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METEOR PROPAGATION COMMUNICATION

LINK DESIGN CONSIDERATIONS

INTRODUCTION

The purpose of this report is to establish a quantitative appreciation for the mechanics
associated with providing a communications link effected via meteor scatter and reflection.

..A major portion of this report is devoted to the discussion of the propagation and statistical
_ _ characteristics associated with the meteor ionization trails. The results of this. discussion will

-- X then be applied to communications systems to determine hardware parameters required to
-~ - effect the desired link.

- .-a METEOR INCIDENCE PHENOMENON

The earth's atmosphere accumulates a large number of meteor particles each day, and
these particles are subject to random variations as well as predictable diurnal and seasonal
variations.

Table 1 suggests that sizes of meteors range from those with a mass of 10 kg and a
radius of 8 cm to those with a mass of 10-12 g and a radius of fractions of a micrometer.
'The number of incident meteors, however, is inversely proportional to the mass, ranging
from an occurrence rate of 10 per day for meteors in the 10-kg range to 1012 per day for
meteors in the 10-7 -g range [1]. Of particular interest in generating a radio transmission
path is the electron line density produced by these meteors, which is indicated in the far

-- right-hand column of Table 1. The electron line density is shown to be directly proportional
to mass, varying from 1018 electrons per meter for a 10-g meteor to 1010 electrons per
meter for a 10- -g meteor.

The incidences of the meteors indicated in Table 1, subject to random, diurnal, and
seasonal variations, are yearly averages. Figure 1, for example, shows the seasonal variations
for meteor incidence at approximately 400 N latitude. The apparent meteor density is six

- times greater in the summer and fall months than in the winter and spring. This is because
of the seasonal tilt of the northern hemisphere away from the earth's direction of travel in
the summer and early fall months. The ratio of seasonal variations in the meteor occurrence
irate is 6:1. It should be noted that these variations tend to be maximum at the poles and
minimum at the equator. As one would expect, the seasonal variations in the southern hemi-
sphere are just the opposite of those experienced in the northern hemisphere.

In addition to the seasonal variations, diurnal variations also have a strong influence on
the incidence of meteor bursts. These variations result from the earth's traveling through

Manuscript submitted April 6, 1978.
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Table 1 - Order-of-Magnitude Estimates of the Properties of Sporadic Meteors 11i

Number of This Electon Line
Meteor Mass . Mass or Greater Density (electronali

Particles g Radius Swept Up by the per meter of trail
Earth Each Day length) - --

Particles pass through the
atmosphere and fail to 104 8 cm 10
the ground

Particles totally dis- 13 4 cm 102 -

integrated in the 102 2 cm 104
upper atmosphere 10 0.8 cm t4100 -_

1 0.4 cm 105 101 7
1o-1 0.2cm 106 - 6 -
it- 2 0.08 cm 10 7 i01 6

10-3 0.04 cm 108 1io'4

1q-4 0&02 cm 1j9 1013
10-5 S0 pm10 102

Approximate limit of 10-6 40pm 1o011 1011-
radar measurements 10- 20pum 102 10 -

10-8 8pum

Micrometeorities (Particles 10-9 4 pm Total for this Practicaly none
float down unchanged by lo-lo 2 m group estimatedX
atmospheric collisions) 1(711 0.8 pm as high as 102 0-

10-12 0.4 gm

Particles removed from 10" 0.2 um _ - -

the solar system by - - - - --
radiation pressure

space in the direction of the dawn semicircle. The portion of the earth traveling-at the great----- -
est forward speed with the maximum forward surface area is that portion of earth esperr'=
encing dawn. This diurnal effect on the occurrence of meteor trails is shown in Fig. -2;We---A=
can see that the number of trails increases as the time approaches 0600, decreasing very .-.
rapidly thereafter, and that the diurnal variation is 4:1. Diurnal variations, contrary to-,
seasonal variations, show maximum excursions at the equator and much smaller vadratlons: :-.:
at the poles.

The seasonal and diurnal variations associated with the occurrence of a meteor trail
propagation path can quite easily produce an overall variation of 24:1 on the mean-piroba. -o .
bility of communication path occurrences over a one-year period. Therefore, in the deaiga-
of a communication system using meteor trails, these variations must be taken into eon---
sideration.

2 ........ . .
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Due to the randomness of meteor incidence, channel openings will be probabilistic.
To achieve a probability of attaining the desired number of channel openings in excess of 90
percent for a given hour requires provisions for a 10:1 seasonal and diurnal variation. Since
the mean of an assumed worst-case, uniform-density variation is 5.5, the link with N channel
openings per hour must be redesigned for 5.5 N mean channel openings per hour.

MECHANICS OF METEOR TRAIL PROPAGATION I
The following paragraphs discuss the interrelationships among the various parameters

of this communication system and the derivation of a group of design charts to facilitate
analysis and system design involving meteor-burst propagation. The items that will be dis-
cussed include

Transmission equation
Channel duration
Channel openings
Antenna considerations
Date rate
Detectability.

Transmission Equation

A meteor passing into the earth's atmosphere produces a trail of ionized atoms having
the density indicated in Table 1. To achieve a communication channel using this effect, we
employ the trail of ions and free electrons as a scattering and/or reflecting medium. Trails S

with electron densities of 1014 electrons per meter or less produce a scattering of waves in
the forward direction. These trails are termed underdense. Trails with electron densities
greater than 1014 electrons per meter act as reflecting surfaces, producing a forward reflec- A
tion of the wave off the meteor trail, and are termed overdense. The equations of propaga-
tion for each of these two conditions will be presented.

Underdense Condition I

The transmission equation for the underdense condition is

PR(t) 1 m)e 2X3 B) G TG q2 sin o (32wr 2 dt\ (1)

PT 32r4\ 4m J RR2(1 + R2) 1 cos2 plsin2 \X2 sec 2 oj

4
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where

/I'

I

I

11

R

7,

C2

received power

transmitter power

0.8852 X1-4

,0= permeability of free space

e = charge of an electron

mn mass of an electron

A wavelength

R =ranges between the meteor trail and the transmitter and receiver

GT = receiving and transmitting antenna gain

q =line density of electrons

ao angle between the electric vector of the incident wave and the path of the
meteor

20=interior angle between the incident and scattered wave (the forward scat-
tering angle)

$ angle between the axis of the meteor trail column and the plane containing
transmission path

d = diffusion constant of the meteor column (8 rn/s as established experi-
mentally).

If the time variation of this function is ignored and if the minimum propagation loss is

____ ( p~2 ~2 2 8 Glq 2sn
324?TJ2)(2)T 2n IR1 2(R1 1-cos 1 j-CO n

a number of simplifying assumptions can be made to reduce this equation [21.

First, 0 0 T = I antenna gain will be considered as isotropic. Effects of antenna gains
will be considered later in this report.

5
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Next, the trail is oriented to present a principal Fresnel zone. A trail gives a reflection
only when incident and reflected rays meet the trail at right angles; i.e., 24 - 90° (this
assumption applies only to Eq. (2) where the value of 45 is a second-order effect). Also, a
random-direction incidence of meteors is assumed, resulting in a uniform distribution for
the value of g and an average value of cos 2/7r. The transmission is assumed to be hori- -.

zontally polarized: i.e., Q = 90'.

Based on these assumptions, Eq. (2) reduces to

PR(O) = ( (Oe2) ) 2 -

PT 32f,4 4m R1R2(R1 + 23 (2j)2 -2

Let = Cef, where f transmission frequency. Then

PR(0) 1 / 0 e2 2

PT 1t4 4miJ 1-- R1R2(R1 +R2ff 3
7r

In Eq. (4), the expression

1 Jptle2 C3 

16r 4 k 4m 2_____

is a constant equal to 17.024 X 10-7-

Hence, Eq. (4) becomes

P___ _ -17.024 X iT 7
2 + R f (5)

P~~~~ Rl B2(Rl + R2)f 

As seen in Eq, (6) for the underdense condition, the path loss (assuming R R is
inversely proportional to the square of the electron density and directly proportional to th&.
third power of the operating frequency and the third power of the station-to-meteor dis-. - -
tance. A plot of Eq. (5) is shown in Fig. 3 forR 2 = R? = 510 km, f = 30 MHz, and q:
ranging from 10's to 1014 electrons per meter. The path loss for these conditions variea
from 255 dB at q = 10"D to 175 dB at q = 1014. These losses can be compared with the 7
125-dB loss incurred in line-of sight propagation. 6~~~~~~~~~~~~~~ .,,
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Overdense Condition

The transmission equation for the overdense condition is [2]

PR (t) -

PT

mPe + 1 sin2 a q

/M R 1R2(R1 + R2 )(1 -Cos 2fsin 2 4')L

Since

ny 0e2qX2 sec29\
d t Q 16m-r3dt /

Eq. (6b) is the time-varying transmission equation factor, finding its maximum point defines
the minimum transmission loss. To derive this maximum, first substitute

y0 e2 qX 2 sec,2

16m7r3

M

2
2

I,-.4

10 ' 11C IOie io'[ 1014 io'5 1o16

ELECTRON DENSITY IN ELECTRONS/METER

Fig. 3 - Electron density vs path attenuation (1000-km link, f = 30 MHz)
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and

x =dt.

The time-varying factor then becomes

x 2n ) x[2n() - 9n(x)] kn(r)-x n(x).

The minimum point of this function can be found by setting its derivative equal to zero:

x0O+2nr-x(-)-Qn(x) = Qnfr) -Qn(x) -1 0

or

Qn(-) - 1.

Solving for x yields

X r 

where e is the natural logarithm base. Substituting into Eq. (6b) yields

x Rn e le- ekn

Substitute TIe into Eq. (6) to derive the minimum transmission loss during the overdense
meteor-burst condition:

PR (n/ e)

Pr
X3Sin 2 aqVw h rR r = (d g 2W ih2 t m s

327r4 4m J e

where T = (16mff dltuoe q1 sec2o). With the same simplifying assumptions applied to E.,.:.
(2), it may be expressed in the form

S

R 1R2 (R1 + R2 ) (1 -COs2 lsin2 o)
-, (2: (

-

..........

.. ........-
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PR (rle) 1 ( e2\ ¾J 

.PT 32wr4 \ 4m / \ e

1 +3R2

1 -2/jr2 RIR2(Rl + R2) 

Let A = c/f. Then,

Let

PR (TIC) 1 (0Ae 2

D -- _4 1 IrT OZ7r \ im /

In Eq. (9),

I [ (Poe2 )12 l /)

| 57r4 4 

C3

1 - (2/fr)2 (.707) 2

is a constant equal to 12.7 X 101 4.

: Equation (9) then becomes

.1. ~~~~~PR (ir/e) 
P{7rs ) = 12.7 X 10'4(-

:.I PT

q'A

R1 R2 (R1 +R2)f/

Here again, the transmission equation is reduced to a function of the same three
variables found in Eq. (5) for the underdense case. In the overdense condition, the path loss
is inversely proportional to the square root of the electron density and directly proportional
to the third power of the operating frequency and the third power of the station-to-meteor
distance.

A plot of E?. (10)isshownin Fig. 3forR 2 =1? = 510 km,f=30 MHz, and q ranging
from 1014 to 10 8 electrons per meter. The path loss for these conditions varies from 175
dB at qg= 1 0 14 to 155 dB with q = 1018. Also, Fig. 3 shows the optimum transmission loss
for a 1000-km link as a function of q. It should be noted that for the underdense condition
the path loss varies as 1/ 2 , whereas for the overdense condition this loss varies as l/ql (i.e.,
in the underdense condition the loss decreases 20 dB for each order-of-magnitude increase
in the electron density q, and in the overdense condition the loss decreases only 5 dB for
each order-of-magnitude increase in the electron density q. Equations (5) and (b1a), it will
be noted, exhibit identical functional relationships with respect to frequency and geometry.
These relationships of frequency and geometry to path loss can then be considered identical
regardless of whether we are considering the overdense or underdense case.

9

(8)

Cs q * (9)
1-2/r 2 R1R2(Rl +R3)f3

(10a)
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The path loss of Fig. 3 may then be modified at a given frequency f by adding or sub- ..0....
tracting the loss as indicated in the expression,

.... . .......L1= 30 log10 (f/SO) dB, (1014 ::'S

where f = frequency in megahertz. This equation is applicable for the range of 10 to 100
MHz, limited at low frequency by the apparent meteor trail length and at high frequency by -

the excessive loss incurred.

The path loss of Fig. 3 may also be modified for other station separations, as shown in.
the optimum-geometry plot of Fig. 4. For the optimum geometry (minimum path lengthl -.

R = R2 = (1002 + m (11) 2)-k--

where D station separation in kilometers and the altitude of the meteor burst is 100 km.
The path loss of Fig. 3 may then be modified at a given station separation D by adding or.
subtracting the loss indicated in

L2= 30 log1 0 (R/510) dB, :124 ---.

where R is obtained from Eq. (11).

25

OPTIMUM GEOMETRY
20 Z x 103 REFL Aft

40 nO3 REFL Aft
15 80 BOX10AEFLR A: ..:_
10- J60x 103 REFL AREA

320x 1O3 REFL EARE

S640x$03 REFL AREA

F O t. 28 x 106 REFL AREA

2.52S6 KIds REFL AFQEA .

,-1-C LOSS WITH "O"HEIGHT ANTENNAS AT INTERSECTION OF ANT PATTERNS

-15 .-,:: 

__LI I I ......I............ ... ,,1 .. 1 1 1 111---_
10 1 00 1000

STATION SEPARATION IN KM - . .. .

Fig. 4 -Reflection path loss vs station separation -
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Application of this equation to various station separations yields the optimum
geometry curve of Fig. 4. This plot indicates that (with the value obtained for the 1000-km
station separation as a reference) the loss increases from approximately: 20 dB less than the
reference value for a station separation of 50 km to a loss approximately 10 dB greater than
the reference value for a station separation of 2000 km. It is noted that at the smaller
station separations (50 to 200 km), the loss remains nearly constant, since the path under
consideration is mostly vertical. Beyond this point, however, the loss becomes proportional
to the third power of the station separation, as one would expect.

The area of overlapping antenna coverage must be considered in the design of this
system. This overlapping coverage is termed the reflection area. All meteors of sufficient
strength and proper orientation in this area will produce a channel opening. For purposes
of simplification, the reflection area will be defined here as the largest circle contained in
the area of overlapping coverage.

The relative path loss associated with an area of antenna coverage may be determined
by establishing the desired area of coverage A as shown in Fig. 5. Since the assumption is
made that the area of coverage is circular, then

r = (A/7r)V, (13)

where r = radius of A. The maximum propagation path length is given as

= B1R2 = (1002 + (D)2 +r2 )'(1

- | ~~~~~~~~~~~~~~~NTENNA COVERAGE AREA

i' .... ... s .' .. ...

R~~~~~~~~~~~~~~~ \ :

Fig. 5 -Maximum path length for meteor-burst geometry

11
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The results of this equation may then be applied to Eq. (12) to obtain the relative pah loss-
associated with a given area of coverage. Figure 4 shows a number of relative insertion losses-- .

plotted for various reflection areas as a function of station separation. These losses tend to - -I
converge to the relative value for optimum geometry as the station separation increases. This - --

relationship occurs when D becomes larger than r in the square root of the sum of the. : : -
squares (Eq. (14)). This figure also indicates that limiting the reflecting area at lower statil-:_.
separations reduces the overall path loss of the link. .......

Channel Duration

The previous paragraph deferred consideration of the time-related properties of the.:..
transmission path. They are considered here since it is of great importance to know the -

duration of the channel opening and the time-varying amplitude characteristics of this -'
opening. From Eq. (1), we take the tine-varying relationship for the underdense condition :- ----

as

/ 32ir2de \
=I exp 1\ X2sec24) (D )

which describes an exponential decay with a time constant of

X2sec2o X - X :-

T=327r2d * l6 

Since the denominator of Eq. (16) is a constant, the time constant is a function of fre-
quency and the forward scattering angle only. In this case, r is heavily dependent upon -;
this term cannot be neglected. This equation may be evaluated for a spherical earth at X -

various ranges D if we let:

sec = R/[100 +6400- (6400)2 - (0.5DXj,

where 100 km is the meteor-burst ionization altitude, 6400 k s theearth's radius,D) = th ---

distance between stations, and X = propagation distance, as determined in Eq. (14). Figure 6 X -

is obtained by evaluating this expression for X = 10 m (30 MHz) and for various reflection-
areas The link time constant for various reflection areas at various station separations is given.-.--id
This curve shows a significant propagation time constant increase as station separation - -

lengthens (as 0 becomes larger). For a 20,000-km 2 reflection area, the time constant inceases -

from 40 ms at a 50-km station separation to 1.2 s at a 2000-km station separation. This -: -

explains the relative success of links established with station separations between 80G km and: -

1500 km. This curve also indicates that for increasing areas of coverage there will be a de- - -

crease in the time constant of the channel.

12 "
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REFLECTION AREA IN so KM

Fig. 6 - Meteor-link time constant vs reflection area

From Eq. (16), it is apparent that the time constant is also a function of frequency.
To account for this variable relative to the results of Fig. 6, we scale this result by the
factor

7r = (30/f)2. (17)

This function indicates a decreasing time constant with increasing frequency. With Fig. 6
and Eq. (17), the propagation time constant may be determined.

The function of the time constant generated above must now be investigated to deter-
mine its effect on the propagation loss for a transmission of a desired duration. Since Eq.
(15) demonstrates that the time-varying portion of the transmission equation is an ex-
ponentially decaying function, use of the channel for any period of time during the meteor
burst requires that the characteristics of this function be taken into account. The amplitude
function of the decay varies according to the function

-_ na. +Ior ,
J3 1U luog, 0 e "' di. (18a)

13
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This function is plotted in Fig. 7 where q T 1014. This establishes the additional path loss LYE
to be applied to the system when a time T is desired for transmission. A time-constant
factor,

K = Ti,; (18:. -

may be computed and, from Fig. 7, an additional loss may be obtained that must be comrn---
pensated for in the system de~sgn.

From Eq. (7), the time-varying relationship for the overdense condition is

[( HPoe2 qX2 sec 24' ( A. 
J2 [ tdJt l6m.r3td J .

which describes a logarithmic response with a time constant of

#,e 2 qA 2 sec 2 0 (20)

16mir3d (0 0 :

C
q > io'.

FOR OVER-DENSE BURST q> 1014 AND 14q.c0_
UNDER-DENSE q C l..

0 

b- 40-

50 

.. _I _ lI L I 1 ................L ..I ItII dt.f:. ,,
0.l 0.2 03 OA 05 0s 0B702 ID 2 3 4 5 6 7 8 910

TRAE CONSTANT FACTOR K WHERE K TT/r

Fig. I - Additional path loss vs time-constant factor K . .

14
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Since pe 2 /16m7r3d is a constant, the overdense time constant is a function of frequency A,
forward scattering angle 4, and electron line density q. Note that the functional relation-
ships among the time constant, frequency, and scattering angle are identical for the over-
dense and underdense conditions. The underdense condition time constant has no func-
tional relationship to the electron line density. It is further observed that T = r' (Eq. (16)
Eq. (20) for q - 0.75 X 1014). Therefore, it follows that because of identical frequency and
forward-scattering-angle relationships between underdense and overdense time constants
and, because of equality of these two functions for q - 1014. the results of Fig. 6 are
applicable to the overdense time constant directly at q 1014 and can be applied for

f q > 1014.q > in

Define

Q = q10 14 ; (21)

then

r= Qr. (22)

Equation (19) dictates that the time-varying portion of the overdense transmission equation
is a logarithmically dependent function. A computation of the time-varying amplitude
function was made by evaluating the equation

L4 5 log1 0 [8 tQn(r'1t)]. (23)

The results of the evaluation of this function are shown as the q >1014 curve in Fig. 7. The
conclusion of these results is that an overdense propagation path exhibits less amplitude
decay over the first time constant than does an underdense path.

Channel Openings

With the propagation characteristics of a meteor trail defined, the next task at hand is
to determine the number of trails available for use. Additional simplifying assumptions must
be postulated concerning the geometric and statistical nature of the problem.

Assumptions

1. All meteor trails have the same length, 25 km, as determined experimentally.

2. Ionization occurs at 93 km above the earth's surface, as determined experimentally.

3. Only trails that are contained in a plane normal to the bisector of the forward-
scattering angle will produce a return.

4. The meteors considered in this model are uniformly distributed over the earth.

15
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5. The angles of incidence of the meteors are also random and uniformly distributed. - -

With these assumptions, a probability density function was generated that predicts the.-
percentage of usable meteor trails per unit area that can be expected. This equation is

2Q[3(E2-N 2)-(1 -N2 )] (E2 -1) (E2 -N 2 ) -E 21 2/(SD)2] -N2(E2 - 1) H2/5D T-:
1.5D(E2 -N 2 )2 (E2 - 1)[E2 1) (E2 -N 2 ) -E 2H2 /(0.5) . , -

(24)

where

1 (RI + R2).D

N= (R R9ID

R 1 R2 as defined in Eq. (14)

£ = meteor trail length, 25 km

H = altitude of meteor trail occurrence, 93 km.

Note from Eq. (24) that the probability density is a function of the path lengths R1
and B2 and the station separation D. As shown .rEq& (13) and (14), R1 and R e2 fune-
Lions of reflection areas as well as of station separation. The total number of channel open-
ings C in a given area may be determined by evaluating the equation

C= AJJP dR dR2 .
1~~~~~~~~~~~~~~~~~~~~~~~~~~~~~o 2. MY 0, 

This equation was evaluated for discrete increments of reflection areas at severa-
station separations. This evaluation resulted in Fig. 8, which shows the expected number of
channel openings per hour as a function of the reflection area where q = 1014. In Fig. 8, :
channel openings increase as reflection area increases. The increase in channel openings,
however, is less than directly proportional to the reflection area. This degradation is mnore
pronounced for smaller station separations and becomes almost directly proportional at
station separations of 800 km or more.

Table 1 shows that the relationship between electron line density and rate of meteor.-- X -
occurrence is one of inverse proportionality. Because of this relationship, Fig. 8 may be used
to establish the average electron line density to be used for propagation. To accomplish this,
determine the ratio of the number of channel openings available for a given link distance
and reflection area to the number of channel openings desired, and scale accordingly;
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105 le6
REFLECTION AREA IN SQ KM

Fig. 8 - Channel openings per hour vs reflection area

q = channel openings available IA,D X 1014.
channel openings desired

(26)

With the value of q established from Eq. (26), the basic link loss may be obtained from
Fig. 3.

Antenna Considerations

Designing an antenna for a meteoric propagation system is complicated by the statis-
tical and geometric considerations of meteoric path occurrences shown in Fig. 8 and the
geometric relationship of path time constant shown in Fig. 6. In general, use of the antenna
gain is advantageous in reducing the receiver-to-transmitter overall loss and is most beneficial
when applied equally at both stations. In Eqs. (13) and (14) the radius r for the reflection
area and the path length R were determined. From these quantities, we define the antenna
beamwidth required to provide the reflection area coverage;

0 = 2 sin- (r1R), (27)
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where 0 = antenna beamwidth. This equation was evaluated as a function of reflection area.
and station separation. The results of these computations are plotted in Fig. 9 where the 7 : :- -
classical results of plotting the antenna beamwidth vs area of coverage are shown. If it is de-
sired to approach the reflection area from antenna physical contraints, it is possible to deter--
mine gain from the physical conditions, and from gain, the antenna beamwidth, by using -

0 s (27,000/J '. (28) -

With B calculated from Eq. (28), Fig. 9 may then be used to detennine reflection are-.

150~~~~~~~~~~~~~~~~D 0Kd-1O0 KM
150 _ dO4K - -o

R! so 0 O C / X ° {°°° A 1 08 0 K

30~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .. ... .f' .. .'.".

AhI0 KMK .= z

3 0

D~OOKM

o _, I_ I IL I I I-Lli _ ._ I 111 I I 1Ifi' ,,t ,. _a
10 5 tBQ4 tog 0_ 

REFLECTION AREA IN SO KM

Fig. 9 Antenna beamwidth vs reflection area - .-

Data Rate

The mechanics affecting data rate and its limitations imposed by the physical phe- - -E

nomenon of meteor trail propagation have not been discussed in detail in the literature. To -:
obtain an insight into some possible limitations of the system, we postulate that the point
of reflection or scatter of the radio wave at the ionization column travels with the meteor : : - .

as it travels through the atmosphere. It is further assumed that the predominance of meteors. :
observed originate in the solar system, have an approximate orbit around the sun opposite ..-.-.
to that of the earth's orbit, and, therefore, exhibit an average velocity with respect to the '.
earth equal to twice the velocity of the earth with respect to the sun;.- -=

18
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= 2 distance of earth travel/year
I1 2--- ~- seconds/year

2=r 93 X 10 s X 1.6
1=28,760 h/yr X 3600 s 6.8kms (29)

To determine the maximum time difference of arrival of a signal as the meteor
traverses the atmosphere, assume that the meteor is incident to the earth's atmosphere in
a plane normal to a line connecting the stations. The maximum range variations (km/s)
may be computed from

AR/At = 2[(0.SD)2 + (100)2] ' - [(0.5D)2 + (100)2 + (34.4)2.1 %A (30)

From the results of this equation, the maximum difference of transmission time from the
beginning of a transmission may be determined by us of

(31 )AT AR/At
A6~t 3 X iotsls

where AT/At is the propagation time change per unit of time. A certain amount of propaga-
tion time variation can be tolerated without causing appreciable intersymbol interference.
The signal-to-noise degradation resulting from propagation time variations as a percentage
-of bit width is listed in Table 2.

Table 2-Multipath Signal Degradation

Because the signal-to-noise ratio rapidly degrades as this ratio exceeds several tenths,
it is necessary to restrict the data rate. Equation (31) was evaluated for various station

-::~: - separations and is illustrated in Fig. 10. The time delay decreases slowly for smaller station
- separations but decreases more rapidlyj as the station separation increases beyond 200 km.

Figure 10 may be used to compute a maximum data-rate limit on a channel of interest,
provided that the time duration r of the transmission is established. This time is a function

-:; of the formatting requirements of the message and of the meteor time constant (see Fig. 6).

19

Time Delay/Bit Width S
(per bit) SIN Degradation

0.1 1.0
0.2 2.2
0.3 4.0 ' :
0.4 7.0
0.45 10.0
0.49 20.0

.....
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Fig. 10O Propagation timne variation VS station separation 0-

Oncetime-r has been determined, the maximum data rate busing Fig. 10 and Table2)jcan . f.........--..- 
be computed as follows: - -A

Time delay,, f ::_:,----
Da~a ate =Bit widtch (dimensioness)Table 2 =btj0(2-0

For example, a I 000-km link D transmitting at 1-s intervals and incurring a I dB degrada-- '-': L'-: 
ti~ondue to time delay will have a maximum data rate of .. ...... .

40 ~ ~ ~ ~ ~~~.

Data rate =---- ° --- =2.9 kbits/s. 7
i X 30.8 X 10-6

The time variation indicated by Eq. (31) is also capable of producing a doppler shiftdil ,0 f -''
the frequency at the -receiver. This doppler shift must be accounted for by providing.addi:: . .. ..::~ ...
tional predetection bandwidth in the receiver. This increase in bandwidth required to-::f'
operate the link in this case is given by the equation - -

hi~ ~ ~ ~ ~ ~ A

OF = v AT f (3a) f q'a

where AF (doppler frequency) is the increase in bandwidth required to compensate. for. ..i:...-.. ...-
doppler. The increased bandwidth will also produce all increase in receiver noise by in- :::- -:
creasing the bandwidth factor of kTB. 'f ' :X"

~~~2 20;00=

0~~~~~~~2
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Data-rate limitations, defined by Eq. (32), and sensitivity degradations corresponding
to bandwidth increases (Eq. (33)) result in a simplified receiver configuration. However, the
effects of this time variation and the associated degradation may be processed out of the
system whenever the increased hardware complexity permits. For example, the bit rate may
be substantially increased over that predicted in Eq. (32) by updating the bit synchroniza-
tion at various times during the transmission. This can be accomplished by a "return to
zero" format in the transmitted word structure and the associated hardware to update the
bit synchronization, by applying the data to a pseudorandom code and using code synchro-
nization, or by simply transmitting a fixed-fonnat frame at a number of points in time
during the transmission. The effects of doppler may be negated by incorporating an, AFC
loop in the associated receiver.

Detectability

The meteor-burst communication system has a number of advantages'and disad-
vantages associated with undesired transmission interception. Of primary advantage is the
random nature of the time occurrence of channel openings. Another advantageous charac-
teristic of this system is the short duration of the transmission. Detection of signal strictly
on a time basis is then a function of the number of channel openings and the time duration
of the opening.

One of the detectability disadvantages is the additional power required to overcome
the meteor reflection or scattering losses. Figure 3 indicates that power requirements in
excess of line-of-sight requirements can vary from 25 to 125 dB for a nominal 1000-km
meteor propagation link. The impact of this phenomenon is that-even with a directive
antenna to limit undesired radiation, a station is detectable at considerable line-of-sight
ranges. To examine the magnitude of this problem, consider an example where the detection
receiver has a --85 dBm sensitivity and a 1-MHz bandwidth, and the transmitting station
applies 10 W of power into a 10-dB antenna with a forward-to-sidelobe ratio of 30 dB.
Because of the I-MHz bandwidth, this receiver has a high probability of acquiring the
transmission, and the -85 dBm sensitivity permits a line-of-sight range to the transmitter
of 400 km, with the received signal emanating from an antenna sidelobe.

The task of maintaining covert communications in a meteor propagation system can
be seen to be quite formidable. A number of techniques may, however, be employed toward
this end. Antenna sidelobe suppression and spread-spectrum transmission are among these.

SYSTEM ANALYSIS

This section is devoted to demonstrating the usefulness of the design aids derived
heretofore. Two cases are considered for computational illustration. For these cases, experi-
mental data have been obtained that afford a means of validating the analytical approach,
and the link parameters for the analysis are extracted directly from the actual equipment.
In the first case considered (the 900-km link), all system parameters except the transmitted
power are obtained from the experimental data. The analytical tools of the previous section
are used to determine the transmitted power. The experimental and computed transmitted
power are then compared. In the second case (the 200-km link), all system parameters
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except the channel openings per unit time are taken directly from the experimental data.
This system is then analyzed to determine the number of channel openings per hour to be
expected. And finally, the number of channel openings, determined analytically, is corn-
pared with the experimental results.

Analysis .of a 900-km Link

A meteor propagation link covering 900 km is selected for analysis because of the
availability of experimental data for this system. Comparison of the experimental trans-
mitter power ,and the computed transmitter power indicates the relevance of the design'
relationships previously developed. The system parameters determined experimentally are

Receiver sensitivity -115 dBm:
Transmitter power + 50 dBm
Station separation 900 km
Receiver antenna gain 40 16 dB.
Transmitter antenna gain 40 16 dB
Channel Openings 67/h
Link duration 0.55 s
Frequency 50 MHz.

In this analysis, the transmitter power is assumed unknown and the analysis is directed
toward a solution for this parameter. Initially, we are interested in determining the path:
loss between the two stations. Since Figs. 3, 4, and 7 show the path-loss functional de- ' -

pendence upon the electron line density q, the reflection area A, and the transmission timq -

constant it, respectively, these parameters must be determined. The reflection area A (the
overlap area) of the 3dB beamwidth is employed. The antenna gain indicated in the system
parameters is inserted into Eq. (28), which results in

antenna beamwidth = 0,

and

= ( °270)$ (27= o = 26. ' 0. --

With the antenna beamwidth determined and the station separation provided in the
system parameters the antenna pattern 3-dB overlap area A may be determined. Figure 9 : -

presents the dependent relationship of reflection area A with respect to station separation.:
D and antenna beamwidth 0. From this figure, we determine the reflection area by con- :
sidering D = 900 km and 0 = 260 :

From Fig. 9, beam overlap area = A
reflection area = 37,000 km2 .
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Once the overlap area A is determined, it is possible to obtain the required electron
line density q. Thus, the number of channel openings available from a 37,000-km 2 overlap
area at a standard electron line density of q = 1o'4 is determined. Electron line density is
inversely proportional to the desired channel openings, as indicated in Eq. (26). The avail-
able channel openings are determined from Fig. 8 and are entered into Eq. (26) to compute
the required electron line density. Figure 8 gives the number of mean channel openings per
hour to be expected for q = 1014. Knowing antenna overlap area, A = 37,000 kin2 , and the
station separation, D = 900 km, we can find the number of channel openings available for
q = 1014:

A = 37,000 kim2, and q 1014,
channel openings per hour - 38

The actual value of electron line density required for this link is determined from Eq.
(26) as a function of the ratio of the channel openings available to the channel openings
desired, as given in the system parameters. From (26), electron line density = q, and

_ Channel openings available X 1014
q Channel openings desired

Thus,

38 X 1014 = 0.567X 1014'

With A and q ascertained, it remains only to define K, the time-constant ratio that
determines the path loss. The time-constant ratio K is the ratio of the desired transmission
time to the link time constant r, as shown in Eq. (18b). The link time constant r, however,
is a function of reflection area A, station separation D, and frequency f. Figure 6 illustrates
link time constant as a function of reflection area and station separation for a frequency
of 30 MHz. Equation (17) indicates the time-constant variation as a function of frequency.
The link time constant is determined from Fig. 6 and Eq. (18b). The link time constant
r for the reflection area computed above, where A = 37,000 km2 and D = 900 km (the

-station separation given in the system parameters) is 0.47 s.

The time constant derived from Fig. 6 must be modified to reflect the actual operating
frequency f of 60 MHz as given in the system parameters. This is accomplished by evaluating
Eq. (17).

Prom Eq. (17), link time constant = r'= (30/f) 2 (r) = (30/50)2 (0.47) = 0.169 s
where f = operating frequency in megahertz.
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With the link time constant computed and its value modified to reflect the desired -

operating frequency f, the time constant factor, defined by Eq. (18b) as the ratio of the -

transmission time given in the system parameters to the link time constant, is : ..-'::: .

= Transmission time = 0.55 325 i

At this point, we have determined the variables having a functional relationship to the
path loss. The next step in the process of computing required transmitter power is to - : :,
calculate the path loss associated wit>i the transmission media. This loss is a function of ------- ------
five variables: electron line density q, reflection area A, time constant factor K, frequency - :

and station separation D. The path losses associated with each of these variables are - -.

calculated as follows:

First, the loss for an equivalent 1000-km link operating at 30 MHz with
q = 0.56f7 x i014 is determined from Fig. 3 to be ............................ -- ----

Then, this loss must be scaled by the actual frequency of operation. From ~---
Eq. (lOb), LI = 30 log (f/30) = 30 log 50/30 =. .............................. 6.7 dB. ; --

Figure 4 permits additional scaling to the antenna coverage area and the
station separation distance; when A = 37,000 sq km and D = 900 km, then
Aloss = . .... -1.0dB.0::: . ::.:..

Due to the transmission time required in an exponentially decaying channel, . .-

the additional time-constant loss must be overcome. When K = 3.25 (time constant
factor Eq. (18b), the time-constant loss (Fig. 7) =.. ........... 13.0 dB.

These losses are summed to present the overall path loss to be overcome in
the channel ............................................. 198.7 dB. -

With the path loss calculated, the transmitter power required to effect the link may be .
determined through use of conventional communication system analysis techniques. The.
transmitter power required can be found by working back from the receiver to the trans-
mitter. The field strength in dBm required at the receiver is determined by subtracting the
receiver antenna gain in decibels from the receiver sensitivity in dBm (both given in the ',: L
system parameters). Thus,

Sensitivity 115 dBm
Receiver antenna gain 16 dB
Receiver field strength -131 dBm.

With the receiver field strength and the total path loss computed, the transmitter effective.
radiated power (ERP) may be determined. To this end, the receiver field strength is added - .
to the total path loss:

Receiver field strength -131.0 dBm : .. .. . -::
Total path loss 198.7 dB
Transmitter ERP 67.7 dBm. . ..
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- ' To determine the actual transmitter power required, we need only to subtract the trans-
mitter antenna gain from the transmitter:

Transmitter ERP 67.7 dBm
Transmitter antenna gain 16 dB
Transmitter power 51.7 dB.

Performing this operation yields a 51.7-dBm transmitter power requirement that agrees
favorably with the experimental results, indicating a required transmitter power of 50 dbM.
The close agreement between the transmitter powers determined analytically and experi-
mentally illustrates the applicability of the relationships of the procedures developed to the

- actual meter propagation problems.

Analysis of a 200-km Link

Additional assurance of the applicability of the mechanics developed will now be
shown by analyzing a significantly different communication link capable of communication
over a 200-km link. In this analysis system, parameters (with the exception of channel
opening rate) are extracted directly from the experimental data and are used in conjunction
-with the logic developed to derive the channel opening rate. The system parameters deter-
mined experimentally are

Receiver sensitivity -115 dBm
Transmitter power + 53 dBm
Station separation 200 km
Receiver antenna gain 20 13 dB
Transmitter antenna gain 20 13 dB
Channel openings 81/h
Link duration 0.05 s
Frequency 50 MHz.

In this analysis, the number of channel openings is assumed unknown and the analysis
is directed toward a solution for this parameter. The approach to the. solution for this
system configuration is somewhat similar to the approach taken in the precing example.
In this example, the total path loss is computed from the experimental data. With the total
path loss determined, the number of channel openings of the desired length is then deter-
mined.' To determine the path loss, first compute the field strength required at both the
receiver and transmitter and then calculate the difference. The field strength in dBm
required at the receiver is determined by subtracting the receiver antenna gain in divibils
from the receiver sensitivity in dBm (both are given in the system parameters):

Sensitivity -115 dBm
Receiver antenna gain 13 dB
Field strength at receiver -128 dBm.
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Conversely, the field strength in dBm available at the transmitter (ERP) may be determined
by adding the transmitter antenna gain in decibels to the transmitter power in dBm ''

Transmitter power 53 dBm
Transmitter antenna gain 13 dBi - - - .--
Transmitter ERP +66 dBm.

With the field strengths computed for both the receiver and transmitter, finding the allow- -

able path loss becomes simply a matter of subtracting those two numbers.

Transmitter ERP + 66 dlm
Field strength at receiver -128 dBmfl
Total path loss 194 dBim.

Once the total path loss is known, the individual contributions to this total loss may be .-
calculated. As indicated in the previous example, Figs. 3, 4, and 7 depict path loss as show- - i
ing functional dependence on electron line density q, reflection area A and the transmissi-on- '::- . '
time constant ratio K, respectively. The initial task then becomes one of determining these. :
values. The reflection area A, i.e., the overlap area of the 3-dB beamwidth of the trans- … -

mitting and receiving antennas at the meteor trail altitude of 100 km, is determined. Equa- :
tion (28), relating antenna beamwidth to antenna gain, is used to compute the antenna
beamwidth. The antenna gain given in the system parameters is substituted in Eq. (28) to - --

provide the antenna beamwidth. From Eq. (28),

antenna beam width,

2 27,000\ _ 27,000 A 40.. .

( ) ( ) = ~~47. G ~ 20/

From the antenna beamwidth computed above and with the station separation iven,
the reflection area A may be determined. The relationship. of reflection area A to station - - - -

separation D and antenna beamwidth 0 is shown in Fig. 9. From this figure, the reflection
area is determined by identifying this area with respect to a station separation of 2001kmi :
and an antenna beamwidth of 470. For D = 200 km and 0 = 470, A = 12,000 sq k .. -

As shown by Eq. (18b), the time constant factor K is the ratio of the desired trhns -- '' -
mission time to the link time constant T. The link time constant r, however, is a function
of reflection area A, station separation D, and operating frequency f. See Fig. 6. Equation
(17), in conjunction with Fig. 6, provides the link time constant, and Eq. (Sh bis used to -
ascertain the time constant factor K. The link time constant for a reflection area of 12,000
k 2 , station separation of 200 kin, and frequency of 30 MHz is taken from Fig. 6 to be - --- -
0.07 s. This time constant must be modified to reflect the actual operating frequency f
of 50 MHz. Evaluation of Eq. (17) gives

... .... .. wr 

V= linktimeconstant =( g)2 r- =(o0) 2 07 = 0.0252S. . -
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This modified link time constant is now used in Eq. (18b) to compute the time constant
factor,

K = K link duration - 0.05 =191.
r ~~0.0252

In these computations, four of the five independent variables that constitute the
argument of the total insertion loss were determined. It is now possible to solve for the path
loss associated with the final independent variable q, and from this loss to determine q
itself. Since channel openings are a direct function of q (electron line density), the number
of channel openings may then be determined as the solution. The path losses associated
with each of the four known variables (reflection area, time constant, frequency, and
station separation) are calculated next. The results are combined and subtracted from the
total path loss already determined.

A component of the path loss must be considered that accounts for the reflection area
A covered by the overlapping antenna patterns and the station separation as differentiated
from the standard 1000-km link. The loss variation AL considered with respect to these
two parameters is plotted in Fig. 4 and is shown to be -16 dB for a reflection area of
12,000 km2 and a station separation of 200 km.

An additional path loss considered here is the one associated with link duration. The
path loss exponentially increases with the duration of the link. If an adequate system
design for the entire transmission duration is to be provided, the link must be designed to
operate at the end of the transmission period. The difference between the zero-time path
loss and the end-of-transmission path loss is the time-constant loss, and is evaluated by
entering Fig. 7 with the time constant computed above.

From Fig. 7, the time-constant loss for K = 1.91 = 8.5 dB.

The remaining loss to be computed is that associated with the operating frequency.
Since all curves used were referenced to an operating frequency of 30 MHz, operating at
a frequency of other than 30 MHz requires scaling the loss to the frequency of operation.
The frequency given in the system parameters is used in Eq. (lOb) to compute the
frequency-associated loss.

Loss = L1 = 30 log(f/30) = 30 log(50/30) = 6.7 dB.

With the three loss factors and the total path loss determined, the loss associated with
the electron line density q and, ultimately, the channel openings rate may be determined.
To calculate this loss, we subtract the loss factors from the total path loss.

L = total path loss - LI - AL - time-constant loss
L = 194 -6.7 -(-16) - 8.5 = 194.8 dB.
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This optimum path loss can be related to the electron line density. Since this is the inde- - - -
pendent variable of the expression for the channel openings, its determination will be used
as an intermediate step in computing the channel openings. Arriving at this value is accom-
plished by considerin; Fig. 3 at a loss of 194.8 dB and noting the corresponding electron
line density q of 10 ,

Before the final number of channel openings available can be computed, it is necessary -
to determine the number of channel openings available at a standard electron lite density -
q = i& 4 . The base number of channel openings per hour is determined from Fig.:8 with.-
antenna overlap area of 12,000 km2 and station separation of 200 km. There are nine -
channel openings per hour for q = i0 1 4 . The number of channel openings available for:'-::. :
communication is a function of the actual electron density used in effecting a link. The: - :-
nine channel openings computed are modified by applying this factor along with the actual
electron line density used (q = 10's) in Eq. (26).

Channel openings available x 1o14, ----- --
q ~ Channel openings desired

1C -4o Channel openings available, .

Channel openings desired = q . --M;

9 X 101
Channel openings desired .= 13-- = 90 per hour.

The figure of 90 channel openings predicted by the analytical results agrees very well with-
the 81 channel openings per hour determined experimentally.

SYSTEM DESIGN PROCEDURE

The mechanics thus far have been established as useful tools in describing the meteor-. - -

burst link. This section addresses the synthesis of a system employing meteor trail propagai-
tion. The requirements of system parameters are derived in this example. -' -

Statement of the Problem

A system is desired that provides for data communication between an unattended
weather buoy and a mainland station separated by a total distance of 1500 km. The buoy: :
is required to reliably transmit 2000 bits of data an hour to the base station, Antenna
stabilization cannot be employed and the buoy must operate unmoored. Additional hard- .
ware as required may be employed at the base station. In the interest of buoy longevity,
consideration should be given to reducing its power requirements. The derivations of th &
parameters follow.
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Derivation of Parameters

Buoy Antenna -An omnidirectional horizontally polarized antenna exhibiting as much
antenna gain as practical is required for this parameter. For this application, an array con-
sisting of a stacked pair of loaded loop antennas is used. This antenna provides approxi-
mately a 5-dB gain and a vertical beamnwidth of 80°. The beamwidth is sufficient to provide
communication even during substantial roll.

Base Station Antenna - Since fewer restrictions have been placed on the base station,
an antenna loss chosen to compensate for gain not available at the buoy. The base station
antenna selected is a rhombic that provides a 24-dB gain.

Frequency -Because of the increased losses incurred with increasing frequency, the
lowest frequency consistent with physical limitations should be selected. For this example
let us assume that this frequency is 35 MHz.

Reflection Area -The base station antenna design dictates that the reflection area A,
i.e., the overlap area of the 3-dB beamwidth of the transmitting and receiving antenna at
the meteor trail altitude of 100 km, will be determined. Equation (28), which relates
antenna gain to antenna beamwidth to determine the antenna beamwidth, was employed.
The gain indicated in the system parameters was inserted into this equation, the solution of
which is the antenna beamnwidth. Thus, antenna beamwidth,

/ 127,000 \' /27,000 104Ae ,G ) k 5 =10,40.

With the antenna beamwidth determined and the station separation provided in the system
parameters, the antenna pattern 3-dB overlap area A may be determined. Figure 9 presents
the dependent relationship of reflection area A with respect to station separation D and
antenna beamwidth 0. When D = 1500 km and 0 = 10.4°, the reflection area is determined
to be 15,000 km2 .

Data Rate -The channel data rate must be estimated in order to gain insight into the
channel opening requirement. This is a function of the channel duration, so it is this para-
meter that must be determined initially. The link time constant T, however, is a function
of reflection area A, station separation D, and frequency f. Figure 6 determines link time
constant as a function of reflection area and station separation for a frequency of 30 MHz.-
Equation (27) indicates that the time constant variation is a function of frequency. The
link time constant is determined from Fig. 6 and Eq. (17), and the time constant ratio K
is computed using Eq. (18b). The link time constant r for the reflection area of 15,000
km2 and the station separation given in the problem statement (1500 km) is determined
from Fig. 6 to the 0.975. Since this is for a frequency of 30 MHz, this time constant must
be modified to reflect the actual operating frequency f of 35 MHz. This is accomplished
by evaluating Eq. (17). Thus,

(3( ) ( ) 3 0.975 = 0.72s.
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As a preliminary estimate to facilitate computation, the assumption is made that each
transmission T will exist for two time constants, or 1.44 s. With the link time constant
determined, it becomes possible to solve for the data rate using Eq. (32) as follows:

T~imteidelahy (from Table 2)
Data rate Bit width

T IAT (from Fig. 9)

The data rate is a multiple-variable function of two ratios: the ratio of channel time
delay to bit width and that of the differential transmission time to the channel time con-
stant. Hence, it is necessary to determine the values of these ratios before proceeding. The
time-delay/bit-width ratio is the tolerable time instability compared to a bit duration In
any part of a given message. Associated with this instability is a degradation in signal-to-
noise ratio in the system. The degradation allowable is somewhat arbitrary initially and will : -:-

be assumed to be 1 dB for this case. The ratio of time delay to bit width is determined fro'm
Table 2 at the 1-dB level. : ... ':..

Time delay = 0.1 for 1-dB degradation. .. ..Bit width-

The ratio of differential transmission time to channel time constant is the rate at which,
the propagation time may vary as a result of meteor velocity. This parameter is determined -: ::
from Fig. 10 by using the station separation and reading the corresponding ratio. For
D = 1500 km, the ratio if differential transmission time to channel time constant, AT/Ar - :
20 X 10- 6 . The variables for the data rate have now been determined. Inserting these vari-
ables into Eq. (32) will provide the maximum allowable data rate:

( Time delay
Data ate =Bit width 0.11

Data rate = AT (.4 2X -6=3500 bits/s. : 7
AT) (1.44) (20 >X 1 0 -)=30bis.

Channel Duration-The channel should remain open during the time required for: -: -

* The transit command to travel from the meteor trail to the buoy receiver

* Processing the transit command

* Transmitting the message

* The transit time for the message to reach the meteor trail.
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The first and last of these times are

t(1,4) 750 X 10 3 m = 250 X 10-5 s.
3 X 108 rn/s

For the processing time, it shall be assumed that the formatting and coding efficiency
of the message is 50 percent. The requirement to transmit 2000 bits of data per hour is
translated into a requirement for transmitting 4000 bits total per hour. The time required to
perform this transmission is

=4000 bits 
t3 = 3500 bits/s - 1.14 s.

The total transmission time becomes

tT=t + t2 + t + t

= 0.0025 + 0.101 + 1.14 + 0.0025

= 1.155 s.

Channel Opening Rate - Examination of Fig. 7 and Eq. (5) indicates that the optimum
transmission time is between 1.5 and 3.0 time constants. From above, a transmission time of
1.155 s and the link time constant r'=0.72 s were derived. From Eq. (18b),

Transmission time 1.155
Time constant 0.72

which falls within the optimum range. Therefore, only one transmission per hour is required.
To provide reliable communications on an hourly basis, diurnal and seasonal variations must
be compensated for, as stated before. This can be accomplished by generating a link with
5.5 times the number of channel openings per hour required. Thereforej the mean channel
openings for this system is 5.5 per hour.

Receiver Bandwidth - The receiver predetection bandwidth required for this system
is a bandwidth equal to twice the data rate plus the doppler bandwidth, plus the bandwidth
required to compensate for frequency instability. From Eq. (33),

doppler bandwidth A f = 2f/

Af = 2(20 X 10-6) (24 X 106) = 1,400 Hz.
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Assume an oscillator stability of ±10 ppm; then

Oscillator stability bandwidth = 2 (oscillator stability) f

= 2(10 X 10-6)(35 X 106)

= 700 cycles. . ...

Receiver bandwidth required= 2(3500) + 1400 + 700
= 9100 cycles.

Path Loss - The path loss in this example is determined in a fashion identical with that
shown in the preceding analysis. With the overlap area A already determined, it is possible
to obtain the required electron line density q. To do this, we determined the number of
channel openings available from a 15,000-km 2 overlap area at a standard electron line den-
sity q = 1014. Since electron line density is inversely proportional to the desired channel
openings, the desired channel openings from the system data and the available channel
openings determined from Fig. 8 are entered as a ratio into Eq. (26) to compute the elec-
tron line density. Figure 8 shows the number of mean channel openings per hour to be
expected for q = 1014. With the antenna overlap area of 15,000 km and the station separa-
tion of 1500 km, the number of channel openings available for q = 1014 is 13.5. The actual .
value of electron line density required for this link is determined from Eq. (26) as a function
of the ratio of the channel openings available to the channel openings desired, as derived in
the section on channel opening rate. From Eq. (28), the electron line density, 

channel openings available X o4 =113-5\ X 1014::i.
channel openings desired x iol4

channelopening availble ~ 114 J4L
= 2.45 X iot4.

With A and q determined, it is necessary to determine only K, the time-constant factor, .. .: .- -
in order to determine the path loss. The time-constant factor K is the ratio of the desired
transmission time to the link time constant T as shown in Eq. (18b). With the link time
constant as evaluated in the "Data Rate" section, the time constant factor K may be corm . -

puted. From Eq. (18b), time constant factor

transmission time
K = time constant

1.155

0.72 -1.60.

At this point we have evaluated the variables with a functional relationship to the path
loss. The next step in the design process is the calculation of the path loss associated with
the transmission media. This loss is a function of five variables: electron line density q, it
and station separation D. The path losses associated with each variable are computed and
summed, resulting in the total path loss. From Fig. 3 the loss for an equivalent 1000-km
link operating at 30 MHz with q = 2.45 X 1014 is determined as 173 dB. This loss must be
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scaled by the operating frequency of 35 MHz chosen in the "Frequency" section, which
results in

Ll= 30 log-L = 30 log 35 -20 dB.30 30-~

An additional modification to the path loss must be considered to provide for nonzero
reflection areas and station separations other than 1000 km. The loss modification with
respect to these two parameters (A = 15,000 km2 and D = 1500 km) is taken from Fig. 4
as 4.5 dB. Since the channel path loss increases with channel time, additional losses must be
considered for communication time requirements of finite duration. With the time constant
factor K already determined as 1.6, the time constant loss is taken from Fig. 7 as 7.0 dB.

The losses computed above are now summed to determine the total path loss. The loss
elements being summed are (a) path loss for q = 2.45 X 1014, (b) path loss differential at
operating frequency, (c) reflection area and differential station separation loss, and (d) time

constant loss. Thus, the total path loss is

173 + 2.0 + 4.5 + 7.0 = 186.5 dB.

Having ascertained the path loss, the transmitter power required to effect this link is deter-
mined through use of conventional communication system analysis techniques.

Receiver Sensitivity - The receiver sensitivity is now computed to provide a basis for
performing a link calculation. Consideration must be given to the thermal noise as well as
extraneous noise in the desired transmission bandwidth. In addition to these factors, the
signal-to-noise degradation resulting from propagation time variation and the signal-to-noise
ratio required to obtain the desired error rate must be considered. To determine the thermal
noise at the receiver input, we add the thermal noise in a one-cycle bandwidth to the band-
width factor that corresponds to the required 9100-cycle bandwidth determined in the
"Channel Opening Rate" section.

Thermal noise for a 1-Hz bandwidth -174 dBm
Bandwidth factor for a 9100-cycle bandwidth 39.5 dB
Thermal noise at receiver -134.5 dBm

In addition to the thermal noise, man-made noise is found to be of greatest magnitude [3].
This noise is found to be of 15 dB greater magnitude than the thermal noise at 35 MHz. To
compute the receiver noise, we add the excess man-made noise to the thermal noise.

Thermal noise at receiver -134.5 dBm
Man-made noise above thermal (quiet location) 15 dB
Total noise at receiver input -119.5 dBm

The signal requirements at the receiver will be a level somewhat in excess of the noise, de-
pending upon the type of modulation employed and the error rate to be tolerated [4].
Because of the path length variability and the desire to maintain system simplicity, a non-
coherent frequency-shift-key-modulated carrier is chosen for transmission. A 10-14 error
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rate is selected as being acceptable for this link. A 13dB signal-to-noise ratio is required to.. .
achieve this performance. The minimum signal strength then required at the receiver Is ob-- --

tained by adding the required signal-to-noise ratio to the total noise in the receiver.

Total noise at receiver input -119.5 dBm ...: V: :: .: :'.;.
Signal-to-noise ratio required 13 dB
Minimum signal required at receiver -106.5 dBm

As determined in the "Data Rate" section, a signal-to-noise ratio degradation of 1 dB - --

can be expected because of the propagation time variability of the meteor link. Maintaining -

the desired signal-to-noise ratio as this propagation time varies requires that this degradation - -

level be added to the minimum signal required at the receiver.

Minimum signal required at receiver -106.5 dBm
Signal degradation from propagation path variation 1 dB
Receiver sensitivity -105.5 dOm 7 .

With the receiver sensitivity determined in this paragraph and the path loss computed -

in the previous paragraph, the link calculation is performed to determine the transmitter
power required.

Link Calculation-iThe purpose of this section is to determine the remaining unknognh- -. .
system parameter, transmitter power, which we achieve by working back from the receiver - - =
to the transmitter. The field strength in dBm required at the receiver is determined by sub- -

tracting the base station receiver attenna gain in decibels as selected in the "Base Station -

Antenna" section from the receiver sensitivity in dBm.

Sensitivity -105.5 dBm -;

Receiver antenna gain 24 dB
Receiver field strength -1294 dBm

With the receiver field strength and the total path loss computed above thee transmitter
ERP may be determined. To this end, the receiver field strength is added to the total path ::
loss. .

Receiver field strength -129.5 dBm ' -

Total path loss 186.5 dB -- .- .-.
Transmitter ERP 57.0 dBm-

To determine the actual transmitter power required, we need only to subtract the
transmitter antenna gain from the transmitter ERP.

Transmitter ERP 57.0 dBfm -' :
Transmitter antenna gain 5.0 dB - -

Transmitter power 52.0 dBm D-

52 dBm 160 W.
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The result of this computation indicates that a system utilizing a relatively simple re-
mote station and only a moderate installation for the base station can effectively communi-
cate over considerable distances.

System Parameters-The foregoing parameter selections and computations result in a
system design that can be used to effect the desired link. The system parameters derived in
this example are

Receiver sensitivity -105.5 dBm
Transmitter power 52.0 dBm
Station separation 1500 km
Buoy antenna gain 5.0 dB
Base antenna gain 24.0 dB
Mean channel openings 5.5 per hour
Link duration 1.155 s
Frequency 35.0 MHz

SUMMARY AND CONCLUSIONS

The system analyses performed using the functional relationships derived indicate that
effective over-the-horizon communications can be realized with a modest equipment suite.
This technique is most applicable where minimum data throughput and non-real-time data
transmissions are required. Advantages of long range, low peak transmitter power, and equip-
ment simplicity make this technology a candidate for numerous remote manned and automated
sensing installations.

Meteor incidence in earth's atmosphere is presented as a natural phenomenon that can
be exploited for communications propagation. The transmission equations for both the
underdense and overdense meteor-burst conditions are presented for link factor functional
derivation. Relationships are derived for system analysis from factors including communica-
tion equipment functions, propagation characteristics, and physical considerations. Of signif-
icant interest are channel occurrence and duration relationships as well as antenna require-
ments, data rate limitations, and transmission detectability. The value of the derived relation-
ships is illustrated by examples of systems analysis and the presentation of a link design
procedure.

The simplifying assumptions made in these derivations are numerous, but some of
particular interest are indicated. These include the assumption of a uniform statistical dis-
tribution for the seasonal and diurnal meteor incidence variation, the neglect of the zenith
cusp in usable meteor trail incidence, and the neglect of cross polarization in the phenome-
non of meteor ionization trail reflection. These considerations, in addition to the other
assumptions made, provide further avenues for refining meteor-burst technology' in subse-
quent investigations. Since the functional relationships as presented were conservatively
derived, subsequent analytical refinements can be expected to reveal additional meteor-burst
link advantages.
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The foregoing discussion presents functional relationships of the major parameters
associated with meteor-burst communications technology. From these relationships an
approach for the analysis and synthesis of meteor-burst communications links is established.
Examples are provided which employ the procedures generated and illustrate their use in the
link design and analysis procedure. The sophistication that results from the refinement of
functional relationships can be incorporated into a computer design format that can be used
to extend the accuracy and ease of meteor-bunst link design and analysis.
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