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Propagation Study for a Tropospheric Transhorizon Radar

I. INTRODUCTION

It is of interest to examine the possibility of detecting low-altitude targets be-

yond and within the line-of-sight. It is postulated that beyond the line-of-sight

propagation is achievable by several propagation mechanisms involving the tropo-

sphere. The dominant transhorizon propagation mechanism is expected to depend

on frequency, distance, climate, terrain, tme, effective antenna and target heights.

Considering these parameters, a loss-quantity had to be identified that could be

incorporated into the radar equation for signal-to-noise ratio estimates for a given

set of systems parameters. The desired and appropriate loss quantity was recog-

nized as being the difference in dB between the basic transmission loss and the

basic free-space transmission loss. This difference in dB is known as path attenua-

tion. These, and other terms will be defined shortly. Both loss terms refer to

isotropic antennas. Estimates of the expected path attenuation, A, will yi3ld loss-

values for which it was assumed that the antennas at both erds of the path had a gain

of unity (G G = 1). Having obtained this estimate, the gain of the receive antenna

k ' -will conceptually be replaced by an isotropic target (G = 1) that possesses a cross
section Cr which varies with frequency. The two-way loss that accounts for the re-

turn signal at the radar transmitter would be 2A if A is expressed in decibels or

N, A 2 if A is expressed as a ratio. The two-way loss term will appear in the radar

r. (Received for publication 8 june 1981)
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equation containing the expected radar transmit/receive antenna gains such as

G = 1000 or 10 log 1000 =30 dB.

2. DEFINITIONS

Basic Free-Space Transmission Loss f - In free space, the transmission

loss expected between radio frequency power radiated from an ideal loss-free iso-
tropic (G = 1) transmitting antenna and the received power available from an ideal

loss-free isotropic receiving antenna.

Basic Transmission Loss Lb - Transmission loss expected between ideal,

loss-free isotropic transmitting and receiving antennas.

Coherence Bandwidth I - Of the fluctuation fields of waves at different fre-

quencies, with correlation determined at the same time, that separation frequency

at which the correlation function almost disappears or decreases to a specified

level (Note: the inverse of coherence bandwidth is the lengthening of a pulse due to

a random medium).

Coherence Time 1 - Of the correlation of an output wave at two different times,

the time difference at which the correlation practically disappears or decreases to

a specified level. (Note: The inverse of coherence time is the "spectrum broaden-

ing" of a wave in a random medium).

Path Attenuation A -The difference between basic transmission loss and basic

free-space transmission loss: A = - Lbf (dB).

System Loss 2 
- Of a radio system, the transmission loss plus the losses in4 the transmitting and receiving antennas, all expressed in decibel.

Transhorizon Propagation3 
- Propagation over paths extending beyond the

normal radio horizon. It may include diffraction, forward scatter, specular and

diffuse reflection, and ducting.

Transmission Loss L2 - Of a radio link, the difference in decibel between the

radio frequency power radiated from the transmitting antenna and the resultant
radio frequency signal power that would be available from the receiving antenna if

there were no circuit losses other than those associated with radiation resistance.

1. Ishimaru, A. (1978) Wave Propagation and Scattering in Random Media, Vol. 1,
Academic Press, New York.

2. IEEE Standard Definitions of Terms for Radio Wave Propagation, IEEE Std.
211-197i; IEEE, New York, New York.

3. C.C.1. R. Recommendation 310-3, Definitions of terms relative to propagation
in the troposphere, XIIIth Plenary Assembly, Geneva, 1914, Vol. 5
Propagation in Non-ionized Media, p 63-64.

8
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3. ESTIMATING PATH ATTENUATION

Although scatter propagation may not be the dominant mode for a particular

transhorizon propagation path, transmission loss is frequently associated with

scatter propagation. It was claimed that prediction methods for transmission loss

due tc forward scatter are consistent with that due to incoherent reflections from

patchy elevated layers and agree with long-term median values for "all available

data". 4 The choice of "all available data" was not restricted to troposcatter

propagation but included ducting and partial reflectior. This must be kept in mind

when using the median scatter loss equation. The use of the latter may be more

appropriate the longer the path and the higher the frequency. For VHF and a path
5

length of about 127 km, scatter propagation was dominant for 20% of the time.

Path attenuation A will be used as a loss term in the free-space radar equation to

make signal-to-noise ratio estimates for particular targets. This radar equation

contains the gains due to directive antennas relative to free space. When expressed

in dB, path attenuation is the difference between basic transinission loss. Lb, and

basic free-space transmission loss, Lb, both defined earlier. Median path attenua-

tion, A(50) = Lb - Lbf. is computed using the following semi-empirical equation6

for the median loss along tropospheric paths.

A(50) 10 log10 f -40 log1 0 d+ F (0d) - V (de ) -32.4 (1)
e)

,here

A(50) is median path attenuation (dB)

f is frequency (MHz)

d is distance between terminals (kin)

F (0d) is attenuation function

d-d Lt-d
0L (ad)

a a
e e

a is effective earth radius (kin)e 1t~/2d ( -2a (k m )

IA e te

4. Rice, P. L., Longley, A.G., Norton. K.A., and Barsis, A. P. (1966) Trans-
mission Loss Predictions for Tropospheric Communication Circuits.
National Bureau of Standards, Technical Note 101, Vol. 1, 9-1, revised
May 1966.

5. Toman, K. (1952) An Investigation of Tropospheric Propagation, U. of Illinois,
Urbana, Phd Thesis.

6. Hall, M. P.M. (1979) Effects of the Troposphere on Radio Communication,
Peter Peregrinus Ltd.,IEE Eondon and New York, p. 137.
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dLr (2 ae htr) (k)

hte is effective transmitting antenna height (kin)

hre is effective receiving antenna height (kin)

V(de) is climate function (dB)

de is effective distance (kin).

Both the climatic correction V for the path attenuation A(50), as defined above,

as well as percentage levels of variability q (p) relative to the median were "Jnked
4,6.7to effective distance. This effoctive distance d depends on frequency, distancee

between terminals, effective antenna heights, effective earth radius. To evaluate
the effective distance, an arbitrary reference distance d is introduced. It con-

ref
tains a frequency dependent distance term dsl which signifies that distance from the

radiating source where diffraction and forward 'scatter' transmission loss are

approximately equal over a smooth earth. For different frequencies, this equality

J is achieved at different distances as ds 300 f-1/3 [km]. The reference distance

dref is composed as follows: dref; dsl dLt + dLr [k m ]. If it is found that a

terminal distance d -< d one computes the effective distance from d z130d/drefe ref .
Ford> d one uses d = 130 + d - d The values for V(d ). usually published

refoe ref'  e
in graphical form. can be inferred from Table 1 for the appropriate climate zone.

3.1 Attenuation Function F( 0d)

The attenuation function F(Od). which appeared in the equation for path attenua-

tion. yields attenuation in dB as a function of the product of the scatter angle 0 in

ra-lians and the distance between terminals it- kilometers. The geometry is illus-

trated in Figure 1. The scatter angle 0 = d'/a ,vhere d' is the distance between
4e e

points at which rays from the transmitting and receiving antennas are tangents to

tihe surface of the earth. As illustrated in Figure 2, the attenuation function varies

with surface refractivity. Depending on the magnitude of the product Od, F(Od) can

be computed from three mathematical representations valid for a surface refractivity
: 1N 3 01. 7

For 0.01 S Od - 10:

F(Od) 135. 82 + 0.33 dd + 30 log1 0 (0d) (2)

, IFor 10 < 0 d : 70:

F(Ld) = 129.5 + 0.212 Od + 37.5 logl0 (gd) (3)

7. C. C. I. R. Report 244-1, Estimation of tropospheric-wave transmission loss,

. Documents of the XIth Plenary Assembly, Oslo, (1966) Vol. 1. Propagation;
d0-. 143-167.
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Figure 1. Curved-earth
Geometry for Transhorizon
Propagation Between
Elevated Antennas

II

10

140 ..... Figure 2. Attenuation
IS Function F(Od). in dB,

*.,."-'4,.,~ ~Parametric in Surface
, , , , * Refractivity. as a Function

of the Product Gd. 0 is the
"'''"' '?~'*''~' scatter angle in radians''.. and d is the distance between

212 .~' .terminals in kilometers

001 0,2 0.06 11 02 03 2 5 t 20 50 1010 2W lo

For Od > 70:

N(Od) =119. 2 + 0. 157 0 d 4 45 log 10 (d) (4)

For NI 301, the function F(Od) may be obtained by a modifying equation

F(Od. N ) F(Od, Ns 301) ( 0. 1 (N s 301) exp - d/401 (5)
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Eq. (2) is useful for all values of the asymmetry parameter s = 0o/go o illustrated

in Figure 3. For d> 10, Eq. (3) is limited to 0.7 5 s - 1. 0.

j Figure 3. Geometry for
the Asymmetry Parameter

The F(Od) functions were said to be uset 11 for 'most land-based scatter links'. 8

Some of the following computations were made for a continental temperate climate
(#6) over a land path. Others were made for a maritime temperate climate over

a sea path (#7b) using the above F(Od) equations. For the latter type of propaga-

tion path, a frequency dependent g(f) - factor that modifies the variability estimates
9

appears to be lacking. In these computations it was assumed for climate #7b
that g(f) = 1.

Figure 4 illustrates the two-way median path attenuation in dB relative to free

space for a continental temperate climate (#6) as a function of frequency (10 to

4 1000 MHz) and distance (100, 200. 300, 1000 kin). For d = 100 km. a 38 dB height

gain is achieved by elevating both antennas from ht = h r = 0 to 100 m.

The expected path-attenuation variability relative to A (50) depends on effective

distance and climate. The variability of transmission loss and its variation with

effective distance is usually plotted as a family of curves for selected percentages

of q which indicates the percentage in time that a particular level relative to the

median is exceeded. For a range of effective distances 10 5 de S 300 km, Tlables
9e2, 3, and 4 were prepared from curves for a maritime temperate climate #7b.

8. Rice, P.L., Longley, A.G., Norton, K.A., and Barsis, A.P. (1966)
Transmission Loss Predictions for Tropospheric Communication Circuits,
Ntional Bureau of Standards, Technical Note 101, Vol. 2, =1I-24,
revised May 1966.

9. C. C. I. R. Report 238-2, Propagation data required for trans-horizon radio-
relay systems. XIII Plenary Assembly, Geneva, (1974) Vol. V. Propagation
in Non-Ionized Media, pp 209-229.
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Over a sea path, the range of variation between the 1% and 99% level can amount

to 24 dB at d= 100 km and 54 dB at d= 200 km.

CONTINENTAL TEMPERATECLIMATE
k.-4/3 W, 1 55 0 4 Wm

MEDIAN LOSS~50

W d .100km, h1.h2 .lOOm

100_ d -2OOkm, h h 2 .0
. i d*3O~km'hlsh2'O

.150

~ I @00km.Nohj
~200.. ..

250

10 40 200 100
II

t (MHz)

Figure 4. For Tropospheric Transhorizon Fropagation, the Two-way Median
Path Attenuation, in d13, Relative to Free Space as a Function of Frequency,
Parametric \With Distance for Pairs of Equal Antenna Heights, Standard
Refraction, and Continental Temperate Climate

Figure 5 illustrates the effects of attenuation variability for a maritime

temperate chmate on signal-to-noise ratios for a ground-based radar (ht = 0)

looking at a ground-based target (hr = 0) 100 km away that has a constant scatter
2

cross bection a = 17 m . Although details of Figure 5 will be discussed in the

following section, the signal-to-noise ratio percentage contours of availability in

ttime suggest, for example, that on the 99% level, more than 18 dB increase in

S/N is needed at 40 Mlz to detect a 17 m 2 target at d = 100 km 99% of the time.

14
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In Appendix A, a computer produced set of five plots illustrates for distances

of 100, 150, 200, 250, 300 km, the two-way loss in dB as a function of frequency

for a maritime climate over sea water (#7b). Each curve corresponds to pairs

of equal antenna heights ht = h = 0.001, 0. 1, 1.0 km with symbols 4, X

respectively. The effective earth radius is a = 8504 km, referring to a surface3 M ne
refractivity of N = 301. Missing curves for ht = h = 1. 0 km indicate line-of-
sight condition.

In Appendix B, a computer produced set of three plots illustrates the two-way

loss in dB as a function of distance for climate #7b, parametric in frequency

f= 10, 40, 100, 200, 500, 1000 MHz.

Table 2. Look-up Table for Path-Attenuation Variability: Maritime Temperate
(7b) Climate Over Sea Path (10 -5 de -< 100 kin)

A (q)= A (50) - Y (q)
0

de(km) 10 20 30 40 50 60 70 80 90 100

" q These numbers represent Y (q) in dB
0/0 0

0.01 0.5 1. 2 2.4 3.8 5.5 8.5 10 14 17 22

0. 1 0.3 1 2 3 4 6 9 11 14 17

1 0.2 0.5 1.5 2.3 3.0 5 7 8.5 10 13

10 0.1 0.2 0.5 1 1.2 2 3.5 4 5 6

50 0 0 0 0 0 0 0 0 0 0

90 -0.05 -0.15 -0.2 -0.5 -0.8 -1.1 -1.9 -2.5 -4 -5.5

99 -0.07 -0.2 -0.5 - -2 -3 -5 -7 -9 -11

99.9 -0.09 -0.3 -0.8 -1.5 -3 -4.5 -6 -10 -13 -16

99.99 -0. 1 -0.5 -1 -2 -4 -6 -9 -13 -17 -20

KI
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Table 3. Look-up Table for Path-Attenuation Variability: Maritime Temperate
(7b) Climate Over Sea Path (110 - d 5 200 kin)e

A (q)= A (50) - Y (q)

d e(kin) 110 120 130 140 150 160 170 180 190 200

q These numbers represent Y (q) in dB70

0.01 25 29 33 37 41 45 48 50 52 53

0. 1 20 23 26 29 32 35 38 41 43 45

1 16 19 22 24 26 27 28 29 30 31

10 7.5 9 10 10.5 11 11.5 12 13 14 14.5

50 0 0 0 0 0 0 0 0 0 0

90 -7.5 -9 -10 -10.8 -11.5 -11.8 -12.2 -12.6 -13 -13.3

99 -14 -17 -18 -19.5 -20.5 -21 -21.5 -22.3 -22.8 -23.5

99.9 -19 -22 -25 -26.2 -27.3 -28 -29 -30 -30.6 -31
99.99 -22.5 -25 -28 -31 -33 -33 -34.6 -35.5 -36 -37

Table 4. Look-up Table for Path-Attenuation Variability: Maritime Temperate
(7b) Climate Over Sea Path (210 1 d - 300 kin)

A(q)=A(50)-Y (q)
40

d (i:m) 210 220 230 240 250 260 270 280 290 300

q These numbers represent Yo (q) in dB

0.01 54 54.4 54.8 55.2 55.5 55.5 55.2 54.8 54.4 54

0.1 45.2 45.4 45.6 45.8 46 45.8 45.6 45.4 45.2 45

1 31.2 31.4 31.6 31.8 32 31.9 31.6 31.2 30.9 30.5

10 14.6 14.7 14.8 14.9 15 15 14.8 14.5 14.2 13.8

50 0 0 0 0 0 0 0 0 0 0

90 -13.8 -14 -14 -13.8 -13.5 -13.4 -13.3 -13.2 -13.1 -13

' 99 -23.9 -24.3 -24.6 -25 -25 -24.6 -24.1 -23.7 -23.3 -23.2

99.9 -31.3 -31.6 -31.9 -32.2 -32.5 -32.3 -31.8 -31.5 -31.2 -31

99.99 -38 -39.2 -39.2 -39.1 -39 -38.5 -38 -37.6 -37.3 -37

16
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80
q=I%

70-
', + 60

50 d- - d IOOkm
40 l a --- 17m (constant)

30 MEDIAN 50% ht~hr :02oYo(q) FOR" MARTM
to CLIMATE(7b)

" 0 g(9) = I(AS$UMED)

-10 G 10 3

-20 ______90% G,: Gr:I
20 B: I Hz

-30 k=4/3

10I 40 200 1000

f (MHz)

Figure 5. For Tropospheric Transhorizon Propagation.
the Signal-to-Noise Ratio, in dB, Available at a Mono-
static Radar From a Target, as a Function of Frequency.
With Frequency Independent Scattering Cross Section.
o 17 m 2 assuming median (50%) loss and 1, 10, 90,
99% predicted variability with indication of the effect of
equivalent maximum and minimum galactic noise tempera-
ture (shaded). d = 100 km, ht h r 0
maritime climate (#7b) assumin g(f) = I transmitted

power P 106 W, G = G = 10 . B = 1 Hz, standard
refraction (k = 4/3; at = 8S04 km)

4. SIGNAL-TO-NOISE RATIO

In the free-space radar equation, the received power Pr' which is synonymous

to a signal S, is the result of a product of three terms. The first term yields the

power density at a distance d from the radar transmitter where a target is en-

countered with a scattering cross section a. In the second term, the gain of the

scatterer is assumed as unity; the scattered power is then radiated isotropically

and yields the power density at a receiving location d kilometers from the target.

The third term signifies the effective area of the receiving antenna.

S P t G tGA2
P r ( r (6)

4 d 47rd 47r

17



A tropospheric transhorizon detection capability is related to tropospheric

inhomogeneities which deflect the incident signal. In the process of deflection, the
signal encounters a loss. In the radar equation, the square of a loss term A is

introduced. A is called path attenuation and its assessment was described above.

Noise power depends on the effective temperature T (OK) of an antenna receiving

galactic noise, the receiver bandwidth B(Hz) and the receiver noise figure F. 10 If
signal detection within the receiver is achievable when the signal power is twice

the noise power, it follows that F= 2, which corresponds to a noise figure of 3 dB.

For a receiver noise figure of 10 dB, the signal power has to be ten-times the

noise power for detection. Based on the above, the equation for the signal-to- ,oise

ratio can be written as follows:

P G G a A 2

S/Nt t r (7)
(4) 3 d4 A 2 k TB (F-l)

where

lz Pt is transmitter power (W)

Gt is transmitting antenna gain
G 1' is receiving antenna gain

U is scattering cross section of target (m

X is wavelength (in)

d is distance between terminals (W)

A 2 is two-way path attenuation

k is Boltzmann's constant (1.38 X ]0" 3 JI/K/iz)

T T is effective temperature of an antenna receiving

galactic noise (*K)
B is receiver bandwidth (lz)

F is receiver noise figure

Regarding the numerical values to be used for the equivalent temperature in

the equation for S/N, it was assumed that the controlling influence is due to galactic
noise. 11, 12, 13 This assumption is probably reasonable in the VHF band if man-

made noise can be minimized when siting a radar. At frequencies above 0. 7 GHz,

noise due to radiation from the atmosphere is likely to exceed the galactic noise
level 10 particularly for low elevation angles for which the equivalent atmospheric

temperatures could be larger than galactic temperatures by a factor of 3 at 1 GHz
and 100 at 4 GHz. For selected frequencies of interest, Table 5 provides look-up

values for galactic noise equivalent maximum and minimum temperatures.

(Due to-the large number of references cited above, they will not be listed here.
See References, page 29.)
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Table 5. Look-up Table for Galactic Noise: Equivalent
Temperature (Effective temperature of an antenna
receiving galactic noise)

Temperature

Frequency Wavelength Minimum Maximum

f A Tmin Tmax

(MHz) (i) OK OK

10 30 105 5 X 105

40 7.5 7000 5 X 104

100 3.0 800 7000

200 1.5 125 1600

500 0.6 8 190

1000 0.3 3 35

Sources: Baghdady 1961
David & Voge 1969
C. C. I. R. Rep. 342-2
Kraus & Ko (May 1957)

For a median path attenuation typical of a continental temperate climate (#6),

the SIN equation was used to illustrate in Figure 6 the effect of three different
target characteristics and min/max noise temperatures on the behavior of S/N with
frequency. The following values were used: Distance between terminals d = 100 kin;

effective antenna heights ht = h = 0; transmitter power Pt = 1 MW; antenna gains

G =G 1000; receiver bandwidth B = 1 Hz, effective earth radius a = 8504 km

corresponding to a surface refractivity of N = 301. 14 Computations were per-
formed for min/max noise temperatures of Table 5 and for three types of target

cross section 0: (a) o = 17 m 2 is independent of frequency, (b) a is due to a metal
2

sphere with a diameter of 2. 4 m which is resonant at 40 MHz when a =17 m , (c)
the target is represented by a resonant dipole with a scatter cross section

2
a = 0. 7 A . In this particular example a systems parameter ratio can be computed

P GtG
as SPR = t t r 1012. If different systems parameters are used resulting,
for example, in a ratio of 107 , the curves of Figure 6 could simply be lowered by
50 dB (10 log 1012/107), or the dashed line for SIN = 0 could be raised to 50 dB.

For this case. all targets would be undetectable for maximum galactic noise over

the displayed frequency band.

14. Panter, P.F. (1972) Communication Sstems Desin, Line-of-Sight andTroposcatter Syste-ms7 McGraw-Hill Book Co., New York.
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Figure 6. For Tropospheric Transhorizon Propagation, the
Signal-to-Noise Ratio, in d13, Available at a Ivlono-static
Radar From Three Different Types of Targets, as a Function

2
of Frequency. (a) u = 17 m , (b) a due to metal sphere of

2.4 m diameter, (c) 0 = 0.7A 2; d= 100 ki, h = 0 ,

median loss for temperate climate #6; Pt = 10 %V,
13, B= 1 lHz, standard refraction (k= 4/3;

a = 8504 kin); maximum and minimum galactic noise
temperature

12For the same systems parameter ratio of 10 , climate #6 and min/max

galactic noise, but for a composite scatter cross section with 0 = 17 m 2 (constant)

for f 40 Mz and an assumed X dependence to estimate a at 10 MHz, Figure 7,

illustrates for median path attenuation the signal-to-noise ratio variation with fre-

quency, for three distances and several effective transmitting and receiving an-

tenna hight combinations. The computations were made at 10, 40, 200 and

1000 Mtz. Ltermediate values were visually interpolated. If, at d = 100 km. both
antenna heights ale elevated from ht = h r = 0 to ht = li = 100 , againof 35 dB

is achieved. The height gain would be only 15 dB if one antenna remains at h = 0.
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This is illustrated for d = 100 km at f = 40 MHz where, starting at the S/N value

for the cosmic noise minimum, ht remains zero while hr = 0, 20, 50, 100, 200 m.

(m)3 75 15 03

8OIII hr
70 00.(CMNATION)

60 CSMICNOISEMIN f<40MH...0CX
4

f -40MHz...O0-17m2

50 ' 0,200m d IOOkmh.0.100 COSMIC NO,  .,^ - ,"= -- d lOk thr-OOM

40 - -0.50
... 20

-40

-50 ~ ~ .2. -'50 __ _ _ __ _ _

- _____ -Gt Gr I0 3 CLIMATE #/6

10 0 200 01nooo-

-100

f (MHz) 8.IHz

Figure 7. For Tropospheric Transhorizon Propagation, the
Signal-to-Noise Ratio, in dB, Available at a Mvono-static lRadarFrom a Composite Target. Target is with a -4 forf < 40 MHz
and a = 17 m (constant) for f - 40 MHz. parametric in distance,

height including asymmetry conditions; median loss for
temperate climate #6; the shaded width of curves signifiesiinimum and maximum noise temperature. P 436 W

Gt = G r = 10p, B p= Iz, standard refraction (k 4/3;

a =o8504 kin)

e

Whale these computations were performed on a desk calculator, a compre-

hensive set of computer produced plots is given in Appendices C to F. These

r ,;onputer generated results were obtained for a maritime temperate climate #Tb.
To avoid tn overcrowding of curves, results were plotted only for maximum galactic

aoise temperatures. The minimum noise temperature raises S/N by about 10 dB

21



above that for T ma x. Distances range from 100 to 300 km in 50 km Increments.

Transmitting antenna heights were judiciously limited to 0. 001, 0. 1. and 1. 0 km.

Eleven receiving antenna heights were chosen in 0. 05 km height increments starting

at zero. The missing of data points for large antenna heights is related to approach-

ing or achieving line-of-sight propagation which makes the scattering angle small,
zero or negative. Table 6 illustrates the line-of-sight distances between elevated

antennas computed for an effective earth radius a = 8504 km. These distancese
may be compared with the combinations of antenna heights and distance of the com-

putations. In Appendix C, using the median loss A (50) in the radar equation, the

signal-to-noise ratio (dB) Is plotted as a function of frequevcy for fixed distances,

transmitting antenna heights, and a combination of receiving antenna heights.

Table 6. Line-of-Sight Distances d [km] Between Elevated Antennas, Computed
for a Curved Earth of Radius a 8504 km.

,d e h/2 hr)1/2
(d=dLt+ Lr e t e r

ii hr~ (kin)

0 0. 001 0. 01 0.1 0.5 1.0 2.0 3.0 4.0 5.0 6.0 10.0

0 0 4 13 41 92 130 184 225 260 291 319 412

0.001 4 8 17 45 96 134 188 229 264 295 323 416

0.01 13 17 26 54 105 143 197 238 273 302 330 423

0.1 41 45 54 82 133 171 225 266 301 332 360 453

0.5 92 96 105 133 184 222 276 317 352 383 411 504

1.0 130 134 143 171 222 260 314 355 390 421 449 542

h t 1km] 2.0 184 188 197 225 276 314 368 409 444 475 503 596

3.0 225 229 238 266 317 355 409 450 483 516 544 637

4.0 260 264 273 301 352 390 444 485 520 551 579 672

5.0 291 295 302 332 383 421 475 516 551 582 610 703

6.0 319 323 330 360 411 449 503 544 579 610 638 731

L 10.0 412 416 423 453 504 542 596 637 672 703 731 824

In Appendix D, the variability in S/N is illustrated for similar conditions as
were employed before, except ht and hr were made to be equal in pairs of values

0. 001, 0. 1, 1. 0 km, while q values varied from 1, 10, 50, 90. 99% of signal-to-

noise level availability. The extent of variability was found to vary with distance.

Increased availability of a detectable signal in percent of time requires system

parameter adjustments. If for example, at 40 MHz and for d = 250 km, a 50%

availability of a detectable signal is to be raised to a 99% availability, the system

parameter ratio would need to be increased by 50 dB.
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For the indicated system parameters, scattering cross-sections, antenna

heights, and median loss for a maritime climate. Appendix E displays the varia-

tion of SIN with distance parametric in frequency. For f 40 MHz, the scattering

cross section varies with wavelength as a = 0. 7 X2. For f < 40 MHz, or is

assumed to vary approximately with X'-. Because of this choice for 47(f), the

signal-to-noise ratio is largest at 40 MHz.

In Appendix F the set of plots for probabilities q(1, 10, 50, 90, 99%6) is similar

to those of Appendix D except the signal-to-noise ratio is plotted as a function of
distance instead of frequency. Each set of curves corresponds to one frequency.

This frequency is identified in the Input Data underneath the transmitter power Pt.

5. AVAILABLE BANDWIDTII AND COIIERENCE TIME

Over a tropospheric propagation path. signal fading may be correlated with
movements in the atmosphere. These movements may be due to a mean wind

velocity, especially when the fading rate is fast. While the fading period may
intermittently limit the duration of signal reception, bandwidth limitations are

imposed by path delay times which when received by an FM receiver, will introduce
in the output from the receiver baseband an intermodulation noise. The level of

this noise depends not only on actual delay involved but also on the width of the
transmitted spectrum. The maximum baseband width fm (max)= 0. 22/T where T

is the echo time delay. 14 Since path delays on troposcatter circuits are larger for
broader antenna beams, the longest path delays can be reduced and the available

6
bandwidth be increased by using high-gain narrow-beam antennas. Tentative
estimates for the usable frequency band as a function of range and free-space

15antenna gains (25 dB < G - 55 dB) were derived from 1 to 2 Gttz test links as
illustrated in Figure 8. Bandwidth formulas for very narrow and broad antenna
beams have been derived. Using the formula for a broad antenna beamwidth of
5* and assuming d = 300 km for a tropospheric scattering circuit, an available

bandwidth of 4 MHz is obtained. This bandwidth implies a differential delay in

transmission of about 1 microsecond. Relatively large values for bandwidth are
also predicted in Figure 8.

While the differential delay limits the rate of data transmission, the coherence
4 time of a transmission, which may differ from the fading period, places limits on

phase coherent integration which may be needed if the signal requires enhancement

15. Picquenard, A. (1974) Radio Wave Propagation, A Halstead Press Book,
John Wiley & Sons, New York. p. 29.

16. Gerks, I. H. (1955) Factors affecting spacings of radio terminals in a UHF link,
Proc. IRE 43(10):1290-1297.
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for detection. For a tropoepheric transhorizon transmission, the coherence time
could be estimated from backscatter observations of turbulence in the troposphere
and stratosphere made with the sunset radar. 17 This coherence time is likely to
vary with meteorological conditions along a propagation palh. The 40.76 MHz

backscatter radar observations of atmospheric irregularities between 4 and 19 km
altitude showed Doppler velocity spectral widths ranging from 1 to 2 Hz which
could be interpreted in terms of a 1/2- to 1-sec -oh'erence time. For- oblique trans-
missions, coherence times may be of the same order of magnitude. They may vary

with time, depending on the meteorological condition and the propagation mechanism.

7-

S5-

4

6U.55

50 Figure 8. Tentative Estimate

of the Usabl - Frequency Band
of a Troprspheric Transhorizon
Propagation Link as a Function

09-- of Range for Several Values of
08- OFree-space Antenna Gains.07 (Source: A. Picquenard
06 G-40 "Radio Wave Propagation"

05- John Wiley & Sons,
New York, 1974)

04

03

02- 46 Antenno gon n fee spoce G25

.' o I I I
l ,10O 200 300 400 500 600 700 800

Range(km)

F • 17. Gage, K. S., and Balsley, B. B. (1978) Doppler radar probing of the clear
atmosphere, Bulletin, American Meteorological Society, 59(9):1074-1093.
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6. CLUTTER FACTOR

The olutter factor method appears to be used 1n the equation for the trans-

mission fac.tor applicable to terrestrial line-of-sight paths. The equation for the

transmission factor K is:
P ht hr )

K L" -= Gr G -2'- (8)

L t GtGr (d)

where

L is transmission loss

ht0 1
r  is antenna heights

Gt o 0 r is antenna gains

Pr is received power
Pt is transmitted power
d is distance

is clutter factor (P < 1)

The clutter factor P includes the losses relative to a smooth plane earth due

p ;to terrain irregularities, buildings and trees causing shadowings, absorption and

scattering of the radio energy. Figure 9 shows the clutter factor dependence on
6frequency. For a rural area, the clutter factor P approaches unity at 40 MHz.

7. CONCLUSION

have Losses due to path attenuation along tropospheric transhorizon propagation paths

have been estimated using prediction methods available in the open literature. Some

of the estimates were made for a continental temperate climate over a land path and

for a maritime temperate climate over a sea path. The product of distance and

scatter angle was the input for computing the attenuation function for a particular

value of surface refractivity. Combined with other terms including distance and

frequency, the two-way path attenuation was evaluated. This value was entered into

the radar equation. Effective antenna noise temperatures were assumed to be of

galactic origin. For selected system parameters of radiated power, antenna gains,

bindwidth, receiver noise figure, and specified target cross-sections, signal-to-

noise ratios were computed and plotted for up to six frequencies (10 to 1000 MHz),

nine distances (50 to 1000 km), a combination of three transmitting antenna heights

(0. 001, 0. 1, 1.0 km) and up to eleven receiving antenna (target) heights (zero to
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0. 5km in 0. 05 km increments). In these computations, the lowestpossible eleva-

tion angle ota ray originating from the-transmittingantenna was used, thus mini-
mizing the loss rate in dB/km of distance. If the elevation angle of'an antenna beam
above horizontal adds to 1 or 2, an increase in the loss rate by, about 0.,05 dB/km
can be expected. For the signal-to-noise ratio computations contained in Appendices

12C to F, a systems parameter ratio (SPR) = (PtGtGr/B(F-1),was chosen as 10

A

II
-10 •

i0
-20 Z.9

"30 .4.4, 6
-40- N

7150

U9SI I

-60,tt , g
30 50 100 300 500 1000 2000

Frequency, MHz

Figure 9. Variation of Clutter Factor P With Frequency
Derived From Experimental Studies and From C. C. I. R.
(Comite Consultati1 -International des Radlocommunications)
Predictions. (Source: M. P.M. Hall, "Effects of the-
Troposphere on Radio Communication"; Peter Peregrinus,
Ltd. IEE London and New York, 1979)

Under the assumptions made, the ordinate scale characterizes the detectability
of a target for the specified frequency dependent cross-section. Thus, for other
values of SPR (or of the product of SPR and a) a simple scale adjustment can be

12made by computing the ratio of-the new SPR to 1l0 , taking the log 10 of this ratio,

multiplying by 10. If the resulting number is negative (for example - 50 dB), the
dashed line corresponding to SIN = 0 dB is moved in-the direction of positive dB
values (for example, to + 50 dB). The charts lend themselves also to the selection
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Nof other information such as makimum range of detection asia fuiictionmof SPR, !.

hoh #d. a ,V(d),depenigo~h hie prpit~o h ericiae
receiver noise figure, man 4nade-noise level, antenna beam widths, and so-on. It

is-also possible to infer the expected loss rate in dB/km or dB/MHzeas a function

of distance and antenna-heights. Height-gain effects' are distance dependent. At
larger distances, the rate of change of height-gain tends-toAncirase more markedly

-at larger heights, whereas, at-shorter distances from the transmitting antenna, it

4 increases more markedly at lower heights. It should be remembered that the lines
connecting the computed points represent interpolations.,

- Ii 8. RECOMMENDATIONS

SIN Wratio computations were made for the-lowest possible-elevation-angle over1 a smoothearth, In practice, -elevation angles may be several-degrees above the

horizontal. If scatter is the dominant propagation mode, the scatter-angle would
increase and with it the path attenuation, Terrain features, which necessitate the

use of several degrees in elevation angle of the antenna beam, should be avoided.
Since the loss prediction method used in this report was derivec-from trans-

horizon data involving all possible propagation mechanisms, a large variability

Iin signal strength is to be expected. If scattering from tropospheric-irregularitiesI is the preferred mode of propagation, perhaps-because of a possibly permanent

*1 presence of such irregularities in the troposphere, and if this part I'lar type of

mode is to be further exploited because of this permanence, some thought should be
given to the planning of an experiment that maximizes the scatter mode. Then, it
may be possible to relate theoretical predictions for scatter propagation to the

experimental data whichmaximize the mode predicted by this theory. On the other
hand. one may also wish to consider utilizing for the detection of targets any mode

that happens to be dominant.
From the point of view of a large data rate and available bandwidth of which the

latter is controlled'by the differential delay of the transmission incurred in scatter

propagation, it may be advantageous to search for optimum frequencies making a
compromise between bandwidth and loss. Extremely high-antenna gains which

minimize the differential delay and maximize the available bandwidth, are best
achieved for the highest frequency. Propagation losses are minimized, however,

the lower the frequency. Other limiting factors will be the tempeirature of the
-atmosphere at the upper UHF frequencies, and the electromagnetic noise power at

' lower HF/VHF. Moreover, the frequency characteristic of the cross section of
targets may also be a determining factor in the optimal choice of operating frequency.
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Appendix A
Five Plots of Two-way Lous (dB) vs Frequency (MHz)
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Appendix B[4 Three Plots of Two-way Losu (0B) vs Distance (kin)
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-IP TO' RQIHiIAXK m l sm t HIA
AE- 15.5iN.3141: 60.1 .0

Of 000 0.1000 0o15 3:7

0__ _ _ _ _ _ _ _ _ _ _ _ _ __0_ _0_ _6_ _ _ _

r.2, 111421 HI. 1.0_0_ _) too _

FRED. (MHZ)
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001T IM E CLIMA VC (75

INPUT DATA FRACQ0OM -1 TMAX19 sIomR 0)l U I M8L 'M~iKN)

Oo;'O' OR.iloco.o 40. .0C0 63.7

I$ ."i O*T 1110 4 "" 00 .0 .7060 0 :003

OoRM -50 -

pR 000.(WT) S:3

109j~ 10' 1 02 10

-FREQ.1 (MHZ)
MITIME CLIMATE 011)

INPUT DATA rR[O.a~oti1 tl $TAI I0Rlomm" SYM80OL MAINMI(

At. 850JIK44 NS. 301 1010 :6C07 dO1 0

1 000,0 04. (000.0 40.
1.. 0. 00,(81 (0. .0.4 6.00

2000,00,1W lo' .0 110S. 118 I..0001 ,
600.0 .O03 .200

pl. I000000. 0 140111 1000:0 .0002 .6

000 H-02 106

FIREO. (MHZ)
4 8



Appendix P
Nine Plots of Signal-to-Noise Ratio (dB)

vs Frequency (MHz) for 1 to 99%- Loss Variability

t4,~
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K NPUT DATA FRE0O.19911 0990141 010.2I) 0SMOL. 999141.
AC 0449 07110.0 , .50.07 .t- .*.Et. -8oo( ) N '~ 310 40.0 .600.00 311475 9

1.2. 0 o m .100.0, .70C.04 6.300

PT. 10000.OIAATTI 1000.0 -35E-02 .063
MR., .060(99) .

I 00 101 101103

MARITIME CtIHAI (71
INPUT DATA rAto.imil IMA0191 0I1ma'Il 000401. 9991661.

AC: 0$6041KMI 90. 301 10.0 .60C.01 .100 . 4

of 0.0 9. 00,0 40.0 :50, :01 39:375 * 94
02. 100:00 0.1 100.0 C70404 6300 : 46. 11 01 . 10019m) 200.0 .1SE.0: 1,s0

-PT 1000000IAA0l 00.0 .19E.03 .006, ,
P1000.0.0WA 10 .36E.02 06

MR. .160(41l10.

c?

10101 10110
FREQ. fMHZ)



MITIME16 CLIMATE 171)
INPUT DAMR (REGOr I~ trAXI01 Sl!l'MW II I011101 VARIASIL-

40. IS0411x01I NU o0o 1;-0 .00007 10 Do
00. 1000.0 OR! 1000.0, 40.0' 60E.06 39.376 . 4

!.. 0. 160.0(K001 "0. lol 70E.04 6.500.4
*. .~oi r. .oooo~ 200.0 let-0 1.575

p0. 1000000.OIIIRTI 1000.0 .36E.02 .063
MR0. .2601661l

9

9

'00 1 0, 1 1 0J

FRED. (MHZ)
rARIIO CLIMATE. 4701

INPUT ORTA (R000.III l m 00 slecooo-11 Wook3 vaqAiOOI.

66041111 -is. 301 10.0 .60C.03 1 0 0 '

041000.0 O0. 10000.0 14. :60C.06 , s 04
200.0 let0.04 p.50 :4

1 11l1"ll tits .00 MI0 600.0 l.e' .0 .
Pt: l00000.16411 100010 .3SE0.0 106

~MRS

151

IT



-IMAROITIME CLIMAT40 (78)'
INPUT DATA- FRC(6i0m), T*AxW0 Sirm10I , SYMOLt 'V0ABie.

(0.0 .SOE.07 .100 * .At. 8604)0M) Ni- 30l 40.0 .005 3%1376 1
00; (1000.0 0R. 1000'.0 ( 700 .0
J (.2. - 0. 200.0(0Q1 1 00.0 .70C.04 6.00' *

S. 1.1) (0.- .101001H 000.0 .19E.03 4W0 -
PT. 1000000.01W)8100. 36.00)6

FRE. (MHZ)
OS04(K"IN$$ 401100 01.1 170) o

40.0 sot.0 .(0 M .
06' (000.0 CA# (000.0 (000 0 E'4 $ 0

(0. 0. Z60,0100 700 4.2.
80 (IT MIX .00IIX6I 201 .16004 %162 6

1000.0Al 000 :19c:03 .00 ta
.6 (000I( 411 (000.0 t . 02 .010)

0'1 ((0; .00(,

FRO'f H

25



MIARITIME CLIIIA I !78
INPUT DATA- CO. 4!' ~imll.,) SIC6A .2' 01 Y A RIAOiL.

ft O S 0 10.0 .60E-07 .100
40.0 SOE-06, 39,370

Li.V "I__ _ ___ .6 1 7
11. .00m 000 16 3 :S

F ' MR._14001__m_

IO 10' 10, 1

FREQ. (MHZ)
IAOR1IIIAC CUAIRC 1701

INPUT DARTR FAbo.111" IMIXIKI SI"W W4'01. RIRIIL,
0C. 1KI~ NS 0 10.0 .60i.0l- '100 * '

PA. 4100000.0I OOht 0 1000. .70C.0? 6.06
WS .0 00,00)l 20 E0

[A ___:____

Ff. 10,000 01.:0 05E0.2' 063

sr

L 2' FREO. (MitZ)
53

r-



INPUT DATA IliCCIOT
AE. $00111 N$:w 30t, 10. .00.0 )t 316
Tr . o oo. ,o .g 0.0 *6:1 0.1 1

w. 300.0111 100 .004 030 . W
0. W1 l T.1 1 9 lq 2000 .t'4 l1

00, KoooIor 10000 slc* .0 0

00 11 .6041 10 00. 13. 0 1 3

LHE MH-

1154



.1

Appendix E

k Thirty-three Plots of Signal-to-Noie Ratio (dB):1vs Distance (km) for Median Los

.1

* I

55



INPUi DATA tftEO-IKHlI 11400111 4118L FAEQ.(IiKll
AE,064KIM.310 010 SOEC.07 .100 0 10.0
Ac 0410 ~~40.0 '60C.06- 39.376 A 40.0

0O0 000.0 OR% 1000.0 100.0 ,70E.04 61.300 +. 100.0
f.2. HR. to 0.00101 200.0 .16C.04 1.7 x 200.0

'e ." i -O M 0. 490C.03 Z~SZ 0 00
4000.(RI 000.0 .02~ .063 1000.01

SURFACE DIST. (KMl
INPUT DATA (110.0dil IIIAX191 $10 wInbl o~o.ft0I~

A l l _ _ _ _ _ _ _ _ _ M S . _ _30 1_ _ __.0_._0 C_ _0_ _10 0

P, J-1 10. SURFRCEI 01T (

600A..................... .12003......... ...



MRITIM CLI6AT[, I7 ..
INPUT OAIS FAEO,(0MMI TAXIO, 30som'0, sr0. iR;IAQ OOOM

AC I 0604 |6 -A $ 30I | |10.0 .60C.07 . 00 e. 00.040.0 ,S06 32-371;' • 40-0'
0. 1000.0 0N& 1000.0 400 ?0C0 - 30.$00 A 40.0
P.. 6.1:63 OlO1) 0 + 0
B. (000 'II. .0010 K60 200.0 .6004 1.6K76T Ii '200.0-
PT . oo 0000o ,0o Wo ' I$600 .0 ISE0 .03 .252 600 .0 ,S0tO00.0 .365.02 .063 1000.0

I \~
R

AA,

10',

SURFACE 01ST. (KM)
AA6000p0 CLIMATE 0761

INPUT ORR PA0i0.,Ill I 0 IKI $ 1OdG4.1 6OAAOL SINK Imod,0 ll

860.600 ) AS0 301 10.0 'sot.07 .0- 0 0.0
0!. 0000.0 Ofz 0000.0 40.0 .600.06 3 .375 A 40.0

MR? 6. .10016I 000.0 .70.04 +.300 * 100.0
S. 1HI0 "IV.t6xl. I60000 1 .000 . 0,313 1.21 76 ? 00,0
PT600.0 .000.03 ,260 * 600.0

0000.0 .36010Z 063 4 0000.0

SURFACE DIST. (KIM%
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INPUT, OATA oREQo.qtimi I 106 010661..' SY ,801. FREG.IO11
RE. 0041KMI 1.4301 10.:0 .s"OE:0o, 3.lo37o 4 0.0

40.0 .000.00 3.37000 40.
"1. :00 0 .1000 1 100.0 .70C.04 6.300 +, 100.0

. ... 6. .6001.0
IT. 1000000.01WA00l to 00.025

to00.0 MS6C02 .063 * 100.0

--- -- --

96

IM

'00

W.' MR .01 0 100 0

00.10 I.1t-0 .76
00000WTI 10.00 .300.01 10 100

1 . 000 0.10. 100, 1000 .0 10

SURFACE10016120. DS.4 (KM) 00.

8. 1.61 ~s .0116 60. 10.0 .5 500.



rM~ri IRIICCIMIIAE 171"
I !2PUT, ORA t0.l10 lil II4i IS8O VC0.lIIN l

KC. 804(Km 1 S.'301 10.0 160E.07 .10 I0.
O. 00. 4 000 40.0 . 00.00- 39.370 ' 40.0

... R 200i) 100.0 .70C.04 6-30 100.rs. . (MJ m. .0( 200.0 .16Ci04 1'.576 0.
8. GOMNT i..1 4. .0411 600.0 .19C-03 :262 *, 00.0

H. 10000.IAl~ 000.0 .3$E.02 .063 * 1000.0

'X\

09

71

e0q

'-S. 1100 l: 1 . 50.5 :7 000 100.0 13 10

'"3'. ORTR :,"M 20CQ0MZ :16(:1I 1:048 l.' SuBL 4C ,I

(.. 61100 .W .81 000 lu 03. 4.d 10
9 000.0 .35E.02 ofi$ 00,

.01

.'44 10 r

SURFACE DIST. fKII)

59



INPUT ODATA IRAEozloIz TMAM)~ sc"A 10 ~SYIIOOL r4Co.wl01

E!.40~1 S 0 0 40 0, MEO 0 $9;37$ 40.0

r. 000 01.1000.0 100:0 .70c.04 1.300 + 10.
Omi2t 1414 000144 200.0 .16 .0 - .1 X 20.

0 r.000.44 001 11m 000.0 .19E.03 .2$150.0
1000.0 -S1000.06

R' .

4 'V\

014JM CMHA0

A oM O? .0 0 10

100 .7C0 .00+ 0.

"0001 I1 0 0 s.2 .0?101

SURFACE DIST. (KM)
601111CCIIAC18

INPU D~fi rco~poz~ fo~~kl l0446~' OllB~l 1410,ll7,



'INPUT ORTA 'FR0.1i111 0000191 s0IQ 0;n SY100Lr0Clt;0"M~0~6OlI(I O.3~ 10.0 * .00.07 .10 0
01. 1000.0 0R9. 100 4.0 .000 3 !a40.,o

F.2 1 MR 0001 : 100.0 .70E.04 11.3W0 100.0
8. O IMT0014" O.0 .16C.04 1.57$ x 2000.0-

it 10000.0 0 I141602 106 * 000.0
o' 0.03

.9A

iCa ,0

SUFAEDIT.fK

MARIIME CIMAT 470

INU.9A fE.1V A 0MA11 8L FC0 1

.. 0: .6.4 161 0.

SUERE 01T " : 0 '
tooU DAT 600~oo 0 9C101 $600U 0001 IC 0IS

P 1000000.01UR0 00. 300 . 06 Its00a 0
10010 Js-0 4) * 100010
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It__________________________________________________

R -

v.l

10,1010

SUFC IS.(M

a6



,l05I0I"E(CtIMR1C 178)

0i 1000.0 0R. 100. 0 :000:.0 3 , A75 400
.dZHt. .001 111 200.0 .70C.04 1.015 + 200.0

Pl. I0000.(AH11000.0 .36E.02 603, .o00~

£l

IUT SUR~FACE DIST. (KM) oeL10.01

AS 31 0, 001 $1.A01
00.0 .6000 0O .0oo~

At: 111,041KIIIW320. 0M S.1t06 304
Al.00 .11 0 000 O . 04 :300 1 00.0

0 
0:

It'000.IWII 600 K.f:12s

100 0 2 .0 000

jo, 102

SURFACE DIST. MM~)
62



INPUT DATA FRCO.111401 OMIKI SI0MI1.21 S011801 FRCOil 'IM
A( 64(tl S.3. 10.0 .50E07 -100 0 l0 0.-

0?. 1000.0 0OR. 1000.0 100.0 .2o11.o4 3.300 A 1000~4 11 10( 0 0.0 .70E1.04, -.00S + 2.0
S. .111 HR. 11014 0. .010 00 * 00.0

-1 1000.0 -301E.02 .063 * 1000.0

IV N

SURFACE 0IST. OWM

Oa 1,00 (0 Do. 100.0 100.:0 Jo-0 1.00 4 000

Its 1,0000.01000oo.0 .36E-010 06+ 000.0

_____________________________________________________N___

1N.

I _ __02fo

SURFACE DIST. (KM)
63



. . .. .. ' ' 'MRITIME CLIMATE 470)

iNPUi ORTA FAC.(MHOZ 'TMAXIK). 6.'3 "SYMBO LftO.(.N0

4W . 301 40.0 SOE06 393 a 40.0
'Ofr 100. ,ORi 1000, " 100.0 .70E-04 6,30C . '100.0
8. 62 1 MR. 1.0001") 120010 .16C.04 l6 x 200.0. B. |'(Zl| Mr. ,100(KflI $00.0 .19C.03 a Z $00.0
_M Of000000.I0A) tooo.o. .3S5co .063 1 1000.0

=.1 N, \ . ..

--

I 0. 02 10,
£ ' R' "OtK" "' 'oSURFACE DIST- (KM)

At 050KM,~a3k0 ,60E,O, ,t0 0 1010
0I 1 00.0 044 1000.0 4.,OS l 0:

F=Z Z001 ll 100 O 'lot.04 6=00 to 0
hq% |, 2. 00(l| 2 000O 160[04 |1675 x 20010
Mra .10049"1bRII SO0,O .12E.03 ,2s? 6 00,0

iO 00000441 000,0 3SE,O2 ,Ofil 1000,0

c?

' 0

./ SURFACE DIST. (KM)'64

i u~q

'6l



-lMAIIME~li CLIMARTE 780)
INPUT DATA FRCQ.IMZI TIIM0 IO*9A l SYMOI. 'FRE.IMII

0C 1.60160)MS O: HI 10.0 .10107, '100 0 -'a.
o:,oo . 1 o 0. 0 40.0 .001.06 'W3S76 6 40.0

0.. if. 3.0ltll 100.0 .70E.04 , 6.300 * 00.0
0. IT~3.0001W1 200:.0 .1610 .7 200.0

mt.l000 .dR l 100. 1 .0 12 So 0
o1000 .0 .16C.0"' .063 * 1000.0

SURFACE DIST. (KMt)

"Atlm CLMTE40

INPUT ORT_____ FRE.IMll "__K_ II___0.1m_

0 .~ ________________________________________0:0_

A,:RC 9060S.~l Ns 31KtE:l 10 T
Of 0. 0. 00.0 40 cc.5 ":1$5

W. N.400KI IN tC0 ,0 ol



MARITIME9 CIMATE4 1783
INPUT ORTA, f1(C0.44 084046 $IOWA~ (.1 SYIOL FE.Mt

40.. 80464(84 N3. 30 30.0 .SCE.01 .10 0 10-01
01. 3000.0 OR. 1000.0 400.0 .0C.00 300~~A 0

F.2 HR.oo, 3.0(M 00.0 .A0E.04 6.0 200.0
8. 3.4443 mt. .100IR43 000. 6WC04 300 0.0
PT. 1000000.04kA?04 0000 k43$*0 .252' 0 o~

3000.0 -35E.02 +00 1 000.0

MR

10, 10, 10,__ __ _ __ _ __ _ __ _

S14C D S . H

Ko14M LIAC,40

INPUT ORTR (4m I PHqII wIX~qI $3lcmt-.' 0044834. 1400,144404
At* 1S04KI N4s. 0 3010 TO 0061 .300 ; 0.0
0va 1000.0 oR. kooo.O 0:0 S*(0O )O.00$ & ,

* S 4.43444. 304444 00,0 .0.04 &1 4c00.0
.2 kt 000.019n E:804 1:00 2 00.0

94000.0 ..0102 .061 * 000.0

C

10,0' 10

SURFF1CE DIST. (IMt1

ii66



*INPUT DRTA, FRt0.lI HZ 001016 K) $to00801 iO FREG.1ml I

if0SOW NS4101. 301 10.0 .Sot.07 .100 10:0,0
01;.1000.0 OR 00. o0 4,0.0 :50E:05 39:37s 4 :
f. HR6 0.00001401 100.0 70E 04 6.300 + to0.0
t. WI Y .0(M 200.0 .16t.04 1.57 200.0L 10000 .3$E.OZ .063 + 1000.0

o'l

... I ~SURFACE DIST. KM'
rARIIA CUIA0I 162

inpuT DATA fREc.Ii1% 0141 1AXIM .1 5844601 fA6C0.l!4?

Ac. 06104W)8 Ni. 301 10:0 M010 100 0 10.0
0!. 1000,0 CA. 1000.0 400 '60C.01 W11 & 40.0

0 .0 .7C.0 4£00 1 200.
0. 1.1Ifl "t. 1.000J681 10*:0 2 02 * 0,

441. ~MO 130006l.lE1000 302 .o ~ , 1000.0

* 67



MARI88TIME CIMATE 178)INPUT -OR T A FRE0.ll l T6I 0;701C..i) -SYiB0t l l3Q(AHD
. 860414 IS. 30)" , 0 00 01 aoo 10.0

01. O000.O OR. 1000. 40.0 *0.$06 39.37$ A 40.0
F.2. HR. ,Ot0(K06 100.0 .70E04 60.300 + 10.0

1e, I.IHI) H1 T l.O000l 200.0 .ICE.04 1.5$1 X, 200.0

Ft. 1000000.0t)40!1 500.0 .I9C.03 .42 '0 000.0
o,1000.0 .35C.0V0 .063 + 1000.0

o.

SURFACE DIST. IM'l)

INPUT ORTA 1(O.lIrlll 1 61Xll K1l6I1 TA6BL FR ll

AIl I 041K61 Nsw M0 ' 0.0 .10007 .1oo t o.0
01. 1000.0 OR. 1000.0 1 •0(0

$  
39.31$ 40.0

It?. "0; .1001K11 too 0 .70C.04 6.000 T iO.0

WHIT MI.t I .ll hK' l ?00:%1. :1.O04 o,11 200,0
1%it 600000 I.I11 00. .100C03 -25t 6 $00.0

1000.0 .3$.0 .o . 1000.0

,o 10 10

'68

io

a""

r - ":SURFRCE DIST. (KiM)



MARITIME CLIMIAIT (2 "

INPUT DATA ~ FRE0.640l ,IOAX(K) 310M 1.3 $ 010.1000;
oft .804100. A.1000- , 400 .0 00 39,37S 40.0

0.2 1000.0 00.00.0 100.0 .10*04 6.300 *+ 00.0
I,.s ,600tKfl 200. 16j04 MT$., . 200.0

It. 1.1001 W TI 00$| 600.0 .ISE03 .202' $ $00.0
. 00 001000.0 .36.02 .0 63 1000.

-1-.,I -

101 10*0 0

SURFACE DIST. (KMI)

INPUT DATA 14010"?z) Imll 11 1€.i"l11 $Yrao facc.1114,l

llts 11$0IKNI lISu 301 10.0 160c:.1| :10 0 |0.0

Oft 1000,0 044 i00,O 40.0 MEO *6 ),I 15 40.0
2.l M. 1 .0001:2# 100.0 Jot [04 6:10 4 1I0-0

Is 1~~l 200. .1u0I:# 0, |I*4 1 T $7 20,:O
i00e 10000000-OIWAT00*

Pl i0000o0lill! 000.0 AH-[09 ,01 000.0
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eMRWIMlE CLIMATxE 171 

INPUT'ORTA -,tEo-,Mll iIAm 1 K I $1l- (.1) 'symbol. pa o (rfl.lAE.0 40E.07 ,tOi O.
T:. 45 0(KII N$U 301 .00 StO 03S • 4,

O O000.0 0l. k00.0 St0 4:

F t2, "A: . OOOI400 00.0 .?0E.04 6.300 + |00.0

WH Y., H 1 0.000(K 200.0 .[oc.04. 1, X x 00.0

100000.01WATT) K 00.0, .- E 00.0c? = 1OO+OOWI) I000 ,45E.02 .01 000.0

.4l WI.$1 k. 00 1 4 0-11

20 ME 0011.40.

I .4_

1 36

10 10110

I URFUCE DIST. (K)

J.t<llf 70~mtI++

AC slOI .. ~ 4.0 .00.00 .' 100 0 ;0.0
04 I l$000.0 M. iooo1 40,0 4. 00+* 

+  
35.320 & 40.0~0 . IO 4) .OO~ I00 , 10 ,0 .204.04 6,300 * 100.0

fs. N41 3.011I1 QO .l([O 1t.0$ X 00.0
e. l.4144l .tla I.0044404 000.0 .400:0) .250 * 000.0
tl, IO0000I.0I&II 10 l00.0 .304.00 .OUS * O040.0

*0

H,

IU~lEDS. M

i 0.4



MARITIME CIMATE (711
INPUT OATR ?Fti.IOml') TMAXi KI o oA P F .Ci.1mi ,

A ' 1X)MS 0 to0.0 S$0.07 00" 10-0'O.

.. ~s '0 04 l~ ) ~ z )0 , 40 -0 ,. s0 t*0 s 3 93 76 40 0
'Ot;tto00.O ,O. 1000.0 100 OE0 -'0

. Ira', ' 'N I 4 00(n 00:O .0 * .630 00.
'. 00.'" '1*O 1, X Z00:0

;8 1 | ,( )'. 1,00KR Soo, Et9 03 .262 ,0.

; P e 0 0 0 0 ,O k R T ) 0 0 0 0 3 6 E 0 2 0 3 - , 1 0 0 0 ,0

It

10' 102 I0

SURFRCE DIST. (I01)
N11,111%K CLrIMAT 171

INPUT ORTA 1I(0.iolI 1081 $ () SymaOL faIItInl|

4 SO(.0 ,301 .00 0C 10.0
~00. S000.0 0. 1000 0 40.0 ,1 .05 3%11 6 40,0

r . hR. $,:0000 1 4004 |fc04 2 5 100.0
S. 1*MkNJ .00K 000'IS 03 45 0 000.0

PI% 000000.OkAl 0010 ,16E.0z ,06 9 000,0

"" :i SURFRCE DIST. ( KM)

87



INPUT OATA FcOM411z TMI 19 ) Wl SYtM60L fRE.Ii49)
AC, 0041'Q I NS. .01 10.0 .Sot.0l .10 6 M0.
Ole 100040 04: 1000.0 40.0 S$OC.05 3.3 & 1400

t00.0 00CL.04 6.00 + 0
S. .16 t. 1.0001601 NO0.0 .16E-04 11%7$ 2 0000

0 M. 00000 1 ,000W) 5^90 .19E-03 .25t 004.pl 0000 A 0".0 .00C.00 .063 , 000.0

lo 1

SUFC 1T K1

410'

72



Apeik F

Elohtm. Plots of Signal-to-Nols Ratio (dB)
vs Distance (kin) for 1 to 99% Loss Vuablity
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11001011 CLIMRTE00181 -

INPUT ORTA iRO mR~~l 00(1)l $1MW 51111801 V1011101.

110* 8004101 Hi~t 301 10.0 .60E.07 .0
CIA 1000.0, 00.,1000.6 40.0 So050 '391"'s36
f:2. HR. -.10ot0) 20. %te0 165

?T000000.0111400 6o0,0 ;19E.03 .zS2
FR1. 10.01110 10. .l.0 0

At

N~

4?X

40:

r ~~~A 40S14C011 S. K
00:110 1 6:0041 1711

4. 1.11101 MT. .0011001 000.0 de.0 1.7 3 ?$t
pt: l000000.01IWlIli 1000.0 .31(.02 4063

11. 40.011141

3-i

01 0 0

I0F11DIT (M

174



.RARITIME,,CLIMRI C170)
ItO1bT DOATA' FREcoiIoI40', AW Th1oK1 W~~o n) 10601. YAR*AOIL. .

AC.604)4) S.1010 .60,07 ,'.too
W400.0~o O. '1000'4 40.0, .50E05 39.376

0.2;- H. oicini 00. ~,.70C.04" 6.300' *
ta' k.ttl) AT. ;010 .200 -'16E-04 1.67$ .

Ph. 1000000.OI1iATTV i 501*0, -19C.03 .262 * .N
2000.01 .366.02) .0

FR. l0O.0111422 -0

£y

'1 .4 OR

MIT6

0-s

to, to -

SOURCE DIST. (Kj1
V10M16 CIMt'R 1701

INPUT 008T (REU.1661 IMAM)6 sic'44.'l SY0L VRJAI
At. 0604M0 NU -301 k0.0 .30 100 *
0f* 100040 OR. 1000 00 00.0 Son
F12. tiR. .00 "01 100.0 ME0.04 6.300

WHO him1 I. .00 .101, 0. .000 1$
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