=céy
of the pacers in [25) will reveal,

The ceograshical areas wher2 scint
cause problens with radigwave
6. The Zensity of the shadin
faéing associated
indicating the Zdeegest fadinc. The lacitudes shown
ceonagnatic faiso called iavariant) latitedes, which are based on
netic fielié lines; the relationship Letween these latitudes and the
chic latitudes are shown in Fig. 16, taken from [21].

It is seen frca Tig. 153 that the regicns =here scintillation is
significant ara the polar/avroral r=gions and the ecuatorial region in the
oreaiénicht ané earlv morming hours. The ohysical processes believec to e
the causes of the icnospneric irregularities are diffevent in the =cuator
ané polar/ auroral regions. In the former the irregularities are attributed
to plasna instabilities, while in the latter particle precipitation is
telieved to be the cause {21]. There are likewise differences in the naturs
of the scintiilaticn observeéd in these regions ané in the influence of
seasonal and other factors on scintillatien; cata on these subjects will
now e presentec.

Aazmdlitude scintiilation measuraments will be presented first. Since
the cata were taken under a variety of cifferent conditions one cannot
Ggenerally éraw conclusions from ccaparisons of the various values. Instead,
cune shoulé use the data to cauge the magnitude of the a2ffects to be expectec.
Yiear the ecuator, peak-to-peak aaplitucde fluctuations of 22 &b have been
observed in the 258 MHz signal froo the MARISAT I satellite in Natal, Brazil
[27], <hile 27 éb fluctuations were observed in a 1541 MEz signal at
ascension Islané during a time frame in which fluctuations of 6.8 éb and 3
ébh were recorced at Huancayo, Peru and MNatal, respectively [28]. 3=plitucde
fluctuations of 9 &b have been observed at 4 GHz in Hong YXong [28]. 3In
the northern areas where scintillation is sicnificant peak-to-peak fluctua-
tions of 320 éb have Deen recoréed at Millstone #Hiil, M3, in the 150 Mic
signals received from the #U.S. Navy Xavigaticnal svstem sateliites [21].
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Bata on ohase scintiliation ar2 not nearly as Ddlentiful in the
literature as that anolituée scintillaticn, gossibly because phase =zea-
suranents ar2 mors difficult to maxe than amplitude measurezents. Phase

ctrations of a fa2w radians have been cdserved at L-bané (1575 iz and
Xwajalein, Marshall Islands [291.
tuce have also been observed at Poxer Tlaus ¢
alas=za, in the 1239 ¥Hz signal of the
Navigation Satellite; simultanecusly,
nave magnitucdes in the tens of radians
signal of the heacon [30].

Xnowlaedge of the fluctuation freguencies that charactarize scintii-
lation is also reguired for an undersctanding of the phernonencon. These
frecuencies vary substantially frea the eguztorial to the polar/aunroral
regicns. In the polarjaurorsl regicns the perioé of the peak-to-peax
flucmations is typicaliy 1-3 seconds, wnile in the eguatcrial recion the
veriod is a factor of 2-10 longer [23j. Tre scectrz of scae phase and
ampiitude scintiliaticon cbserved at Millstome #ill, M3, can be found in
[31]. 2a=mplitude scintillation spectra cbserveé at Heancaveo, Pesru at 234
¥Hz ané at MNarssarssuacg, CGreenland, can also e feouné in [32]j. In this
last reference, statistics on the amplitucde scintillation ar2 ezoloved to
procuce plots shnowing data channel reiiability £for ¢ifferent messace
Iengths ané signal thresholé lavels.

Scintillation exhibits élurnal! ané seasonal changes, a

infigencec by geomagnetic and solar conditions. Eguatorial

« & o tends to te a xmaximun about the time of the eguinoxes ané a
3 the time of the solstices {21}, [23}. Scintillation increases with increas-
ing sunspot nunter [28], {331, {34]. Scintiliation in the polar/auroral
region increases Juring magnetic storss [21] (Gisturbances of the ceo-ac-
netic field frequently, but not inveriably, caused dv particle infiuxz from
solar flares, and typically lasting 38-72 hrs [{35]). In the ecuatorial
region magnetic storms cause scintillation to decrease during ceriods of
high sunspot nusmber, put the effect is unclear during pericds when the

nunber is low [211, [23].

i

e

intillation varias with azizuth ané eievation anglie, the chenomenon
deconing more pronounced at azimuths parallel to the loczl goemacnetic fiaid
and at elevation angles apprecaching 0°. Fig. 17, taken from 121], shows
the angular correction factors for G, the variance of the log of the sig-
nal amplitude and ore of the coxzmon measures of amplitude scintiilation.
The axial ratios in the Tigure are the ratics cof the loncituzdinal to tran-~
sverse dinensions of the ionosgheric irregularities producing the scintil-
laticns.

2 S
GEEOE

A factor of particular interest which affects scintiilat the
freguency. The S3 index, the variance of the intensity anc
another coxxon wmeasure of amplitude scintillaticn [20], is cozzonly taken
to exhibit an £-1.5 Gdependence on frequency, althouch the -1.5 exponent
>ay ke scmewhat in error for GHz freguencies ([21], [33]. The r=s chase
{or cogpler) fluctuations are generally accorded an £-1! £freguency éepen-
cence,
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Frem R.X. Crane, Ionospheric Scintillation, Proc. IEEZE, 63, pp. 180-199,
Copyright () 1977 IEEE, used by permission.)
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As a final note on scintiliation, it has been observed that the phase
fluctuations have 2 C=uss*an éistripution whereas the intensity flucruations
ara well characterized bv the Nakacaai-a distribution

—ax/?

S4 being the variance of the intensity fiuctuvations =nentiored adove; sore
elaborate éistritution functions which exhirit the observed correlaticn be~
tween phase and amplitude scintillation have also been deriwved i3€].

4. CQOXCLUSIOuS

The =major trade-off to be macde in selecting a freguency in the 0.2-3.0
Gidz range for a space-dase radar, inscfar as propagation ané scattering ef-
facts ara concerned, is the relative insensitivity of the lower freguencies
to weather-related phenomena versus the relative iomunity of ¢the higher
fraguencies to ionosoneric effects. Clutter due to pra2cipitation appecrs
to e the most significant weather-related phenomenon; a cczplete asséss-
aent of its effect on a systea reguires a kngwledge of the antenna pattern
ané other svysten parameters, however. The most important ioncspheric
effect is the Faracday rotation, althougn scintillation may also te a prob-
len. At the lower frecuencies the use of circular polarization, or soxe
means of acdaptively changing the polarization of the antenna uron racep-
tion, apcears =mandatory; wnoreover, during extremely intense gperiods of
icnization such technigues =ight te needed even at the nigher £reguencies.
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Refraction Error aAbove the Troposphere or Ionosphere
in Terms of Error at the Upper 3Bounding Surface of
the Medium

An expression wWill be derived here relating the refraction error
seen bv an elevated observer at an altitude above the top surface of the
trovoshera or icnosphere to the refraction error seen by an cbserver at the
top surface of the troposphere cr ioncsvhere. Referring to Fig. A-1, what
is desired here is a celationship between 5 and 3°', the refraction errors
at altitudesh and n', ressectively, where ’nzn' and wnere h' is the altitude
cf the top surface of the troposphere or ionosghere. The propagation
rediun below altitude h' is assumed to possess refractive index gradients
so that ray paths in this medium will in gereral be curved. Above altitude
h* the refractive index is assumed to be constant so that rav paths are
straight lines in this region.

It is assumed that the relaticnship between ' and €' is known a
priori, along with the facts that §' is of first order smallness {on the
order of a few milliradians for cases of interest here} and that first order
chanrges in 9*' recult is second order changes in {°*.

Zet D(h,5) represent the straight-line distance between an =2levated
obsexver at altitude h and a target on the surface of the earth, where 5 is

the angle between the ground anéd the straicght-line path to the ocbserver,
measured at the target. Referring again to Fig. A-1, one has

6? = D(hts)l

o'T = p(h*,5*) .

Now from the iaw of cosines for triangle CTO’ cne has

%72 = T2 + 2 - T O'F cos(6+3/2),

(r°+h')2 = roz + 52(n*,5') + 2r6D(h',5')sin5' .

Solving for D(h',5°'), one finds that

o(h',5') = (r°2s1n26-+2z°h'+h'2)‘/2-r°sina- . (a.3)

It will be useful to know how D(h',£') changes with small changes
in 8'. Taking the derivative of D{h,8°) with respect %o £°, one €£finds
from Eg. (2.3) that
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4¢3 30

Ty cos & °*
7 A D(h',:?') =__)(hl'.3|)
* Isinzs'mh'/ro>+('n-/ro)21‘/2-
(2.3
One notes that
i_ 1/2
Ia87 o(nr. 52 (nr, 205/ (20 /ro]
cr
lapnr, 8] lasr] -
p(h*,2*) < 172 .
[2h*/xo]

By applying the law of cosines to triangle CTO (or more simply bdv
replacing h' and 2' with h and 3, respectively, in Zq. (A.3)) one can next
show that

D{n,5) = (rozsin25+2roh+h2)1/2—rusin3 . (3.6)

Angles § and $* can be related by an application of the law of
ines to triangle TO'O. One finds that

T0* D(h',9")
sin§ = _  sing' = p(h,8) sing®' . (2.7)
TO

Since ' is very small one can replace sini' with £'. Surthersore, it
is clear from triangle TO'0O that

§ =g - (8'-8)<E" , (3.8)
hence § is also very small and sinf can te replaced with £. £g. (A.7) can
thus be written as
D(h*,8*)
£ 29,5 §'(8Y) (3.9)
where the dependence of £® on 6°' has been explicitlv indicated.

it would be preferable if Eg. (A.9) could be written 3in terms
of S alone, rather than in terns of both 2 and 8'. Let 6 represent the
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chance in the calculated value of § if §' is replaced with 3
One can then wrice

't‘l
o]
w

.
-
W
L[]
(Yol
g
£ )

R 2{a', ') _ 3D(n',3")
65 = p(n,5) ©&3'(3') # p(n,3) 35(&7),
cr
L85 {3} 63(:-‘1',3')l {n*,3")
8 = 33" + b(n',5") ! d(n,5} $U(sn,
i.e.,
L350(2) 3D(R',8")
85 =1 g(3M) + dw'.8 3 . {2.10)

provided that §'-8 is of first order smellnmess. 3But from EZg. {(A.8) it
can e seen that

hence tha smallness of $°'-8 is estadblished.

Now it was stated earlier that ' will exhidit a second order change
if S* chances by first order. The cuantity 85*'/5' which 2ppears in =g.
(2.10) will therefore te of first oréer smallness. Next, froz ineguality

3.5) it can be sean that the 03/D cuantity which apoears in inegrality
(A.IO) Will te on the orde: of (8*'-8B)/(2h° /" )1/" Tor the trcgosphere
n'=20 niles ané (r /2h"‘ 2:10; for the ic cnosphere  (r /2n')’
has a substantially s:al‘e* value. Since §'-2 iz ¢n the oréer of a
few pilliradians, the quantity (8-6')/(2h/r 11/2 43531 con the order of
a few hunéredths at w=ost. Hence froz= Zg. (3.10) one sees that 6§/ wiil
e on the oréer of a few hundredths at =os%, i.e., the error incurreé ¥
rerlacing €* with € in Z¢. (A.9) amounts tc a2 few percent at =ost. One

can thus write

2{n',2) (R.11)

2 2
(x5 sin"842rsh"+n* ")

(r szn*é«Zr a*nz)’/z—' sind (2.12)
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APPENDIX 3., Licguid wWatar Conteat of Rain-Laden Air

The absorption by water droplats of an electronagnetic wave prcoaca-

in air cdepends upon the total voluzme of water cer unit volume of air
er than on the shases and size distribution of the droplets, oprovicdes
e droplet diameters are all nuch less than a wavelength. MNow absorpticn
» rain is cenerally cgiven as a functicn of the hwourly rain rate, while
absorption in clouds cor fog Is civen as a funct.on cf the nmass (veclusme) of
water ver unit wciurme of air. In order o ccapars the values for rain angd
cloué/fiog absorption it weuid be coaveniant to Xnow the volu=ze of water
per unit vcluee of air for various rainfall rates. This ralaticnsnin will
e cderived in the {foilowing.

rt
Jobs
3
s}

"
Y
i

t

s

To simpiify matters let it te assumecd that the raindrops have discrete
diameters d;, i=1,2,... . Let R be the rain rate, let n(é;;R} pe the total
nunber of raindrops per unit volume of air for rainfall rate R, ané let v(S;)
ce the velocity at which a2 raindrop of diapeter &; falls. Then one can write

3.3 L1
R = Gf'isdi n(d;:R)v(d;) i . (2.1)

WiR) = gZ{&;  nl&;: )] (3.2)
i

n{&; ;R) = N,{(R)£{d;:R) (3.3)
where Ny(R) is the total nuzber of rain Grops per tnit volunme of air for rai-
fall rate R and where f(&;;R) is the fraction of raindérops rer umit volu=as

having diameter ¢&; at rain zate R. ©Eopleving (3.3) in (3.1) anéd (3.2),
cre finds that

k1 - -
R = & NolR)E[a;: "E(d1:RIv(Esd] (3.4)

- -

k4
g -3
(R) = $ NolR)E[&;i £(é::n)] . (3.5)
i

Dividing Eg. (3.3) by Zg. (5.4) one readily obtains the result

i {3.2€¢)
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This is the desirved expression for the watar content of rain-lacden air in

tares of <he rain rarea.

In ordar to obtain concrets numerical results frea Zc. (3.8) it is
necessary tO nave a Gistridution £(&;:;R} ané the velecity fancticn v(&;). 2
nunber of

f.

stributicon functions are available; the one which will ze a2n-
iz +he Irecguently used Iaws ané Darsons ilistribution as o

v Mecdhurst®*, Ircn <hich Table 2-3 is cbrained. The £

for v{d;) is obtained from Bast** for the standaré i.C.a.M. (Inter:
Coznission for 2ir Mavigation) atmeschers, in parcticular

3.32exp(0.04052) { 1-exp| -{d/1.77)1-147]}, 0.3¢6¢56.0

v{G)

]
"
(V]
[
~)
L

g - < - =
1.21exp(0.02902) { 1-exp -(&/0.316)1-754}}, 0.05<8<0.3

wnere v is in units of n/s, where é is in uvnits of ==, ané where z is the

height above sea level in xa.

The results cf the calculations endloving Zas. (2.6}, (3.7) anc the
Laws ané Parsons éistribution are given in Table 3-2 and plotieé in FTig. 3-%.
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- *R.G. Medhurst, "Rainfall attenuation of Centineter wWaves; Tompariscn of
Theory and Measureazent”, IEET Trans. Antennas and 2Propagation, AF-:i3,

*+3) C. Best, “tmpirical ‘foraulae for the Terainal! TYeliccity of WHater
®ross falling thrsugh the Atzosphere”, Quart . J.R. Za2t, Soc.,
76, po. 302-311, 19350
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TASLE 3-1. Distrihution of Raindroo D.apecére for Yarious Rain Rates

Medhurst, Rainfzll Aitenuvatinu of Centineter RWaves: Compariscm of
Y Yeasurement, IEEE Trans. Antennas ané Propagat. AP-13, pp. 350-
(1¢65), Copyrignt © 1965 IZEE, used by permissicn.)

Rain Ratas {==/hr) ané Laws-Parsons Distribution (%)
!
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TASLE 8~-2 Licuid Water Content of Air for Varicus Rain Rates

Rain Rate ®ater Content
{(==/hr) {cm3/a3)

0.25 0.0i35
1.25 C.0%8
2.50 0.107
5.00 0.199
12.50 0.567
25.600 0.892
50.00 1.72
160.00 3.28
150.C0 4.93
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APPENDIX C. Icnospheric Refraction Error for an Zlevated Observer
in terns of Refraction Srror at the Grouncé Target

The total tending Y of a rav is egual To the sum of the angles between

he

the ray and the direct tarcet-to-observer path at the crouné and zetseen the
rav ané the &iract patn at the chserver (see Tic, C-i}:
{C.3)

Yy=38+3% .

One also has the Iollowing relationsnips between the other parameters in Fig.

Tel%:

€=Y - (c-3), (C.2

a-8 = (xo-mxw-ﬁctna = Anctna , {C.3)

acesag=(a+h)cosa , (C.3)
€Lana
@ = tare-tana, - (C.3)

The guai £ity An is the Gifference bdetween the crcund refractive incex,
Rox'IO’G, and the refractive index at the otserver, %x10-5,

Cne now emplovs 2q. (C.3) in Eg. (C.2) in order to obtain

Y = €inctna . {C.6)

Next, with the aid of =g. {C.4) one can show that

acosao
ctha = 1/2 (C.7)
[(a+h)2-a2cosza°]

*R. Weisbrod and L.J. Anderson, “Sisple Mathods for Coaputing Tropospheri
and Ionospheric Refracticn Effects on Radic waves®™, Proc. IRE, 47(10), po.
1770-1777, 1959
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Dmploving this in 2g. {C.8), one £inds that

aAncosco

+
2 2 2 1/2
f(a+h) -2"¢os c.ol /

-

Iif this is ian turn employeé in =g. (C.1), one can obtain the

afAncosa,
+ -5
[(a+h)2—a2cosza°] 1/2

(C.3) can be solved for £ with the result

s <tnu
e =35 |i-

ctna
tna

i
-

One then employs (C.7) in this eguaticn in order tc obtain

asinag

e = 8[1- (C.11)

{(a+h)2-a2coszao]1i2

#when this expression for € is substituded into tg. (C.9) one £finds that

Ancosao—SSinao
4 =
: {(C.12)
1
[(1+h/a)2-coszaol /2

This is the desired result for the refraction error at the observer, 2,
terns of the refraction error at the target, ..

The notation for the geozetric parameters used in the =main body of
of this r2port differ from those eaploves here. In particular, $ was repre-
sented by Ad,, S bv A8, 0y by 6, and a by rg. In terms of these
saraneters g (C.12) assumes the form

Ancos3-3agsi1nd

Aa'o =
[(1+h/r°)2~—c052911/2
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