INFORMATION TO USERS

The most advanced technology has been used to photo-
graph and reproduce this manuscript from the microfilm
master. UMI films the text directly from the original or
copy submitted. Thus, some thesis and dissertation copies
are in typewriter face, while others may be from any type
of computer printer.

The quality of this reproduction is dependent upon the
quality of the copy submitted. Broken or indistinct print,
colored or poor quality illustrations and photographs,
print bleedthrough, substandard margins, and improper
alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a
complete manuscript and there are missing pages, these
will be noted. Also, if unauthorized copyright material
had to be removed, a note will indicate the deletion.

Oversize materials (e.g., maps, drawings, charts) are re-
produced by sectioning the original, beginning at the

upper left-hand corner and continuing from left to right in
equal sections with small overlaps. Each original is also
photographed in one exposure and is included in reduced
form at the back of the book. These are also available as
one exposure on a standard 35mm slide or as a 17" x 23"
black and white photographic print for an additional
charge. .

Photographs included in the original manuscript have
been reproduced xerographically in this copy. Higher

quality 6” x 9" black and white photographic prints are
available for any photographs or illustrations appearing
in this copy for an additional charge. Contact UMI directly
to order.

UMI
University Microfilms International
A Bell & Howell Information Company

300 North Zeeb Road. Ann Arbor. MI 48106-1346 USA
313/761-4700 800/521-0600







Order Number 9000686

An analysis of ARQ and hybrid FEC-ARQ transmission over a
meteor burst channel

Djuknic, Goran M., Ph.D.

City University of New York, 1989

U-M-1

300 N. Zeeb Rd.
Ann Arbor, MI 48106






p

AN ANALYSIS OF ARQ AND HYBRID FEC-ARQ TRANSMISSION

OVER A METEOR BURST CHANNEL

by

GORAN DJUKNIC

A dissertation submitted to the Graduate Faculty in
Engineering in partial fulfillment of the requirements
for the degree of Doctor of Philosophy, The City
University of New York

1989



This manuscript has been read and accepted for the Graduate
Faculty in Engineering in satisfaction of the dissertation
requirement for the degree of Doctor of Philosophy.

Vs /7S

Date Chair of Examining Cogpittee

4/?7/863 S&&Qgtu/) E @gowe&mt@

Date Executive Officer

Prof. Joseph Barba

Prof. Sorin Davidovici

Prof. Eliphaz Hibshoosh

Prof. Tarek Saadawi

Supervisory Committee

The City University of New York

ii



Abstract

AN ANALYSIS OF ARQ AND HYBRID FEC-ARQ TRANSMISSION
OVER A METEOR BURST CHANNEL
by

Goran Djuknic

Adviser: Professor Donald L. Schilling

Meteor burst channel is an intermittent channel, the
time of its appearance and its duration are random vari-
ables. It is described in terms of stochastic parameters:
meteor trail arrivals, electron 1line densities of
underdense and overdense trails, and underdense power decay

constant.

Two ARQ strategies, for point-to-point data trans-
mission, were considered: "stop-and-wait", where one data
packet is transmitted per burst, and "selective-repeat",
where the entire burst duration is used for information
transmission. In addition, ARQ is combined with forward
error-correction, leading to a hybrid FEC-ARQ scheme. Using
the probabilistic parameters, expressions were derived for

ARQ system performance characteristics: throughput rate,

iii




message waiting time, and the probability of successful
message delivery within some specified time. Performance
measures are functions of communication system parameters,
transmission protocol, packet size and transmission data
rate. It is shown that in a stop-and-wait protocol there
always exists an optimum packet size that maximizes the
throughput, when data rate is kept fixed, and an optimum
data rate that minimizes the message waiting time, when
packet size is fixed. It is also shown that in both protocols
coded transmission yields higher throughput, lower message
waiting time, and increased probability of correct message
reception, as compared to uncoded transmission, but only
when code rate approaches to 1. The coding employed was

rate-1/n and k/n convolutional, with BPSK modulation.

We also estimated the channel duty cycle and channel
capacity, the latter when meteor burst channel is regarded
as a Gaussian channel and a binary-symmetric channel. They
are functions of random channel parameters and communi-
cation system characteristics, and independent of the

transmission protocol.
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1. INTRODUCTION

Meteor burst is a useful technique for low data rate
digital communications at ranges from 800 to 2000 kilo-
meters. There is still some controversy about the usefulness
of meteor burst as the range decreases below 400 km, but
several experiments have shown that communication is
possible if the antenna patterns are designed properly [39]

[48].

Billions of meteors of different sizes enter the earth's
atmosphere each day. They are trapped by earth's gravi-
tational field while orbiting around the sun. Here, the
term "meteor" is applied only to those cosmic particles
entering the atmosphere that are completely burned by
frictional heating. Their masses range from 1077 to 10°

grams, and dimensions from 40 ym to 8 cm [50).

Two classes of meteors are usually distinguished. The
"shower" meteors are groups of particles moving at the same
velocities in pretty well-defined orbits around the sun.
Their orbits intersect the orbit of the earth at a specific

time each year, and then they appear to be coming from one




"radiant" point in the sky.

"Sporadic" meteors are of main interest in radio
communication, since shower meteors account for only a
small fraction of all meteors. Radiant points for sporadic
meteors are randomly, but not uniformly, distributed over
the sky. For the most part, they are concentrated toward
the ecliptic plane. Their orbits are also nonuniformly
distributed along the earth's orbit, and thus produce t.e
maximum incidence of meteors in July, and the minimum in

February.

The numbers of sporadic meteors are inversely pro-
portional to their respective masses, in such a way that
there are approximately equal total masses of each size
of particle. Ten times as many particles of mass, say, 10°*

g appear as of mass of 107° q.

Most observations indicate that the meteors are members
of the solar system. Their velocities in approaching the
earth range from 11.3 to 72 km/sec. Those are the first
and the second cosmic speeds, escape velocities for the

particle to leave the earth and solar system, respectively.




The earliest report of improved radio reception due to
meteor showers is from 1931 ([43], but the correlation
between radio signals and individual meteor trails was not
clearly established until 1946 [24]. The experimental basis
for future theoretical work was established by VHF iono-

spheric scatter observations started in 1951 [3].

The impetus for the development of meteor burst com-
munication systems was provided by the expression for

channel capacity

a ~-a/2 -a 1-a/2
C=5%p;2 N°B :

derived by Sugar [50], and Montgomery and Sugar [37]. The
messages are sent only if signal-to-noise values exceed
threshold value p,. N is the noise power spectral density,

B is the system bandwidth, and S, is a positive corstant.

Early measurements indicated that a=1.2 was typical.

Recent data show that its value may be closer to 1.6 for

underdense trails [58). The importance of this result lies




in the fact that for (0 <g <2 the channel capacity increases
with the signaling bandwidth, making the communication
feasible.

The frequency range for radio transmission using meteor
burst is a lower VHF range, from 30 to 110 MHz. The lower
limit is set as to be above the maximum usable frequency
for ionospheric reflections, and the upper limit is due

to equipment sensitivity limitations.

The signal loss in radio transmission over a meteor
burst channel is relatively high. A communication system
with 50 MHz carrier, transmitter power of 2 kW and 1300
km distance between stations, will encounter 170 dB system
loss. Meteor scatter loss is is about 80 4B, and 90 dB is

associated with the length of a transmission path.

The communication is intermittent, and information
message is transmitted only when a pilot signal from
receiver is sensed, indicating the presence of a meteor
channel. When the channel is not present, the information
is being stored in the transmitter buffer memory. It waits

there for the opening of the channel, when it is sent in



a burst manner.

One of the earliest attempts to use the forward-
scattered radio signals from ionized trails of individual
meteors, in order to establish long-range VHF
communication, was the Canadian JANET Meteor Burst Com-
munication System [12] [16]. The experimental test 1link,
600 miles long, was established between Toronto and Port
Arthur in the summer of 1955. It demonstrated the feasi-
bility of reliable communication for teletype transmission,

at information rate of up to 60 words per minute.

Relying on experiences from the JANET system and
incorporating ARQ and diversity reception techniques, a
new meteor burst communication system COMET was developed
in 1966. Its role was to make efficient use of meteor trail
reflections for telegraph transmission in the VHF band,
over distances of up to 2000 km. It was tested on a 1000
km path between Netherlands and the South of France [4].
The information was transmitted at an instantaneous rate
of 2000 bauds, and the flow of information was based on

an error-detection scheme with automatic-repeat-request.




Those early experimental successes were followed by
theoretical advances in statistical model development, and
theoretical assessments of performance characteristics. In
a comprehensive survey of the meteor burst channel, Oetting
presented the methodology for design and analysis of meteor
burst communication systems ({41], two main performance
characteristics were estimated: throughput and probability
of completing a message during an arbitrary observation
time. Meteor trail arrival was modeled as a Poisson process.
Average interval between bursts was calculated according
to the reference method, where the meteoric arrival rate
of a known test 1link is scaled by a number of factors which
compensate for differences between the link of interest
and the test link. This basic approach projects the mean
time between trail arrivals (underdense and overdense

combined,) as

{ - (Er Rc Cx Pr (L)
! "“\Crc R Gge Prec fe

where the subscript 'C' denotes the parameters of a ref-
erence COMET system (4). Yearly averages for !, are 4

seconds in the early morning hours, and 20 seconds in the



late afternoon hours. Recent experimental data suggest that
more precise models are needed for better prediction of
real physical situations [58]. Thus, Oetting's estimates
of the waiting time to receive a message with required
degree of confidence are somewhat on the pessimistic side.
In his work, no coding of information packets was con-

sidered.

Using the Sugar's probabilistic model, Weitzen et al.
estimated the capacity of the meteor burst channel, by
averaging the random received power from a trail over
instantaneous data rate and electron line density [55).
Under ideal conditions, in which a transmitter is capable
of measuring signal strength and multipath spread and
instantaneously match its information transfer rate to the
channel conditions, while maintaining a given error rate,
the average daily capacity is determined to be about 14
kbits/sec. That showed space for improvement over con-
temporary constant rate systems, that achieved average

throughput on the order of 150 bits/sec.

Brown has developed a computer model of meteor burst

propagation to support the design of meteor burst commu-




nication systems (8]. It includes all major physical
processes at work in a meteor burst 1link, except for an
overdense trail model, and is based mostly on data from
the experimental 1link between Netherlands and the south
of France [4)]. Experimental and calculated data are compared
for duty cycle values in relation to carrier frequency,
path length, antenna system, time of day, and geographical
latitude of a 1link. Throughput is related to transmission
rate, and message delay to message length and data rate.
Data are shown to agree at two widely separated frequencies
on one experimental link. The main conclusion is that
substantial improvements can be obtained by optimizing

antenna patterns, on a link by link basis.

Abel used classical equations for received power to
derive performance bounds for a meteor burst communication
medium [1]). They give the maximum number of bits that can
be transmitted during a single burst, using either an
optimum constant bit rate or a continuously varying bit
rate. The latter technique was shown to have the advantage
over the first one, achieving two to three times higher
maximum number of bits per given burst. Bits per burst

maxima also vary with link parameters, great circle distance




between terminals and wavelength, as well as with trail
electron line density. In addition, the optimum constant
bit rate bound was used to estimate long-term average bit

rate and its relation to changes in electron line density.

As a continuation of Oetting's work, Milstein et al.
analyzed the expected throughput and the probability of
receiving a given message correctly during the observation
time, under two transmission protocols [36]. In the first
protocol, the entire duration of a burst was known to the
transmitter, and in the second only the starting times of
each meteor burst were known. The information packet was
protected by a Reed-Solomon block code, and performance
of a communication system was evaluated for different code
rates and signal-to-noise ratios. Throughput was calculated
for various packet sizes, showing that there is an optimum
packet size in case of the second protocol. In a proba-
bilistic model used, trail arrivals are governed by a
Poisson random process, and burst duration d, follows

exponential probability density

d
f(dy) = — exp(——").
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where 7, is the average burst length. In our work, more

complex burst duration statistics is used, Eq. (2.1.4-1),
derived from probability distributions for electron line

density and power decay constant.

Weitzen in his work examined the relationship between
range and three performance measures of meteor burst
communication systems: average duty cycle, average
throughput for a system which transmits fixed length message
packets at a fixed data rate, and waiting time to deliver

a fixed length message [58]. Duty cycle is determined as

duty cycle = f'{f N, (x,¥,2)T ye(x,¥,2)dxdydz

antenna pattern

where N, ,(x,y.z) is the number of bursts (per second per

unit volume) that exceed the signal threshold, and
Taw(x,¥y,2) is the average duration of a trail above the
threshold at a point (x,y,z). Antenna pattern defines the
meteor region for integration. Using Sugar's probabilistic
model [50), Weitzen determined the average waiting time

to transmit a fixed length message as
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where N is the average number of trails per second with

the required SNR, 7, is the message duration, and t is the
average burst duration. He showed that the optimum data
rate R,,, in terms of minimizing the waiting time 7', agrees
pretty well with the experimental data. For the 1260 km
link and carrier frequency of 45 MHz, the calculated R,,

was 2 kbits/sec, and measured R,, was about 3 kbits/sec.

A data base approach has been used to analyze data from
the U.S. Air Force high-latitude meteor burst test bed
(58]). Using expert system techniques for cost- and time-
efficient search and classification of raw data, propa-
gation and communication properties of a meteor burst
channel can be represented as a function of operating
frequency, time of a day, day and month of a year, and
propagation mechanism. As an illustration of the technique,
average throughput of the channel is plotted versus the
time of day and transmission rate, for fully adaptive and

fixed rate communication systems. Analysis of waiting times
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to deliver a 1000-bit message, using a fixed rate systemn,
shows that optimum data rates exist for every operating

frequency.
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2. METEOR TRAILS

The impact energy of a meteoric particle entering the
earth's atmosphere produces heat which evaporates atoms
from the meteor. Atoms move off at velocities equal to the
velocity of the meteor, collide with the surrounding air
and produce heat, light, and ionization in the form of a
long, thin paraboloid. The resulting electron line density
in the trail is proportional to the mass of a particle.
During the trail formation, velocity of the meteor remains

almost constant until it is completely evaporated.

No appreciable ionization is formed until the meteoric
particles enter the relatively dense air at heights below
120 kilometers. The collision processes become more intense
as the particles penetrate deeper into the atmosphere, and
most meteors are completely evaporated before reaching the
height of 80 kilometers above earth. This is the result
of an approximately logarithmic manner in the decrease of
the mean free path. The average distance that atoms can
travel without colliding with air molecules is 5.4 meters
at 120 kilometers of height, but it is only 3.8 millimeters

at 80 kilometers [53]. High velocity particles produce
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trails in the upper region of this 40 kilometer thick
"meteor layer", and high mass particles are responsible

for ionization at lower heights.

The length of a meteor trail can be defined as a distance
between points on a trail that have threshold electron
density. For sporadic meteors, the average length is 15
kilometers, but some trails can be as large as 50 kilometers.
The resulting distribution of trail lengths appears to be
independent of the threshold value, so the threshold can

be chosen arbitrarily [15).

The initial radius of a meteor trail is significantly
larger than the mean free path of atoms evaporating from
the surface of a meteoric particle. The mean free path,
itself, is directly proportional to air density [21] [18].
Being of a comet origin, meteors are best described as
"dustballs", clusters of frozen gases covered with cosmic
dust. Upon entering earth's atmosphere, dustballs are
broken into fragments that evaporate separately, resulting
in a trail larger than predicted only by looking at the
initial mass. The mean initial radius at 80 kilometers of

height is 0.65 meters, and it is 4.35 meters at 120
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kilometers.

The electrons liberated by initial ionization disperse
by a low rate diffusion, producing approximately Gaussian
radial distribution of material. As the diffusion coef-
ficient D varies from 1 m2/sec at 85 kilometers of height
to 140 m2/sec at 115 kilometers [19), the trail will after
one second have a radius from 2 to 20 meters, depending

on its initial radius.

The presence of winds in the meteor region, ranging
from 80 to 120 kilometers of height, affects dissipation
and orientation of meteor trails. Those winds have typical
velocities of 25 km/sec, and vertical gradients of up to
100 m/sec/km [34].

Most trails detected by radio means result from small
particles whose practical lifetime, in communication terms,
is a fraction of a second. Larger particles and resulting
more densely ionized trails, with durations of a minute

or an hour, are extremely rare.
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2.1. Short-term Statistical cCharacteristics

2.1.1. Received Power

Energy reflected from a meteor trail is a function of
several physical quantities: ionization density across and
along the trail, radio wavelength, and the polarization
of the incident wave relative to the trail. Orientation
of the trail, its motion (as a part of the process of
formation or due to atmospheric winds), and its

straightness, are also significant.

It is convenient to divide the trails into two classes,
underdense and overdense. Underdense trails are those with
densities of up to 10'* electron lines per meter. It is low
enough for the incident wave to pass through the trail,
and the trail itself can be considered as an array of
independent scatterers. Overdense trails have densities
greater than 10'* electron lines per meter, what is high
enough to prevent complete penetration of the incident
wave, and to cause the reflection of waves in the same way

that the ordinary ionospheric reflections occur.
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Underdense trails are much more numerous, but their
average duration at long wavelengths is less than a second.
Overdense trails last from a couple of seconds to a minute
or more. For both trail types, the effective duration is
large compared to the formation time, and the trails may

be considered to have a cylindrical shape.

The following models for underdense and overdense trails
are, at best, useful approximations to the physical reality.
They apply quite well to some of the trails observed, rather
poorly to others, but a complete analysis involving all
possible variables would be far too complex and would lead

to results of a little practical use.

2.1.2. Power Received from Underdense Trails

Following the exponential decay model for underdense
trails from Eshleman [14], Sugar derived the transmission

equation for the case of point-to-point propagation as (50])

t
P,.=C, q’ exp(—g). (2.1.2-1)
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P,. is the received power, g, is the underdense electron

line density, b is the decay constant, and ¢t represents the
time measured from the trail formation. The proportionality

constant C, is of the form

GTGR}\,arfSinzaPT
16112R+Rz(R7+ Rg)(1-cos?Bsin?¢)

8n?r )
exp| ~—— |, 2.1.2-2
p( AZsec?¢ ¢ )

u

where

Gr and G, are, respectively, the power gains of the
transmitting and receiving antennas relative
to an isotropic radiator in free space,

A is the carrier wavelength in meters,
r.=2.8x10"""m is the classical radius of the electron,

a 1is the angle between the electric vector at the
meteor trail and R,

P; is the transmitted power in watts,

Rr and R; are, respectively, distances of transmitter

and receiver from the point on the trail at
which the reflection requirement is satisfied,

B is the angle between the trail and the plane of R,
and R,,
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¢ is one half the included angle between R; and R,
and

ro 1is the initial radius of trail in meters.

Eq. (2.1.2-1) represents somewhat idealized viewpoint
in deriving expressions for energy reflected from meteor

trails, since some practical aspects have been ignored.

During the trail formation, but before a meteor reaches
the first Fresnel zone, a weak reflection is obtained from
the incomplete trail, coming primarily from the "head" of
a trail. The reflected signal is shifted in frequency, due
to relative motion of the effective reflecting point and
the receiver antenna (9]). A maximum shift of the order of
5 kHz is possible for 50 MHz forward scatter, over a 1000
kilometer path. As the meteor approaches the first Fresnel
zone for the trail, this frequency shift falls to zero.
Not many trails have such orientation with respect to
transmitter antenna as to produce this kind of specular
reflection, and most of the time only weak Doppler shift

is observed.

The effect of ionospheric winds is appreciable only for

trails that last more than a second, a rare occasion for
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underdense trails. A Doppler shift of received frequency
can reach 18 Hz for 50 MHz carrier, and is associated with
an average wind velocity of 25 m/sec. The wind shear can
lead to formation of several local first Fresnel zones
moving at different velocities, having Doppler shifts of
1l to 10 Hz, and the resulting composite signal fades in

an irregular manner [33].

Polarization effects are represented by sin‘a term in

Eq. (2.1.2-2). For underdense trails and trail diameters
much smaller than the wavelength, resonance may occur from
restoring force that the electrons experience as the
incident electric field displaces them from their equi-
librium positions. This resonance may double the reflection
coefficient and increase the received power by a factor

of 4 [29).

2.1.3. Power Received from Overdense Trails

When the electron line density in a trail exceeds 10'*

electrons per meter, the incident wave penetrates the trail
until reaching a surface of sufficiently high electron
density to be reflected. Thus, the model applied in
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evaluating the reflected power from a trail is that of an

expanding cylindrical reflector [50). After a while, the

electron line density everywhere inside the trail falls

below critical value and underdense model again applies,

but the radius of the trail is too large for the signal

contribution to be significant.

The transmission equation is [25]

aq,
- - < _
P, () (o \/(LH) ln( .”) , U < aq,-k

where the constants are defined as

P1G1Ga\?
, = 3.17-10°%/p LT &~

c
R7

(2.1.3-1)

(2.1.3-2)

The parameters involved are defined in Section 2.1.2.
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2.1.4. Underdense Electron Line Density

Electron line density g, of an underdense trail, rep-

resenting the number of electrons per meter, is a random

variable with probability density function [25])

f(q) = Q,q7"°

0.6 0.6

qminu quu -1.

q%s - qos qllo' Qoion $G) S (2.1.4-1)
uu minu

0.6

where q,,=10'* e/m is the maximum electron line density for

underdense trails. The corresponding cumulative distri-

bution function of q, is

F(q.) = el qY® - g
: (I?° qgub - qg{?nu

* qminusqlsquu- (2]4"2)

The minimum observable electron line density ¢g,... is a

function of communication system parameters: power spectral
density N, of Gaussian galactic noise, data rate R and
Pymax, the maximum allowable bit error rate in transmission.

It is also dependent on the chosen modulation scheme, and
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for BPSK modulation has the form

_ [NoR
qm'\nu Cu

where er fc™'(-) denotes the inverse of a complementary error

erfc™ (2P ymax) s (2.1.4-3)

function.

2.1.5'

The electron line density g, of an overdense trail,

representing the number of electrons per meter, is a random

variable with probability density function [25]

£(q2) = Q; q3'°

1 Qe Guo -1,
5 05 - gos T2+ Umne <925 G (2.1.5-1)
uo mino

where g,,=10'° e/m is the maximum electron line density for

overdense trails. The corresponding cumulative distribu-

tion function of g, is
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0.5 0.5 0.5
quo q2 - leno
F(q ) = ’ qmmosq Squo- (2.1.5“2)
? 7 a8 al - 2

The minimum electron line density of overdense trails is

equal to the larger of the constants g; and q..,
Qmmo = max (QT'Quu)'

with gr given by

2.1.6. Underdense Power Decay Constant

The decay constant b is a random variable with Rayleigh

probability density function [25],

b2

b
fo) = 3 exp(-ﬁ). 0<b<w, (2.1.6-1)

where the Rayleigh parameter a is
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2 2 -
a—\/—;—l E{b) =\/; b.

The corresponding cumulative distribution function of b is

2

F(b)y = 1 - eXp(—zi_E)' 0<b<mw, (2.1.6-2)
a

If the signal duration is defined as the time required
for the signal amplitude to fall to l/e¢ of its initial

value, the average value of the decay constant b is [50]

_ KZ 2
5 - _1Tssne§_o¢' (2.1.6-3)

with D being the diffusion coefficient in square meters

per second, a function of height [(8].

2.1.7. Underdense Burst Duration
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Duration of an underdense trail, measured from the
instant of a trail formation to the point when electron
line density ¢, falls to the threshold value G,...., can be

expressed as

2
Loy = -In( 9 ) . (2.1.7-1)
qmlnu

This is a function of two random variables, g, and b,

and by transforming their probability density functions we
obtain

flte) = 22 f.— exp(0.8%)f(b)db. (2.1.7-2)

the probability density function for t;,. The expected value

of underdense burst duration is then

tew = 3.33 b , (2.1.7-3)
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where the average decay constant b is defined by Eq.

(2.1.6-3). The parameter x from Egs. (2.1.7-2) and (2.1.7-3)

is equal to

(Qminu )0'6
X = .
q uu

2.1.8. Overdense Burst Duration

The power received from an overdense trail is a function
of time, and has a parabolic shape. The duration of an
overdense burst is defined as the time distance between
points with the same power threshold value, and is

approximately equal to [25)

[,_4r
tgo = 095(1(]2 l_a' QminoSQZSQuo‘

The average overdense burst duration is then
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" Quo qm(no
teo = 1.9a0Q,Vqr (\/ -1 - \[ -1 +
T

qr q
] qr

-1 [ 97
+ CO0S
qmino quo

- cos’ ). (2.1.8-1)

2.1.9. Trail arrivals

Experimental evidence shows that the arrival of meteor
trails with suitable orientation for communication can be
modeled as a Poisson random process [41). Thus, the
probability of having exactly k trails in an observation

time 7, is

p o ] Tp\" Tp
{k trails in TD)"ET T exp ) (2.1.9-1)

where ¢, is the mean time between trail appearances.

To determine the mean time between meteor trail
arrivals, more complex models than the reference method
from [41) are needed, but they require extensive use of
computational resources. The models may include the effects

of "hot spots" and nulls in the spatial arrival pattern,
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that are due to geometrical constraints [20) [{26] [13].The
other way is to perform multidimensional integrations over
the antenna patterns for the specific link, taking into
consideration the nonuniform spatial distribution of meteor
trails [56) (8] ([57) [45). The spatial distribution of
meteor trail arrivals is derived from astronomical data

gathered for meteor orbits [50].

The mean time between underdense trails, whose electron

line density g, is in an interval (q..g9:), is then [25] [55]

l uno
ty = . 2.1.9-2
19,1667 ¢sind (Ret)? Gb-Qa ( )

where ¢, is the idealized antenna beamwidth. The same formula

is valid for the overdense trails, except for the scaling

constant,

- 1 9aqe (2.1.9-3)

3-¢sind (Rxt)? Q»—qa

Lo

in this case when ¢, is in (qg..q.). These are empirical

relationships, and to obtain meaningful results we must
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have that, e.g., ¢, >]0'® electrons per meter for a 1000
kilometer link and ¢ =46°. The quantity ¢, is limited to

the maximum possible electron line density of meteor trails.

2.1.10. Power Spectral Density of the Received Noise

In the frequency spectrum of interest to meteor burst
communication, the wideband noise is either of galactic
origin, picked by receiver antenna, or due to thermal
agitations in the receiver itself. Its one-sided power

spectral density is of the form [25)

2.3
Ny = kTO[ILO"(i) +F] (2.1.10-1)

where k=1.38x10"J/K 1is the Boltzmann's constant,

T,=290°K is the room temperature, L; is the power 1loss
between the antenna and the receiver, F is the receiver
noise figure, and A is the carrier wavelength in meters.
Values used in this work, for calculations and simulations,

are Lp,=1.3 and F=2.5.

2.2. Long-Term Statistical Characteristics
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The statistical characteristics of a meteor-burst
channel change during day and night, and depend on the
season of the year. Statistical variations are also
associated with the characteristics of a communication
system, and geographical locations of transmitters and

receivers.

2.2.1. Diurnal vaxiations

Variations in meteor propagation on a daily basis are
due to astronomical factors: meteor arrival rate, meteor
velocities, and locations of effective radiants, points in

the sky where meteors appear to come from.

Meteor arrival rate varies sinusoidally during 24-hour
period, with the maximum around 6 a.m. and minimum around
6 p.m., the ratio of maximum to minimum being close to 4

[21].

The average meteor velocity has similar sinusoidal
variation as the meteor arrival rate, and extrema located
at the same hours of the day. A variation of 10 to 15 km/sec

above and below a daily mean velocity of 35 to 45 km/sec
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appears to be typical ([32]. The velocity variations lead
to a variation in the height of a trail. Since the diffusion
coefficient is a function of height, average burst durations

will vary over a 2 to 1 range through the day.

Because of the orbital motion of the earth, most meteors
appear to have radiants in the hemisphere ahead of the
earth. As the earth rotates, the position of the predominant
radiants changes relative to the transmission path, and
the location of the "hot spot" moves around. The values
of the geometric factors in transmission equation will
consequently vary, and a change in received power will
occur. The effects of radiant changes are relative to
transmission path orientation, be it north-south or

east-west [27].

2.2.2. Seasconal Variations

Variations in meteor-burst propagation characteristics
are primarily the consequence of meteor characteristics,
and there is little evidence on ionospheric influence, with

the possible exception of D-region absorption.
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The peak of meteoric activity occurs during the summer
months of June, July, and August. It is then diminishing
steadily through autumn and winter, reaching its minimum

in February, only to rise again with the coming of spring.

The question of year to year variations is still

unresolved, although some changes have been observed.

2.2.3. Geographic and Parametric Variations

Location and orientation of the transmission path,
operating frequency, antenna patterns, and path length are
the main factors that affect statistical characteristics

of a meteor burst channel.

Propagation characteristics are somewhat influenced by
continuous-mode D-region ionospheric scattering, and a
number of weaker meteor signals are masked out, contributing
to a change in observed occurrence of underdense and
overdense trails. At frequencies higher than 30 MHz, the
influence of ionospheric scatter is minimal, what deter-
mines the minimum usable frequency of a meteor burst

communication systemns.
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The normal attenuation of signals due to D-region
absorption is slightly higher for meteor signals, since
the D-region is below meteor region and signals encounter
longer paths within the absorbing region. This absorption
can increase significantly at times of ionospheric dis-
turbance, but its sporadic nature does not influence average

characteristics of the meteor burst propagation (31].

Diurnal variations in meteor arrival rate and percentage
of useful communication time (duty cycle) are strongly
dependent on antenna patterns. A great increase in duty
cycle is observed when receiver antennas are directed to
the north of the great circle path during the morning hours,

or to the south in evening hours [44].
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3. METEOR BURST COMMUNICATION SYSTEM

Digital data are transmitted over a meteor burst channel
using binary phase-shift keying modulation (BPSK), at a

constant data rate R. The transmitted signal is

s(t) = £y2Prcoswyt, O<t<T,,

where P; is the transmitter power, fo=w,/2n is a carrier

frequency, and T,=1/R is the bit duration.

Multipath phenomena are encountered in meteor burst
communications only at high data rates. Overdense trails
are then the dominant propagation medium, since there appear
very few underdense trails with electron line densities
high enough to provide sufficient scattered signal power.
At low data rates underdense trails are much more numerous,
they act as small coherent sources and scattered
continuous-wave signals exhibit good space and frequency
correlation. In those circumstances the phase of the

received signal is assumed constant, representing only the
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gross time delay due to the average distance which a signal
must propagate. Such delay amounts only to a shift in time

origin.

The signal received from an underdense or overdense

trail is of the form

r(t) = £ Acoswyt + n(t)

= %, 2P,cosw,t + n(l), O=t<T,,

where,4=\/2lh is the random amplitude of a signal scattered

from a meteor trail, P, is the received signal power, and
n(t) is a Gaussian noise with one-sided power spectral
density defined in Eq. (2.1.10-1). BPSK signals have the
same energy £,=P,T,, and the optimum decision threshold
in a correlation receiver is set to I',=0 volts. Since the
attenuation of the signal is always positive, the optimum
decision regions are invariant to radial scaling of received
signals. Under these conditions, a correlation or
matched-filter receiver structure is still optimum, com-
pletely independent of the fact whether amplitude A or
probability density function of amplitudes f(A4) is known

precisely [60].
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For underdense trails, the received power P, is equal

to P,,from Eq. (2.1.2-1), and amplitude A becomes a function
of two random variables, electron line density g, and decay
constant b. Transforming their density functions from Egs.
(2.1.4-1) and (2.1.6-1), we obtain the probability density

of underdense signal amplitudes A, as

Y2

F(a0 = 246,47 [ exp(-22 -7 )yay, (3-1)

Y

valid in the interval

V?'Cuqmmu < Au < VZCuQMino'

The integration limits in Eq. (3-1) are

t

i 2(1\/5 ln(qT":':\/—é_E:)

Y

t
202 n(Zy2C,)

Y2 =
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For overdense trails, the received power P, is equal

to P,, from Eq. (2.1.3-1), and amplitude A is consequently
a function of one random variable, electron line density
g.. Transforming its distribution from Eq. (2.1.5-1),

probability density for overdense signal amplitudes A4,

becomes
ANV a Al
f(A,) = 3/Q42 ‘/—3/2 exp) - P
CU*%(k+1) BCi(k+t)

valid in the interval

174
2C°[k ln(a—q’:‘ﬂ)]

Probability density functions of both underdense and

IA
x
A
N
o

-]

overdense received signal amplitudes are too complicated

as to gain some useful insight into the detection process.

3.1. Uncoded Transmission

3.1.1. Iransmission over Underdense Trails
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The conditional bit error probability assuming par-
ticular values of g, and b for a given burst, can be expressed

in terms of the received power P,, from Eq. (2.1.2-1) as

Po.(q,.bit) = P{clq,.b;t})

when BPSK modulation is used, and a packet is positioned
at the beginning of a burst. The receiver bandwidth is
equal to the bit rate R, i.e. their ratio is 1 bit/sec/Hz.
Bit error rate is a continuous function of time ¢, but we
will instead observe the received power P,,within the burst
in discrete time instants ¢, =i/R, that correspond to bit
intervals. The conditional probability that the i-th bit

in a packet is in error is then

{ {
Pbu(ql'b;E) - P<€|(I|vb:E}

1 C.q} ( i )
- = -— . g1 -
> er/c\/NOR exp R0 (3 1)
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To simplify the analysis, we assumed that P,, remains

constant during the bit interval and equal to the power
at the end of the interval. This is a 'worst case' approach
on a small scale, since the actual signal-to-noise ratio
for every bit will be better than the one used in calcu-

lations.

The conditional probability that the packet N-bits long

is correct is accordingly

Pcu(ql'b) = P(Clql'b}

. .
- T1 l:]-Pbu(q,,b;;;-):l. (3.1.1-2)

i=]

Using the continuous version of the total probability
theorem, we obtain the probability of correct packet

reception in the integral form

P = P{C}

® Quu

Po(q,.0)f(b)f(q,)dq,db. (3.1.1-3)

b=0gq,

-q minu
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When more than one data packet is sent during the burst,
the respective packet beginnings will be separated by the
packet length 7,=N/R. Following the reasoning for Eq.
(3.1.1-1), the conditional bit error probability for the
packet in the k-th time slot will be

]
~
——
m
Q
IS
+
et
ﬂ
©
S———

i
Pw(q“b:E+kTp)

]
|
1]
~
S~
o]

Cuqi 1(1 _ )
\/NOR exp[ b R+kTp .

(3.1.1-4)

The conditional probability that N-bits long packet sent

during the k-th time slot is received correctly is then

Po(@y biKT ) = P(C1q,.b:kT )

- ]ﬁ [I—Pw(q“b:£+kTp)]. (3.1.1-5)

1

and the total probability is calculated using the same

double integration as in Eg. (3.1.1-3)
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P (kT p) = P{C}

- Qs

Pcu(ql'b'kTp)/(b)f(ql)dqldb-

b'le-qmmu

(3.1.1-6)

3.1.2. Iransmission over Overdense Trails

The conditional bit error probability assuming a
particular value of electron 1line density g,, can be
expressed in terms of received power P,, from Eq. (2.1.3-1)

as a continuous function of time

Pwo(qzit) = P{e|q,:t)

1 C, . aq; ?
> erfc (NOR\/(k t) ln(kﬂ)) )

for BPSK modulation, receiver bandwidth equal to data rate,

and a data packet positioned at the beginning of a burst.
When the received power is observed in discrete time
instantst¢; = i/R, at the end of abit interval, the conditional

probability that the i-th bit in a packet is in error is
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i i
P.,o(qz:E) - P<€Iq2:l—?>
1 cC, i aq,; :
- - = , (3.1.2-1
5 erfe (NOR\/(’“R) ln(k+i/R)) ( )

assuming that P,, remains constant during the bit interval

and is equal to the power received at the end of the

interval.

Under these conditions, the corresponding conditional

probability of a packet N-bits long being correct becomes

Pco(qz) = P(C|q2)

N .
- 1] [1'P°°("2‘;_e)]' (3.1.2-2)

The total probability of correct packet reception is then

evaluated as

P, = P{C)

qUG

= f P(q2)f(q2)dq,. (3.1.2-3)

92% Umino
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For packets not positioned at the beginning of a burst,
the calculation of a bit error rate and the corresponding
probability of correct packet reception is similar to the

one performed in Egs. (3.1.1-4) and (3.1.1-5).

3.2. Coded Transmission

For coded transmission, convolutional codes were chosen
because of their superior performance compared to block
codes, for the same implementation complexity of the

encoder-decoder [49].

We did not consider the class of burst-error correcting
codes since very few statistical data are available on the
existence or length of meteor burst channel memory. Although
exponential decay of received power toward the end of a
burst in underdense case leads to conclusion that bit errors
become more frequent, the noise model from Eq. (2.1.10-1)
indicates that for narrowband modulation the noise may be
considered white, and noise samples in successive bit

intervals are consequently independent.
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For higher data rates, or for spread spectrum systems,
noise can not be taken as white any more, since its power
spectral density will change inside the signaling band-
width. Noise samples become dependent, and this noise model
predicts the appearance of channel memory. If experimental
data confirm these conclusions, use of interleaving will
become necessary to 'randomize' transmission errors and
maintain the performance of convolutional codes, which are
not best suited for burst errors. Recent experimental data
in fact indicate that the addition of a 1low-degree
interleaver provides substantial improvement [11]. The
results are not directly applicable to our work since BCH
codes were used for forward error correction, and the only
conclusion that can be drawn is that the burst length is
relatively short (about 5 bits at data rate of 4800
bits/sec.)

We considered both rate~l/n and rate-k/n convolutional
codes. Rate-l/n codes provide for superior error-
correcting performance, at the cost of substantial
lengthening of the original packet. For this reason,
rate-1/n codes with n>2 are at disadvantage in meteor

burst communications, since the coded packet length becomes
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prohibitively large and will often exceed burst duration,
resulting in the loss of many bits as their time slots fall
beyond the receiver threshold point. Rate-k/n codes are
less powerful but more compact, and their error-correcting
capability is not easily overwhelmed by the strong limiting
factor of relatively short burst durations, particularly
when k/n ratio approaches to 1. In our work, code rates

of 1/2, 3/4, and 7/8 were considered.

When decoding convolutional codes, the error-correcting
capability is difficult to state precisely. With maximum
likelihood decoding a code can correct ¢ errors within 3

to 5 constraint lengths, and it is defined in terms of the

free distance of a code d, 1

- |2t |

The exact length depends on actual error distribution, and

for a particular code and error pattern, transfer functions

methods are used to obtain bounds [49]. In our case the

1 The notation [ x| signifies the greatest integer smaller
than or equal to x.
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problem is further aggravated by the fact that signal-
to-noise ratio is not constant within the packet time
duration 7,, but rather changes as the received power varies

with time.

A way to overcome these difficulties was to use the

notion of cutoff rate R, for binary transmission

Ry =1 - log,(1+D) bits/symbol ,
in order to decouple the influence of the coding channel
characterized by R, from the coding technique [47]. For
example, in case of a rate-1/2 code with constraint length

K =7 and hard decision decoding, the decoded bit error rate
is upper bounded by [47]

Py cgea S 18D'°+105.5D'2+702D'*+5816.5D'+..., (3.2-1)

where the parameter D is

D =2JP,(1-P,) . (3.2-2)
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and P, represents the channel bit error rate. P, 4.« and P,

are conditional probabilities assuming either g, and b in

underdense case, or ¢, when overdense bursts are involved.

For the rate-k/n codes, we used the following upper

bound on decoded bit error probability (35])

-_. 1 -E‘
2_ w, Eer/c !

: (3.2-3)
j=d, No

1
Pbcoded < E

where d, is the free distance of a code, £,=£,r is the

symbol energy, r=A/n is the code rate, £, is the bit energy,
and N, is the noise power spectral density. Code-specific
coefficients w,, for different values of the code constraint
length, are summarized in tables [10]. This is also a

conditional probability, as explained above.

Infinite-level quantization results in 2.2 dB
improvement over two-level or hard quantization. It can
be approximated by the 3-bit soft decisions about the
channel output, resulting in a 2 dB gain over the hard

quantized binary symmetric channel.
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Bounds on decoded bit error rate are derived for constant
signal-to-noise ratio and arbitrarily large path memory,
i.e. the depth of the input bit history stored by the
decoder and used in a decision about the value of a par-
ticular bit. Nevertheless, it was shown in (23] that a
fixed amount of path history, namely 4 or 5 times the
constraint length, is sufficient to limit the degradation
from the optimum decoder performance to about 0.1 dB for
binary-symmetric and Gaussian channels. In a meteor burst
channel the signal-to-noise ratio is constantly changing,
but most of the time it does not change substantially during
the fixed decoding delay, and we took it to be constant
for the bits along one path memory length. Furthermore,
the decision about a specific bit is brought by analyzing
the trellis branches consisting of bits that all have equal
or higher signal-to-noise ratios than the bit in question.

3.2.1. Transmission over Underdense Trails

Parameter D from Eq. (3.2-2) in this case takes the

form
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D - 2\/P,,M(wa‘,%)[l-Pbu(qn-b‘;%)] .

where the conditional bit error probability P..(q,.b:i/R)

is given by Eq. (3.1.1-1). After calculating the values
for Pp,caes a@ccording to Egs. (3.2-1) or (3.2-3), the
conditional probability that encoded packet will be cor-

rectly received is found as the product

Pcucoded(Ql'b) = P(Clql'b)

= ﬁ [I—Pbucoded(qlvb;%)]-

assuming particular values for electron line density and
decay constant in a given underdense burst. It then follows

that

Pcucoded = P(C)

- 9 uu

Peucodea(q1,0) () f(q,)dq,db.  (3.2.1-1)

b<0q)°qpmuu

represents the total probability of receiving an error-free

packet.
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3.2.2. Transmission over Overdense Trails

Following the same steps as in Sec. 3.2.1., we obtain

the parameter D in the form

S o ) [ oo

with Pu(q2:ii/R) from Eq. (3.1.2-1]). The conditional

probability that a coded packet is correctly received is

Pcocoded(qZ) = P(C|Q2)

= f] [1 - Py cod,d(qz:%)].

assuming a particular value for electron line density.

Finally, the corresponding total probability

Pcocoded = P(C)

Quo

P o coaea(Q2) f(q2)Aq,. (3.2.2-1)

92° 9 mino
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is the probability of receiving the coded data packet

correctly.
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4. COMMUNICATION SYSTEM PERFORMANCE MEASURES

Performance measures used in this work to characterize
a meteor burst communication system and transmission
protocols are: Throughput rate, waiting time to receive a
message correctly, and probability of receiving the correct
message within a specified observation time. They are
functions of communication system parameters, but primarily
dependent on the chosen communication protocol. An addi-
tional performance measure, duty cycle, is also evaluated,

and it is a function of system parameters only.

We will examine two automatic-repeat-request (ARQ)
protocols for point-to-point data transmission over a
meteor burst channel. We will refer to them as "stop-
and-wait" and "selective-repeat" strategies, since they
are similar to those described in [51]. The main difference
is in the channel behavior, since the meteor burst channel
is not continuous but rather intermittent. The time of its
appearance and its duration are random variables, what is
described in detail in Chapter 2. In both protocols we
differentiate between a "forward" and a "feedback" channel,

the former being used for sending information messages from
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transmitting to the receiving end of a 1ink, and the latter
for transmission of acknowledgement information from

receiver to the transmitter.

The third existing ARQ protocol, "go-back N", where the
transmitter goes back to the rejected message and continues
sending data blocks from there, is not considered. Large
amount of available memory for data storage in today's
computer-to-computer communications alleviates past
problems with sorting data packets not received in the
right order and, instead of "go-back N", more efficient

"selective-repeat" scheme can be used.

In a "stop-and-wait" strategy only one message is sent
during the available burst time, as soon as the probe signal
indicates the opening of a channel. (In this work, the
message is comprised of a single data packet.) Although
in some systems the pilot signal is a back-scattered probe
signal continuously sent by the transmitting terminal
itself, we took it here to be a forward-scattered signal
originated at the receiving end of a point-to-point data
communications link. After completing the message, the

transmitting terminal has to wait for the receiver response
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not because of the processing in the receiver, since it
is done in the idle time between trails. The main cause
of the delay is the fact that a receiver must wait for the
next available trail to send back its acknowledgment, after

checking the validity of a received packet.

Data packet is N-bits long, consisting of A information

bits and r bits for error detection and/or correction. Upon
examining the parity of the incoming packet, or performing
the cyclic redundancy check (CRC), the receiver sends back
an s-bit long positive (ACK) or negative (NAK) acknowl-
edgment signal during the next available burst. The
transmitter repeats the current packet if it received the
NAK signal or proceeds to a new packet of data in case of
the ACK signal. The repeated or the new packet are sent
immediately upon reception of the ACK/NAK signal, within

the same burst.

In a hybrid FEC-ARQ scheme, forward error correction
is used in addition to ARQ. Before sending back the
acknowledgement message, the receiver tries to correct
transmission errors in the incoming packet, if any are

discovered in the parity check or CRC procedure.
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In a "selective-repeat" strategy, the transmitter sends
as many messages (data packets) as the duration of a current
burst allows. It determines the burst duration with the
help of a probe signal from the receiver. Message trans-
mission starts with the indication of a channel opening,
and stops when the loss of a probe signal shows that a
channel is terminated. The communication is full-duplex
during the burst duration, and ceases in the idle time
between bursts. Forward channel is used for the transmission
of new and repeated packets. Along the feedback channel
goes the information about correctly received packets, and
the numbers of packets that have to be repeated. If no
acknowledgment is received for a particular packet, it is
regarded as a request for retransmission. Receiver probe
signal is used as the carrier for acknowledgment signals.
Data packets have the same structure as in a stop-and-wait

strategy.

4.1. Throughput Rate

4.1.1. Stop-and-Wait Strategy
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The throughput rate 75, in a stop-and-wait strategy is

defined as the ratio of the number of information bits per
packet to the total average number of bits that had to be
transmitted before a particular packet is received cor-

rectly [5], that is

N-r
T - = 4.1.1-1
sw (N+T+s)E ( )

N is the total number of bits in a packet, r is the number

of parity bits, and s is the bit length of acknowledgement
signals. T denotes the average number of idle bit times
counted from the last bit of a data packet transmitted and
the first bit of an ACK/NAK message received. The
acknowledgement message is positioned at the beginning of
the next available burst, as illustrated in Fig. 2. F
represents the average number of transmissions of one packet
accumulated to the moment the transmitter proceeds to a

new packet of data.

The probability A that a given transmission of a packet

at the same time happens to be the last one is
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A=P, +P,, (4.1.1-2)

where P. is the probability that a packet is received

correctly. P, is the probability that a received packet
contains an undetectable error pattern, and is erroneously

considered to be correct by the receiver.

The underlying assumption for Eq. (4.1.1-2) is that
ACK/NAK signal is always received correctly with proba-
bility equal to 1. In practice, this can be closely achieved
by heavy coding of acknowledgment signals. These signals
are short and even with very low code rates they will occupy
a small amount of a burst time. Furthermore, they are sent
at the beginning of a burst when bit error probability is
at its minimum. Since the burst time is valuable, the probe

signal itself carries the acknowledgment information.

For an average linear (n.,k) code, the undetected error

probability P, is bounded by [30)

P, < 27™B1-p)).
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For a double-error-correcting primitive BCH code it is

bounded by

< 2-(n-k)'

P, <
It means that for either of these codes, that are often
used in error detection, P, may be neglected in comparison
to P, for any practical packet length. The same conclusion
is valid for the case when cyclic redundancy check (CRC)
polynomials are used for detecting the errors in a received
packet. Thus, we continue our derivation with Eq. (4.1.1-2)

reduced to
A= P (4.1.1-3)
Now, the probability that we need exactly n=i trans-

missions of a packet to receive it correctly, expressed

in terms of probability A, is

i-1
P{n=i) = A, [T(1-4,.
k=0
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meaning that before the /~th successful transmission there

had been (i-1) unsuccessful attempts. By definition, we
have that A,=0. Substituting the value for A from Eq.

(4.1.1-3), we have
i-1

P(n=i) = P, [](1-P,). (4.1.1-4)
k=0

where P, and P, are the total probabilities of correct

packet reception during the i-th and k-th transmission,
respectively. In addition, for k=0 we define that P =0.
The indexing of P.is still necessary, since we are talking
about transmissions over successive bursts which, in

general, have different physical properties.

The total probability that a packet is received cor-

rectly during a particular try can be expressed as

P.= P, [ [P(Claib) 1@ f(b) dbag, +
q, b

« P, [ P(CIa)1(a0) das.

92
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where the integration goes over all possible values for
underdense and overdense electron line densities ¢, and
q., and underdense decay constant b. Following the deri-
vation from Egs. (3.1.1-2) and (3.1.1-3) for the underdense
case, and from Egs. (3.1.2-2) and (3.1.2-3) for the
overdense, the total probability can be expressed in the

following form

P.=P,P,+ P,P,. (4.1.1-5)

The probability of an underdense trail appearance P,

is the ratio of the expected number of underdense trails
to the total expected number of trails (underdense and
overdense), during some observation time 7,. It is equal

to

P =
Y Tpltw + Tp/tp

- L (4.1.1-6)

where t{,, and {,, are the mean times between underdense and

overdense trails, respectively, as defined in Egs.
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(2.1.9-2) and (2.1.9-3). Statistical parameter ;, is the
mean time between arrivals for the combined process con-
sisting of all the trails, regardless of type, and is
defined in Eq. (4.2-3). Similarly, the probability of an
overdense trail appearance P, is the ratio of the expected
number of overdense trails to the total expected number

of trails

b (4.1.1-7)

Using the expression from Eq. (4.1.1-4), the average

number of transmissions is

E =) iP{n=i)
{=]
[l -1
=Y ir, [TO-Pu. (4.1.1-8)
i=] k=0

The way P, and P, are calculated in Egs. (3.1.1-3) and

(3.1.2-3) is equivalent to averaging over the ensemble of

underdense and overdense trails, respectively. As a result,
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total probabilities p, from Eq. (4.1.1-5) for any particular
transmission attempt are statistically independent of each
other, and will have identical values. Thus, Eq. (4.1.1-8)
is simplified to

E = i iP.(1-P). (4.1.1-9)
i=]

Performing the summation of a geometric series in Eq.
(4.1.1-9), the average number of packet transmissions

becomes

E (4.1.1-10)

-1
P.
Substituting this result into the Eq. (4.1.1-1), the

throughput rate follows as

N-r

T W e————
sw N+t+s

P.. (4.1.1-11)

Dividing both the numerator and denominator in Eq.
(4.1.1-11) with the bit rate R, we obtain
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T,-T,

Tey = m—m—"——
sV Tp+T|'dlo+Ts

P.. (4.1.1-12)

where 7,, 7,, and 7, are the durations of a data packet,

ACK/NAK signal, and parity bits, respectively. 7., is the
average idle communication time, measured from the end of
a data packet transmitted to the beginning of an
acknowledgement signal coming over the next available

trail.

Idle communication time ¢(,4, 18 a random variable, whose
value is
tigie = X=T,,

with x representing the time difference between two con-

secutive trail appearances or, in fact, the distance between
two successive Poisson points of a combined process. With

respect to the probability density function for x [42)

f(x) = tl exp(-i).

1
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we £ind the average value for (4., as

e = Tuaw = [ (6 = T,)f(0dx
=t - T,. (4.1.1-13)

Combining Egs. (4.1.1-5) through (4.1.1-7), and (4.1.1-12)
and (4.1.1-13), the final expression for the throughput

rate beconmes

T T"-T'(t'P LA (4.1.1-14
SW ll*T, tlU cu co |* o d . )

when stop-and-wait strateqgy is used. It is, in fact, the

sum

ro=T, L LTen T U,
cu co

t+T, LU+T; L

Tg, =

= Tswv * Tswos

of throughputs 7 5., and 7 5,0, due to underdense and overdense

bursts, respectively.
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4.1.2. Selective-Repeat Strateqgy

Somewhat different approach is used in evaluating the
throughput ra;te for selective-repeat strategy. If we assume
that the receiver buffer is infinite and that no errors
occur in the feedback channel, the throughput is just equal
to the probability that the packet is received correctly

[(59],
Tsp = P, (4.1.2-1)

representing the average number of packets communicated
(i.e., transmitted and received correctly) per transmis-
sion. The throughput 7 s: is obtained as the capacity of an
M-ary erasure channel, where M is the number of possible
choices for a data packet [46]. Hence, the selective-repeat
strategy represents the optimal form of ARQ when the

receiver buffer size is unlimited.

The probability of correct packet reception P. can take

on several values. When the beginning of a packet falls
within the underdense burst, P. is equal to P, from Eq.
(3.1.1-3), what happens with the probability
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1 T, -
P(Pc=Pcu) = T—D (_D ‘BU)

= —, (4.1.2-2)

calculated as the ratio of the total underdense burst time
to observation time. ?,U is the average underdense burst
duration. When the packet beginning falls inside an
overdense burst, we have that P. is equal to P, from Eq.

(3.1.2-3), what occurs with the probability

R (12 ; )
TD tIO ko

t
= 20 (4.1.2-3)
tio

P{P =P}

calculated as the ratio of the total overdense burst time
to observation time. I, is the average overdense burst

duration. Elsewhere, P. is equal to zero.

Total underdense (overdense) burst time is calculated
as a product of the expected number of underdense (over-

dense) bursts in an observation time 7,, and the underdense
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(overdense) average burst duration. The mean time between
trails is always greater than the average burst duration,

in underdense and in overdense case.

Hence, the total probability of a correct packet
reception will be
P

= P PAP.=Po) * Peyt PAP.=P).

¢

Substituting the values from Egs. (4.1.2-2) and (4.1.2-3),

the expression for the selective-repeat throughput becomes

TSR = t—— Pcu l_ Pco
1) 10
- TSRU + TSRO’ (4-1-2—4)

the sum of throughputs 7 sy, and ut 7 s, that are due to

underdense and overdense bursts, respectively.

In the derivation of 7T s; we assumed that a data packet

always occupies the spot at the beginning of a burst.
Consequently, 7 szy is an upper bound on the underdense

throughput, since the beginning of an underdense burst is
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the most favorable position in the sense of maximizing the
probability of a correct packet reception P.. It is not
the situation with the overdense trails, where the prob-
ability of correct packet reception P, reaches its maximum
sometime within a trail, and 7, is not an upper bound.
Oon the other hand, P, is always close to or equal to 1.
Having that in mind, and the fact that the contribution
of overdense trails to the total throughput is small because
of their low rate of occurrence, we can consider 7 s to be

an upper bound on the overall throughput.

4.2. Message Waiting Time

Waiting time to deliver a message, that is in our case
a single data packet, is defined as the time elapsed from
the moment a transmitter has a packet ready for sending,
to the time instant the receiver starts sending back a

positive acknowledgment signal.

Underdense and overdense trail arrivals are independent

Poisson processes, with respective parameters

A =ti and A, = —. (4.2-1)
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consisting of all trail

The combined random process,
arrivals, is also Poisson with the parameter A given by

(4.2-2)

A=A, * A,

the mean time between trail arrivals

and, consequently,

in this new process is

|
= A
(4.2-3)

tivw Lio
tiy + Lo

When trail arrivals are modeled as Poisson random points

t,, the message waiting time t, in a stop-and-wait strategy

is defined as

t, = X,

= tll‘l - too

Quantity x,., is the time distance from the fixed beginning

to of the observation time, i.e., the instant a transmitter
to the (n+1)-th random

has a packet ready for sending,
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Poisson point to the right of ;,. Namely, if the number of
transmissions required to receive a packet correctly is
equal to n, we have to wait till the (n+1)-th trail for
the receiver confirmation. Random variable x,., is char-

acterized by Erlang probability density function [42)
- L )\n‘l n_=-AXx
Far(x) = = A" lx"e,

and averaging ({, over x leads to

Ex(tw) L-anIanI(x)dx

1
- 1).
xn+1)

Furthermore, averaging ¢, with respect to n, a discrete

random variable representing the number of packet trans-
missions and defined by Eq. (4.1.1-4), the expected waiting

time becomes
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t, = (1+E) t,

1
(v 7) e

1
= (1 + PcuPu " PCOPO) t,. (4.2_4)

The minimum average waiting time is achieved when each
packet is correctly received during its first attempted
transmission. Expected number of transmissions £ is then
equal to 1, and the resulting lower bound on the waiting
time to receive a correct packet in a stop-and-wait strategy

is

w 2 twmln

> 2t,, (4.2-5)

a function of communication system parameters only.

4.3. Probability of Correct Message Delivery

4.3.1. Stop-and-Wait Strateqy
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At times, an important performance measure is the
probability of delivering a correct data packet within some
specified observation time 7,. For stop-and-wait strategy

it can be evaluated as

Po{t<T,) = ) P{Clat least i trails inT )
t=1]

-P{at least i trails inT}.

Using the Poisson distribution formula that describes the

trail arrivals, the probability P, becomes
- i-1 -
1 -a
Po{l<T,) = ;Pcim(l—Pc,);k—!a*e , (4.3.1-1)

where the summing index { represents the number of necessary

transmissions to deliver a packet correctly. P, and P are
the total probabilities of correct packet reception during
the /~th and [-th transmission. The Poisson process parameter

is a-TD/t[o
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Following the argument from Sec. 4.1.1., that total
probabilities P, are statistically independent from trail
to trail and have identical values, Eq. (4.3.1-1) simplifies
to

Py{t<Tp) = ZP(l-P)"Z-—ae“. (4.3.1-2)

k-l

The second sum in Eq. (4.3.1-2) can be expressed in terms

of the chi-square probability function Q(x?|v), leading to
Po{t<T,) = ) P(1-P)"'[1-Q(2al2i)].
i=1

This sum can be broken into two parts. The first sum is
equal to 1, and in the second sum we will replace the
chi-square function by its integral representation,

resulting in

- _ _ -1 1 .t-l-tlz
Po{tSTp) = 1 ZP(: P.) zr()f‘ o2y,

(4.3.1-3)
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Interchanging the order of integration and summation, we

have that

l RERPR i |
Pp(t<T,) = él’cf e ”ZZ(I—PC)tZ————,“dt.
=0 4

2a

Summing over ¢ first,

t
Po(t$Tp) = %P[ e "zexp[(l—Pc)é]dz.

2a

we obtain the integral that can be solved in a close form.
Thus, the probability of delivering the correct packet in

at most time 7, is
Tp
Pp(t£Tp) = 1-exp(-T—Pc). (4.3.1-4)
!

when stop-and-wait strategy is used.

4.3.2. Selective-Repeat Strategy




76

The main problem is to determine the amount of available
communication time, i.e., the total time the received signal
is above some specified threshold. That time is a sum of
random underdense and overdense burst durations within the
observation time 7 ,. But the corresponding density function
of a sum of random variables representing burst durations
could not be found, since the probability density function
of either underdense or overdense burst duration is not
known in a closed form. Thus, we had to look for an
approximate way to calculate the probability of successful

packet delivery.

The average number of packets N , that can be transmitted

during some observation time 7, is found as the ratio of
the total average communication time to the packet duration

T,1

(2t 200) |
Np=| ==Lt + =2, ]|
g [Tr(‘w Bu tio °

1 The symbol |.| denotes the integer part of the expres-
sion.
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The total average time available for communication is a
sum of the total average underdense and overdense burst
times. On the other hand, the total underdense (overdense)
burst time is found as a product of the expected number
of underdense (overdense) bursts and underdense (overdense)

burst duration.

The probability of receiving the correct packet within
the time 7, is then

N,
Po(tST,) S ) P (1-P)"!
i=]

IA

1 - (1-pP)" ", (4.3.2-1)

where P, is the total probability of the correct packet

reception. Eq. (4.3.2-1) is valid only for N,21l, and
represents an upper bound since we assumed that all
available slots are used for retransmissions of a single

packet.

4.4. Channel Duty Cycle
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The duty cycle of a meteor burst communication system
is defined as the percentage of time that the received
signal is above some arbitrary threshold, what is equivalent
to the condition that the trail electron line density be
above some minimum value g,,... It can be found as the ratio
of the total burst time within an observation time 7,, to
the observation time 7, itself. On the average, the total
burst time is the product of the expected number of trails
during the observation time and their mean durations. Taking

into account both types of trails

duty cycle =-l-(12 Loy + To t )
To\tw ™  tio *°
t t
- v, leo (4.4-1)
tiy Lio

where mean values for underdense and overdense burst
durations, !z, and tz;;,, contain the information about the
receiver threshold (i.e. Qum..) Eq. (4.4-1]) is derived
assuming that trails of the same or different type do not
overlap. If that happens to be the case, it is an upper

bound.
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5. METEOR BURST CHANNEL CAPACITY

5.1. Gaussian Channel

According to Shannon's coding theorem, the capacity of

an additive white Gaussian channel (AWGN) is

C = b’log2(1+ ) bit/s, (5.1-1)

WN,

where Iv is the channel bandwidth, P is the total signal

power, and 2W(N,/2) is the total noise power [2]. The
formula gives the ultimate limit to transmission rate in
a Gaussian channel, and we do not know whether signals used
in this work, or any other signals, fall short of this
limit.

Strictly speaking, meteor burst channel is not an AWGN
channel, since its noise power spectral density from Eq.
(2.1.10-1) is a function of frequency. But if we confine
our signals into the narrow bandwidth around the carrier

frequency, as it is the case with BPSK modulation that is
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used in this work, the value of N, inside that bandwidth
will not change much compared to its nominal value at the

carrier frequency, and we can assume that N, is constant.

Similar reasoning is valid for the received signal
power. Constants in transmission equations for underdense
and overdense trails, Egs. (2.1.2-2) and (2.1.3-2),
respectively, are also functions of frequency, but their
values do not change significantly inside the narrow BPSK
signal bandwidth. It means that values of the received

power need no correction for the frequency fall-off.

Instantaneous channel capacity from Eq. (5.1-1) is a
function of the random power P, received from underdense
and overdense trails. Received power is a function of
several random variables: trail arrival times, electron
line densities of underdense and overdense trails, and
power decay constant of underdense trails. To find the

average channel throughput,
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we will use the result from theory of convex functions,

stating that [54)

E{f(x)} = fCE{(x}),

when f(x) is a convex cap function. The capacity function

satisfies this condition, since its second derivative with

respect to P is less than zero for all values of P. Thus,

E(Ty € 2L m(1+ ‘ E(P)). (5.1-2)

where [{P} is the total average power received from

underdense and overdense trails. In order to find the
average throughput, we will deal separately with afore-

mentioned random variables.

The number n(!,.!,) of Poisson points ¢, in the interval

(t;,t;) of the length t=t(,-t, is a random variable. The
probability that exactly k Poisson points fall into the

interval (t,.!;) is equal to
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P{n(t, . t;)=k) =

Using the Poisson points ¢, we form a new stochastic process,

defined as

x(t) = n(0,t),

representing the number of Poisson points in the interval
(0,t). This is a discrete state process consisting of
increasing staircase functions with discontinuities at the
points t,. If we bring the Poisson process x(!) to the input
of a differentiator, the output will be a train of Poisson

impulses

z(t) = ) 6(t-t). (5.1-3)

In particular, using the values for A from Eq. (4.2-1),

we will have that

(Kut)k e W

P{n, (t,,t,)=k) = Py e \
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and

ALODY
P{n,(t,.t,)=k) = (k!) e ™,

where n,(!,.t;) and n,(t,.!,) are numbers of underdense and

overdense trails in the interval (¢,.t,), respectively. In

that sense, we form the process

z, (1) = > b(t-t,),

representing the arrivals of underdense trails, and the

process

Z (1) = Y b(t=t,,),

J

that represents the arrivals of overdense trails. Instants
t. and ¢,, are the arrival times of underdense and overdense

trails, respectively.

The total power received from the meteor burst channel

is then
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P(ql'qZ'b:t) = Zu(t).P:u(Ql'b;l) + Zo(t)tPto(QZ;t)'

(5.1-4)

evaluated as the convolution of processes z,(!) and z,(!),

and powers P,,(q,.b:t) and P,,(q.:t) received from underdense
and overdense trails, respectively. The underlying
assumption here is that underdense and overdense trail
arrivals are independent stochastic processes, and that
trails do not overlap in time. (If trails do overlap, Eq.
(5.1-4) represents an upper bound.) Performing the con-

volution from Eq. (5.1-4), the received power expression

becomes

P(q,,qp.bit) = Y P (q,.bit=t,) + ) P,(qt-t,).
t /

Averaging P(q,.q..b;t) from Eq. (5.1-4) with respect to

random variables representing trail arrivals,

E{P(q.,q2.b:)} = P, (q,,bi)*E{z,(1)} +

+ Po(q2i)*E{z,(1))}.
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and having in mind that expected values of stationary

processes z,(!) and z,(t) are
E{z,()}=A, and E{(z,(1)}=A,,

we end up with

agq-k

E{P(q,.q,.b:t)} = Mf P, (g, bit)dt + A, f P (q,it)dt.
0

The thing to do next is to integrate the underdense

received power over the underdense burst duration,

f P..(q,,b;t)dt = Cuqff exp(-é)dt
0

[o]

= (:u(Ifb'

We took here that the duration of an underdense burst is
infinite, although it really is equal to {, from Eq.
(2.1.7-1), but this approximation brings insignificant
changes to the final result. Furthermore, integrating the
overdense received power over the overdense burst duration,

we get
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ag,-k

2n
[ Putazna = \[Zc,aq.0ag;.
0

The last integral is approximated using the Formula
(4.269-3) from (17]. We again neglected here the fact that
effective duration of a burst, in communication terms, may
be shorter than assumed by integration limits. Virtual
burst duration is a function of the received power
threshold, imposed either by the receiver sensitivity or
by the desired maximum bit error probability in transmission
that we want to maintain. This approximation is validated
by the fact that we are looking for an upper bound on

throughput, independent of the user selected threshold.

The final result of averaging the received power over

random trail arrivals is then

| 1
E{P(q,.q,.b)} = mcubqf + 0.48;I—oc,aqzdaqz.

Averaging the power P(q,.Qq:.b) further over electron line

densities g, and g,, and decay constant b,
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- L
C
E{P) = — bqif(b)f(q,)dbdq, +
O[OQI-{MMU l l l

Quo

0.48
+ 1 C.a f q.vaq.f(q.)dq,,

10

92" I minue

we obtain the final expression for average power in the

form

1 —
E{P} = 0.7—C,Q,0 (qu = Gmima) *
1w

1
+ O.48t——Conal's(qu., = q mino) +
10

Substituting this result in Eq. (5.1-2), we obtain an

upper bound on the average meteor burst channel throughput

as

1.4

+ ————C,Q,b (q.} - qrb) +

+ . COQZGLS(quo - qmino)]' (51‘5)
10
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This is a general bound, valid also in case of ARQ
transmission, since Shannon proved that channel capacity

is not increased by introduction of feedback [46].

5.2. Binary Symmetric Channel

More realistic values for the throughput are obtained
if we consider the meteor burst channel to be a binary

symmetric channel (BSC). In general, the BSC capacity is

C=1+ p-log,p + (1-p)-log,(1-p) bits/bit,

where p is a channel bit error rate. For underdense trails

and BPSK modulation, the conditional bit error rate is

given by

following the reasoning from Sec. 3.1.1. For overdense
trails, and the same type of modulation, bit error rate

is
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Po = Pu(gyit)

! Co [keny n[292))
=3 erfc(NOR\/(k 1) ln(kﬂ)) ,

this time following the development from Sec. 3.1.2. We

can consider the meteor burst channel throughput to be a

random variable, taking values

T
T

during underdense bursts,

\4
[l

during overdense bursts,

o'

0, elsewhere.

In the long run, the probability that throughput 7 will

be equal to T, is

BU

P{T=T,) = =,

-~ ) o~

evaluated as the ratio of the total underdense burst time
to the observation time, as in Eq. (4.1.2-2). Similarly,

the throughput 7 will take the value 7, with probability
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calculated this time as the ratio of the total overdense
burst time to observation time, as in Eq. (4.1.2-3). The

average throughput is then found as

— t
T = = (1% p,log,p, + (1-p,) loga(1-p,)] +

tiy

t
+ o 11+ porlogzp, + (1-p,) logz(1-po)].

10

The values for bit error probabilities p, and p, change

with time ¢ elapsed from the beginning of a trail, and they
will be at their minimum when the received power is maximum.
For underdense trails it happens for time (=0, and the

corresponding minimum underdense bit error probability is

pumin = Pbu(Ql'b;O)

erfc
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For overdense trails, the received power is at its maximum

when time is equal to

and the minimum overdense bit error probability is

aq
Pomin ™ Pbo(Qz;'—e—z_k)

172
C
-1 erfc 2 492 .
2 NoR e

Using the conditional probabilities p, .. and p,mn., Wwe

calculate the corresponding total probabilities P, ., and

Po min A8

Y Qus

Pumn = [ [ Pumnt(®)f(a)da,av,

=09, mn,

and
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q-o

Pomin = f pomlnf(q2)dq2'

92" Umimo

Throughput is at its maximum when the bit error
probability is minimum, and we obtain the upper bound on
the average throughput of a binary symmetric meteor burst

channel as

- t
T < t_B_U {1+ PuminOIOQZPumin + (I—Pumin)'IOQZ(l—Pumln)] +
1

¢
+ % [1 + Pomln'logzPomln + (I—Pomm)'l()gz(l_Pomin)]'
10

(3.4-6)

This bound is also valid for ARQ transmission, as concluded

in Sec. 5.1.
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6. SIMULATION AND RESULTS

6.1. The Sample System

Results from calculations and simulations that are

presented in this chapter are for the specific sample

system, chosen as the representative of the systems cur-

rently used in meteor burst communications. Parameter

values are as follows:

P;=1000 W

Cr=GCg=10 dB

L=1000 km

Rr=Rp=514 km

f=50 MH=z
A=6 m
$=153.12°

D=8 m?/sec
¢ = 45.84°

Pbmnx- 10-‘

Transmitter power

Transmitter and receiver antenna
gains

Communication link distance

Transmitter and receiver distances
from a meteor trail

Transmitter carrier frequency
Carrier wavelength
Angle between radii R; and R,
Diffusion constant
Antenna beamwidth

Maximum allowed bit error rate
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For those parameters, values for constants from

statistical models are:

No=4.89x10"% W/Hz Noise power spectral density

C,=3.81x10 "%y Underdense power constant
C,=2.37x10°" |y Overdense power constant
k=0.013 sec "
a=5.95x10""° sec "

6.2. Simulation

In order to gain more insight into the transmission
properties of the meteor burst channel, and to verify some
of the calculated performance characteristics, a computer
simulation program was developed according to the proba-
bilistic model of the channel outlined in Chapter 2. IMSL
Software Library of mathematical and statistical
subroutines was used in the implementation of the simulator

[28].
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The simulation allows for transmission of arbitrary
length packets with fixed data rate of up to R .., the
maximum data rate attainable using underdense trails and

BPSK modulation, given by

C. qi
Noler fc ' (2P pmax)]®

maxu

or, alternately, up to R,.,2 the maximum data rate for

overdense trails

[AGuo 1
Rmaxo = Co 1 2"
e Nolerfc™ (2Psmax))

Inputs to the program are observation time, maximum

desired bit error rate Pim..x, transmission data rate, and
number of bits per packet. Observation time can be set to
the maximum of 6 hours, what will determine the number of
underdense and overdense trails avajilable for transmission.
The value for P,... 18 used to set the receiver threshold,

according to Eq. (2.1.4-3).
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Random number generator is used to produce bit values
for packets of desired length, which are then stored into
the transmitter buffer. If coding is used, information bits
are passed through the convolutional encoder before
storage. Code rate can be set to 1/2 or 1/3, constraint
length may have values of up to 7, and the decoder is
provided with the memory length of up to 70 bits. Code
generators are from the table of optimum short constraint

length convolutional codes [40].

Trail arrival times are generated using Poisson random
deviate generator, with Poisson parameters for underdense
and overdense trails defined in Egs. (2.1.9-2) and
(2.1.9-3). Random deviates for electron line densities and
decay constant are generated following the cumulative
distribution functions given by Egqs. (2.1.4-2), (2.1.5-2),
and (2.1.6-2). Samples of Gaussian noise have power spectral

density from Eq. (2.1.10-1).

In the correlation receiver, hard decision is brought
upon individual bits according to the signal sample cal-
culated from received power, Egqs. (2.1.1-1) and (2.1.3-1),

and noise. Bit values are then stored in the receiver
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buffer. In case of coded transmission, the received packet
is first decoded by the maximum-likelihood Viterbi algo-
rithm. The packet in the receiver buffer is checked for
errors, and appropriate acknowledge signal is issued. If
the packet is correct, ACK signal causes the transmission
of a new packet, and if errors are found the same packet
is retransmitted over the first available trail. At the
end of the observation time, throughput and waiting time
are calculated from the accumulated statistics about the
number of packets transmitted, number of retransmissions,
and times elapsed from the first transmission of each of
the packets and the reception of a positive acknowledgment

signal.

6.3. Results

Since close form expressions for most of the performance
characteristics could not be obtained in a closed form,
statistical averages were calculated numerically with the

help of integration subroutines from the IMSL package.

6.3.1. Stop-and-Wajit Strateqy
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Throughput rate for uncoded transmission as a function
of data rate R is shown in Fig. 1, with the number of
information bits per packet as a parameter. Throughput
values are calculated according to Egs. (4.1.1-14),
(3.1.1-3), and (3.1.2-3). For relatively short packets (N
= 100, 500, and 1000 bits,) the throughput decreases
monotonically with increase in the data rate, and no optimum
data rate is observed. The main reason for the decrease
in throughput is the increase in the number of idle bit
times, i.e., the increase in the mean time between trail
occurrences. The mean time between underdense bursts, which
are the dominant propagation medium at low data rates, is
2.25 seconds at 1 kbit/sec and goes to 8.62 seconds at 10
kbits/sec. Mean time between overdense bursts is about 150
seconds, remaining at that value up to 100 kbits/sec, and
their influence on throughput in this sample system and
for this channel model is a second order effect. The maximum
in throughput curve shows only for longer packets. At low
data rates their length often exceeds the burst length,
the probability of receiving the packet correctly becomes
low, and the drop in throughput results.
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The average burst duration at 1 kbit/sec is 0.6 seconds
and falls to 0.36 seconds at 10 kbits/sec. For a fixed
packet size of N bits, a drop in throughput will happen
when the packet duration 7 ,= N/R becomes much greater than
the average burst length. This consideration is more readily
seen from Fig. 2, where uncoded throughput values are
plotted versus the packet size, with bit rate as a parameter.
At a constant data rate, throughput is small for short
packets, and rises steadily as the number of bits per packet
is increased. The maximum is reached around 700 bits at 1
kbit/sec, and 1300 bits at 2 kbits/sec, showing that the
optimum packet length is slightly greater than the average
burst length. Further increase in packet length brings no
benefit but rather decrease in throughput, what is the
consequence of the rise in the number of packet retrans-
missions. As the received power falls exponentially with
the time measured from a burst formation, long packets
experience unfavorable signal-to-noise ratios most of the
time. Lower throughput maxima, as the data rate R increases,
are due to the aforementioned fact of the growing number

of idle bit times.
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Waiting time to receive an error-free packet, defined
in Sec 4.2., is plotted in Fig. 3 versus the packet size,
with bit rate as a parameter. At a given data rate, the
shorter the packet the lower will be the probability of
an error event. The number of retransmissions is subse-
quently decreasing what, in turn, reduces the waiting time
to receive a positive acknowledgment signal from the
receiver. The only effect that could be observed here is
a steep rise in the waiting time for very low bit rates
and long packets. Again, it is the consequence of packet
duration greatly exceeding the average burst 1length.
Crossing points of curves determine the intervals of more
or less favorable combinations of data rates and packet
sizes that minimize the waiting time. For example, if our
packets are up to 1000 bits long we should transmit at 1
kbit/sec, and beyond that we are better off with the increase

in the transmission rate.

Fig. 4 points to an important observation that optimum
transmission rate exists for every packet length, in terms
of minimizing the waiting time. Comparing Figs. 2 and 4,
we see that we can almost simultaneously optimize the

throughput and the waiting time. The minima are pretty
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broad for all packet sizes, meaning that the choice of
transmission speed is not too limited, except for longer
packets, when lowering the speed can bring sharp increase
in waiting time. Thus, it is always better to operate at
slightly higher than optimum data rate. The curves show
general increase in waiting time as data rates become
higher, what is the consequence of the rise in trail
interarrival times. The bottom curve in Fig. 4 represents
the minimum achievable average waiting time to deliver a
packet of data, as defined in Eq. (4.2-5). That would happen
in the case of every packet being received correctly the

first time it is transmitted.

Idle times between bursts, and the limiting factor of
the usable burst portions in communication terms, are the
physical phenomena that cannot be overcome. The other major
cause of delays in delivering a message to the recipient,
and of relatively modest amount of achieved throughput,
is the number of retransmissions of any single packet. The
expected number of retransmissions is inversely propor-
tional to the average probability of a packet being error
free, as noted in Eq. (4.1.1-10). Thus, the way to overcome

system shortcomings is to increase the probability of
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correct packet reception. That led us to try hybrid ARQ
schemes where, in addition to the feedback channel, forward

error correction is employed.

Behavior similar to the one described in connection
with Figs. 1 to 4 is observed for all hybrid FEC-ARQ schemes.
Packets were convolutionally encoded with rate-1/2,
rate-3/4, and rate-7/8 codes. Rather than repeating the
performance curves for every code rate, the impact of

FEC-ARQ schemes is summarized in Figs. 5 and 6.

Fig. 5 offers the comparison of throughput rates for
uncoded and coded transmission. Rate-1/2 code yielded no
improvement, and rate-3/4 code was beneficial to certain
extent for some of the packet lengths. The real advantage
of coding is seen only when code rates approach to 1, where
throughput is increased for all packet sizes of interest.
The data rate parameter in all cases was 1 kbit/sec, as

it provides for the maximum throughput.

The comparison of waiting times for uncoded case,
low-rate code (rate-1/2), and high-rate code (rate-7/8),

is shown in Fig. 6. We see that high-rate codes yield lower
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waiting times at all data rates, when compared to the
uncoded case. Low-rate codes become superior to uncoded
transmission as data rate increases, but then the throughput
is prohibitively low. The other disadvantage of low-rate
codes is that their waiting times increase sharply for low

data rates, just when the throughput is at its maximum.

In Fig. 7, the probability of correct packet reception
is plotted against the observation time, for the uncoded
case and rate-1/2 and rate-7/8 codes. Here again high-rate
codes are advantageous, leading to higher probabilities of
correct packet reception, regardless of the observation

time.

6.3.2. Selective-Repeat Strateqy

In this ARQ scheme we concentrated on short packets,
as it is known that selective-repeat throughput increases
with decrease in the packet size. There exists no optimum
block 1length that maximizes the selective-repeat
throughput, neglecting the trivial case of block length
equal to 1, as proven in [38]. In practice, the smallest

block length allowed is the best choice, having in mind
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that real systems always require some minimum overhead.

The value for selective-repeat throughput in Eq.
(4.1.2-4) is difficult to calculate precisely, because of
the complexity involved in the computation of correct packet
reception. The position of a specific packet inside the
trail is a random variable whose values are known. They
are discrete time instants separated by a packet length,
but their probabilities are influenced by many factors
whose contributions are not easy to state analytically.
We can assume that the distribution is uniform, but even
then integrations become involved and time consuming, and

we evaluated bounds rather than exact expressions.

Fig. 8 represents the comparison of throughput rates
for uncoded ARQ and various FEC-ARQ schemes. For very short
packets FEC-ARQ does not bring improvement, but such packets
may be impractical in real transmission systems. Rate-1/2
codes are not beneficial at any packet length. With increase
in packet size all other code rates provide for increase
in throughput, as compared to uncoded transmission, with
increase being larger as the code rate approaches to 1.

The overall throughput falls-off monotonically for longer
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packets as expected, since the probability of losing the
last packet in the trail is rising. All throughput values
ar calculated as upper bounds on the actual throughput,
assuming that the particular packet always finds itself
positioned at the beginning of a burst. Simulation results
show that the actual throughput is about 70 percent of the

calculated upper bound.

The question now arises about the feasibility of a
selective-repeat scheme, since it is optimum only in the
case of infinitely long buffers. To estimate practical
buffer size, capable of sustaining the throughput predicted
in Fig. 8, we will use the notion of the block storage of
the link. The number of blocks S stored by the link is
(59]

S - ’VR(stomln*'throp)‘l.
N

R is data rate, T...,=~N/R is the emission delay of an N-bit

block transmitted at data rate R, and ¢,,,, is the propagation
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delay.l Ssince the data link stores S blocks, selective-
repeat scheme must employ a receiver capable of storing
at least S blocks. Otherwise blocks cannot be delivered
continuously, in a correct order, following an error. On
the other hand, if we provide the receiver with a buffer
of size gS blocks, the buffer overflow will occur only
after g attempts to send a copy of a block in error have
failed. For example, in case of N =100 bits per packet,
data rate of 1 kbit/sec, and 1000 km 1link, the link storage
is S=4blocks. Simulation showed that 2.29 retransmissions
are needed, on the average, to communicate a block suc-
cessfully. The required buffer capacity is thus 12 blocks,
what shows that estimated throughput could be maintained

with a relatively modest buffer size.

Feasibility of selective-repeat ARQ scheme is even less
in question when computer-to-computer communications are
concerned. Large amounts of high-speed and 1low-speed
storage available allow for transmission of much larger

packets, since blocks of data can easily be sorted if

1 The notation (x| signifies the smallest integer greater
than or equal to x.
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received out of order. Sorting is achieved by re-sequencing
block storage addresses, and no movement of data is really

necessary [6].

As for the probability of correct packet reception, the
same conclusion is valid here as in the stop-and-wait
protocol: High-rate codes are advantageous, leading to
higher probabilities of correct packet reception,

regardless of the observation time.

6.3.3. Channel Capacity

Upper bound on the average throughput of a meteor burst
channel, as a function of transmission rate, is shown in
Fig. 9. The meteor burst channel is here regarded as a
binary symmetric channel. The decrease in throughput with
increase in data rate is the consequence of thec rise in
trail interarrival times. It is assumed that usage of the
channel is attempted at all times, not only when we know
that the trail exists. In addition, an upper bound on the
average meteor burst channel throughput is shown in Fig.
10, as a function of channel bandwidth. This time the meteor

burst channel is regarded as an AWGN channel.
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7. CONCLUSION

The goal of this work was to examine the performance
characteristics of an ARQ communication system, operating
over a meteor burst channel. The problem was approached
from two sides. Early in the work we became aware that
closed form solutions are not something we could expect.
Turning to simulation seemed more promising, and in fact
gave us more feeling about the nature of phenomena involved
in the communication process. Enriched with this insight
we could look back to analytical derivations with more

realistic expectations.

Simulations and calculations were done on the basis of
the statistical model of a meteor burst channel. The model
itself 1is based on the classical power transmission
equations describing two main and distinct phenomena in
the channel, underdense and overdense trails. Second order
effects, like sporadic-E and auroral scatter, were not
included in the model, and we concentrated our effort on
stochastic parameters we concluded were crucial. Distri-
bution functions for underdense and overdense electron line

densities are based on experimental data from radio and
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radar observations of the channel, and include recent
findings. Decay constant for underdense trails is taken
to be Rayleigh distributed, although some authors prefer
the exponential distribution. Trail arrivals are modeled
as a Poisson process, and expressions for the mean time
between arrivals are a mixture of basic electromagnetic
considerations and practical observations. Geographic,
seasonal, and daily variations in all mentioned parameters
were not included in the model for two reasons. First, we
wanted to keep the simulation model as simple as possible,
since the computations become costly and involved with
introduction of many random variables; and second, too few
experimental data were publicly available to gain general
insight and indicate the way of implementing them into the
simulation. Only noise of galactic origin and the one
generated in the receiver were taken into account,
neglecting the sometimes predominant effect of a man made
noise. But the fact is that all today's operational meteor
burst communication systems are installed in remote sites,
where nonnatural interference is very unlikely. In addi-
tion, the results are obtained for a sample system we
believe is a good representative of the systems currently

used in practice.
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In this light, the conclusions drawn from the results
of calculation and simulation are only as good as the model
is. Its general application is not clear, since we could
well see relatively large differences among the data
obtained from different links. Not going into particu-
larities, we could say that results obtained conform, in
general, with published conclusions about the behavior of

a meteor burst channel.

The simulation program developed offers enough flex-
ibility to be used for testing various modulation types,
coding schemes, and communication protocols, under a wide
range of system and link parameters. Going as far as it
was possible into analytical derivations, we indicated ways
to calculate the performance characteristics by numerical
evaluation of statistical averages, and obtained good

accordance between calculated and simulated results.

Throughput rate, waiting time to receive a message
correctly, and probability of receiving a message within
the specified time, were chosen as the main performance
measures, since they are strongly related to the commu-

nication protocol used. Duty cycle, on the other side, is
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predominantly a function of channel characteristics and
communication system parameters, independent of the
protocol used. As for the channel capacity, an upper bound
in the Shannon's sense was obtained, to serve more as the
ultimate goal than something achievable in practice. In
addition, an upper bound on the channel capacity is derived,
when meteor burst channel is regarded as a binary symmetric

channel.

We estimated the performance of an ARQ communication
system transmitting BPSK data at a constant data rate,
under two protocols: stop-and-wait and selective-repeat.
We also looked into the possible benefits of hybrid FEC-ARQ
schemes which, in addition to feedback, offer some degree

of error correction.

It is found that, in both coded and uncoded stop-and-wait
strategy, there exists an optimum packet length for every
data rate, in terms of minimizing the waiting time and
maximizing the throughput. The packet duration should be
slightly larger than the average burst length of underdense
trails. Convolutional encoding of packets improves the

throughput and probability of correct packet reception,
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decreasing at the same time the expected message waiting
time, but only when high-rate codes are employed.
Improvements are higher as the code rate approaches to 1.
Low~-rate codes have mostly the opposite effect, and degrade

the system performance.

In a selective-repeat strategy, short packets offer the
highest throughput as expected, and at that point coded
and uncoded schemes have identical performance. The benefit
of using high-rate codes shows with the increase in packet
size. The longer the original packet, and the closer the
code rate is to 1, the larger the improvement in throughput
will be, as compared to uncoded transmission. Both coded
and uncoded ‘throughput are generally higher in

selective-repeat strategy.

Our results have been confirmed by recent experimental
data from high latitude meteor burst channel, showing that
it is much easier to deliver many short messages than a
few long ones [7]. Although different type of coding was
used, the conclusion is identical to the one obtained in
this work: Small amount of forward error correction improves

ARQ performance, and the use of codes seems limited to high
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rate ones. Low rate codes can correct more errors, but
additional parity bits become self-defeating under the
strong constraint of finite burst length. Yet another
empirical analysis of forward error correction in meteor
burst communication is in accordance with our conclusion,
the only difference being again the use of BCH codes [11].
It demonstrated increase in throughput and decreased delays
with respect to delivery of short messages, when using
simple FEC techniques and code rates as close to 1 as

possible.
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