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Three mechanisms likely to regularly produce multi path propagation are exa min ed. 
These are : (1) The simultaneous existence of two meteor trails; (2) the existence of a Rav­
leigh-fading background cont inuum; and (3) the existence of two first-Fresnel zones a long" a 
single meteor t rail. 

An analysis of the first mechanism indicated that in a typical meteor-burst communica­
tion system t wo-trail propagation wou!d ca use transmission errors at a rate directly propor­
t IOnal t o the system duty cycle. SatIsfactory agreement was obtained between predicted 
and observed error rates for such a system. An examination of t he signifi cance of in ter­
ference from t he co ntinuum in some wide-band t ransmission tests ind ica ted t ha t t his source 
of mu ltipath could be respons ible for a s ignifica nt fraction of t he errors ob erved . The t hird 
mecha nis m was examin ed to determin e t he magnit ude of t he mul t i path delays it co uld 
produ ce. It was found t hat t he effect of t his s in gle-t rail multipath wa likely to be s ignifi cant 
onl.v fo r t ransmission rates in excess of 2xlO' ba uds. H owever, the r es ults of meas urements 
at a rate of 105 ba ud s indicated tha t even at t his high rate over one-half of t he t ra nsmis ions 
were erro r free a nd that t his latt er type of mu lt ipath may not be of mu ch importance in 
system des ign . 

I. Introduction 

One of the important results of the first theoretical 
studies of meteor-burst communication [1,2] 2 was 
that the average channel capacity could be increased 
by raising the signaling rate. It is likely that this 
result, more than any oth er, led to the extensive 
study and development of meteor-burst systems. 
However, when experimental sy terns were tested it 
was found that the channel capacity observed fell far 
short of that predicted by theory . (For example, in 
one set of measurements [3 ], at a signaling rate of 
105 bauds the predicted channel capacity was 104 

bauds at an error rate of 10- 5• The measured 
capacity, however, was 103 bauds at an error rate 
near .10 - 3.) This discrepancy between theory and 
expenment has led to a search for ways of modifyinO' 
or extending previous theoretical results so that 
practical channel capacities could be accurately 
predicted. One aspect under study at NBS has 
been an examination of the deleterious effects of 
multipath propagation. 

Multipath propagation is one source of transmis-
I sion error and this fact, although recognized, was 

neglected in the development of the meteor-burst 
communication theory. In this paper three likely 
sources of multipath propagation will be considered. 
The first arises from the possibility that two meteor 
trails can exist simultaneously. The second arises 
because a secondary signal is propagated by the 
background con tinuum (the so-called "ionospheric 
l:lcatter" mode of propagation) . The third situation 

I Contribution from Centra Radio Propagation Laboratory, Natfonal Emeau 
of Stalldards, Boulder, Colo. 

, Figures in brackets indicate the literature references at the end of th is paper. 

to be considered arises as a consequence of the exi t­
ence of single long-enduring meteor trail which have 
been distorted by winds in the ionosphere. 

It:, has not been practical, as yet, or even desirable 
to con ider the practical effects of these three classes 
of multipath propagation from a unified viewpoint. 
In each case the analysi has been carried only to the 
point where some results of practical value were 
obtained, and no attempt has been made to consider 
the effec ts in combination rather than separately. 

For the two-trail case a general relation between 
error rate, du ty cycle, and the statistical parameter 
of n~e teor-burs t propagation is developed and then 
applIed to a hypothetical fsle communication system. 
In the case of multipath interference from the con­
t.inuufll the ~terference is treated as being a noise­
like SIgnal whICh reduces the effective signal-to-noise 
ratio at the receiver.3 For the case of multipath 
propagation from a single trail th e analysis is limited 
t.o a computation of the maximum delay which is 
likely to be produced. The application of the compu­
tational techniques is illustrated by using them to 
compute error rates for two experimental meteor­
b1!rst communication systems and comparing these 
WIth the error rates actually observp.cL 

N 0 con~ideratio~ is given to the freq uently­
observed SIgnal fadmg which can result from qu.ite 
short multipath delays, since the equipmen t tech­
niques for combating such fading are well known and 
readily available. Consideration is limi ted instead 
to those multipath conditions which are likely to 
result in receiving strong but badly-distorted signals 
for sys tems utilizing conventional modulation tech­
niq lles such as fsle or ppm. 

3 'l'his is similar to tbe t reatment by Moutgomcry an d Sugar [1]. 
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2. Two-Trail Multipath Propagation 

The binary error rate for a m eteor-burst system is 
now computed under the assumption that th e only 
source of errol' is the multipath propagation which 
results from the simultaneous existen ce of two suit­
ably-oriented m eteor trails , Three conditions must 
b e m et. First, there must be two trails presen t at 
th e sam e time with th e amplitude of the signal from 
one of th em above th e operating thTeshold of the 
system . Second, the signal from th e second trail, 
the interfering signal, must be comparable in ampli­
t ude to that from the first trail. Third, the inter­
fering signal must be sufficiently delayed so as to 
cause errors (rather than just causing fading) . The 
exact details of the latter two requirements will 
depend on th e characteristics of th e particular com­
munications system under study. The error for an 
fsk radiotelegraph system is computed since experi­
m ental r esults from two such systems are available 
for comparison with the theory. However , the same 
gen eral procedure can b e followed in predicting th e 
error for any system. 

Assume that m eteoric particles enter the earth 's 
atmosphere at random times and that the radio 
properties of trails are statistically independent of 
the time when the trail was formed. L et the distri­
bution function F(S) represent the probability that 
the signal amplitude is greater than S, and let j(S) 
represent the associated probability density. Then 
for a system threshold St the duty cycle or probability 
that the signal will b e above St is just F(St). The 
probability that signals from trails 1 and 2 will b e 
simultaneously present and contribute amplitudes 
S[ and S2 r espectively is 

Assume that the errol' rate for a binary signaling 
sys tem can be given by a function peSt, S2 , T) 
where T is the multipath delay. Thus the error for 
signals S[, S2, and multipath delay T is 

The average error rate P for the interval T is then 
given by 

(S[ is chosen here as the amplitude of t he s tronger 
signal and i t is assumed that during each binar T 

digit S[, S2, and T are constant. ) It remains now 
only to put in the functions p andjfor a given system 
and evaluate the integral. Since experimental data 
for two fsk radiotelegraph systems is available the 
error will b e computed for such a system . 

Assume that, all signals r esult from specular r eflec­
tions from underdensc trails, that the decay param-

eter k (in S = Smaxe- kt) is fixed over the observing 
interval , that the system uses fsk and that the r e­
ceiver has an effective capture ratio R. (R is defined 
as the amplitude ratio of the stronger signal to the 
weak er signal required to achieve error-free recep­
tion. ) Then 

if 1 < S d S 2<R , T > 70, and P (S J= O otherwise. If 
the distribution function is assumed to be given b y 
F(S) = (So/s)a where So and a are constants, then 
f(S) = (a/S) (So/s)a. 

For the present assume that any multi path delay 
is sufficient to cause system erro1's.4 This implies 
that 70= 0 and 

After integration th e result becomes 

p eS t) =t(R a_ l ) (So/S,)a. 

Then, since the duty cycle for any threshold is just 

in terms of duty cycle 

p eS,) = t(Ra- l)F(S,) . 

The error rate is therefore proportional to duty cycle. 
Figure 1 is a plot of the factor t (R a- l ) for various 
values of th e parameters R and a. 

Some results obtained from the N BS Meteor­
Burst Communication System [5] ar e now compared 
with those predicted by the above theory. The 
operating data available for the system gives charac­
ter errol' rate and duty cycle as a function of the 
system parameters. The first step is to relate binary 
error to ch aracter errol'. vVhen the system is op­
el'ated at low error r ates, it is estimated that each 
binary transmission error will produce an average of 
1.35 character errors on the teleprinter. (This esti­
mate should not be considered generally applicable 
to other radio-teletype systems since it is based on a 
specific set of rules for counting errors and also in­
cludes a consideration of control errors in the system.) 
Through the use of this factor the character error 
rate can b e predicted and compared with the meas- , 
ured error rate. This has been done for various 
values of R and the comparison is shown in figure 2. 
E ach point r epresents the average error rate and duty 
cycle for }6 hI' of sys tem operatlOn . 

4 At presen t some dnta i~ available which can be interpreted to give multipath 
delnys. Bailey, Bateman, an d Kirby l4] give delays of meteor bursts relative to 
the continuum at 49.7 Mc/s and these can be interprrted as indicating that the • 
most probable multipath delay in t.he two-trail ease is ot the orcler of 200 !,sec or 
less. Delays up to 2 msec were o/)served occas ionally. 

496 



10 
0'3.0 

0'2.5 

0'2 .0 

0'1 . 5 

0=1 .0 

d 
0: 

" "-
0'0.5 

10- 1 

o 4 6 8 10 12 
CAPTURE RATIO IR) ,db 

FIGURE 1. En'or rate factor for f s le transmission. 
Error rate= ordinato X duty oyole. 

Unfortunately, thc capture ratio R was not meas­
ured.for the system and an exact comparison between 
predlcted and observed error rates is not possible. 
However, measurement in similar systems has indi­
cated that capture ratios of 2 to 3 db are readily 
attamable. It t herefore appears that the theo­
retically predicted resul ts are not inconsistent with 
the observations and there may in fact be D'ood 
ag~ccment. The slope <?f the cxpcrimental data is 
qmte elosc. to that predlCte~l and the magnitude is 
reprcsentatlve of that prcdlcted for a system with 
an effective capture ratio of 3 to 4 db. 

3. Multipath Interference From the 
Continuum 

The effect of interference from the continuous 
background signal on an idealized meteor-burst 
communication system is now considered and the 
predicted error rates are compared with some experi­
mental results . For the burst SyStelll itself error­
free performance in the absence of the contiduum is 
assumed. In addition it is assumed that all of the 
mu1tipat~ delays involved are at least comparable 
to the bit length and therefore can cause trans­
mission errors. The signal from the continuum can 
the.n be considered as being a type of Gaussian noise 
wInch sets the effective signal-to-noise ratio for the 
system. This assumption is justified since the 
continuum exhibits a Rayleigh fading characteristic 
[6] . Moreover for large signaling bandwidths the 
continuum signal is not phase coherent over the 
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FIGURE 2. Computed and observed errol' rales Jor two-trail 
mullipath. 

The 3 light lines gh'e computod error ratos. Tho points and hoavy lino are 
oxpenmental data. 

banc~ [4 , 7].. Th~s to a first approximation the 
contmuum slgnal lS not con'elated with the metcor­
burst signal and can therefore be analvzcd as if it 
were random noise. " 

Under these assumptions the error rate for a 
sy~tem c.an readily be predi~ted since the signal-to­
nOlse-ratlO performance of most modulaLion systems 
has been worked out and is available in the literature . 
~or simplicity the signal level can be taken to be the 
slgnal threshold at which the burst system is opera­
ted. The more complex procedure of usino' the 
actual meteoric signal distribution could be foll~wed , 
but a~ pres~nt there. seems to be little to be gained 
by usmg; thlS. more dlfficult approach since even it is 
hlghly ldeahzed and neglects many restrictions 
present 111 actual systems. 

For a comparison between theory and experiment 
the results from some wide-band meteor-burst 
transmission studies performed at NBS 5 are utilized . 
The signalinob ' rate was 105 bauds usino' fsk and b , 

, Tbese studies were a cont inuation of the work reportee! by Mont~omery and 
Sugar [1] . -
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binary error was measured. The continuum was 
measured during the experiment by use of a strip­
chart recorder operated from the agc circuits of the 
fsIt receiver . For the theoretical relation between 
error and signal-to-noise ratio , that given by Mont­
gomery [8] for fsIt is used. This is plotted in figure 3, 
as the eurve labelled 0 db, :llong with the experi­
mental data. Each small circle represents the error 
rate observed over a 15-min interval. (The large 
circles represent :lverages of the 15-min points. 
The points plotted with an x, the apparatus capa­
bility, indicate the performance of the equipment as 
measured in the laboratory using a nonfading signal 
and Gaussian noise. The additional curves indicate 
the performance to be expected if the system i 5, 10, 
or 15 db poorer than the theoretical prediction.) It 
is seen that at high error rates the experimental 
results fall within a few decibE'ls of the predicted 
values. However, at low error rates the agreement 
is poor and there are discrepancies of up to 15 db 
between theory and experiment. These observa­
tions are interpreted as indicating that at high error 
rates the observed error can almost wholly be 
accounted for in terms of multipath interference 
from the continuum whereas at low error rates some 
other sources of error arc controlling. It is useful to 
now consider two-trail multipath as another possible 
source of error here. 

wI0- 3 ~--~--~-1~~ 

~ 
a: 
a: 
o 
a: 
a: 

o 15 MINUTE AVERAGE 

o AVERAGE OVER 2 db 
INTERVAL 

W 10- 4 ~--~~--~--~rl----44----++-----+---~ 
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THRESHO LO -TO- NOISE RAT IO , db 

FIGURE 3. Computed and observed error rates for a system 
subjected to m uUi path intelference f rom the continuum. 
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The apparatus capability as indicated in figure 3 
is about 2 db poorer than the theoretical prediction. 
It is therefore assumed that this rE'plesents a receiver 
capture ratio of 2 db. For the distribution we take 
the value a= 1.2 as uscd before. It is found then 
from figure 1 that the predicted errol' rate is 0.08 
times the duty cycle . When this is applied to the 
data given in figure 3, it is found that the predicted 

error rate varies from about 10- 4 for low threshold-to­
noise ratio data to about 10- 5 for high threshold-to­
noise ratio data. The observed error rates are 10 to 
200 times these values. Thus it appears that two­
trail multipath does not contribute significantly to 
the observed error rate, and therefore, that still 
another source of error is important. 

4. One-Trail Multipath Propagation 

The last possibility to be considered is that of 
having two distinct transmission paths result from 
the entry of a single meteoric particle into the 
earth's atmosphere. This will occur when, through 
the action of wind shears in the ionosphere, a single, 
overdense trail becomes distorted into an irregular 
column and as a result has two (or more) "first" 
Fresnel zones. These could be separated as much 
as the whole length of the trail and thus produce 
two distinct transmission paths. The mllltipath 
delays to be expected from this mechanism are, as 
will be shown, quite small and therefore of impor­
tance only in very high signaling rate systems. The 
computation of error for this case appears to be 
substantially more complex than either of the two 
previous cases and we have not attempted it. How­
ever, some of the factors involved in such a computa­
tion can be indicated. 

First consider the magnitude of the multipath 
delay. It has been shown that for a trail which 
originally gives a specular reflection, the action of 
the wind shears is to produce "glints" (local first 
Fresnel zones) which first form near the original 
first Fresnel zone and later form further out along 
the trail [9, 10]. The maximum delay results when 
there is a glin t at each end of the trail, and there­
fore the delays produced by two glints separated by 
a distance L are computed. Several trail orienta­
tions are possible and for each of these a differen t 
delay will result from a given L. The limiting cases 
are given below. (All of these are for long oblique 
paths with one end of the trail formed at the path 
midpoin t. ) 

(a) Trail normal to plane of propagation 

delay ",D/ (cD) 
where L = glint separation, 

D = slant range to path midpoint, 
and 

c= vclocity of propagation. 
(b) Horizontal trail in the planE' of propagation 

delay", (D cos20)/ (cD ) 
where 0 is 7~ the angle between the 

incident and reflected rays at the i 

path midpoint. 
\c ) Vertical trail in the plane of propagation 6 

delay", (2L cos OJ/c. 

6 rrrails oriented in this manner are of m inor prn.ctical importance. T hey do 
no t. ha ve first F resnel zon es a t. the t ime of formation a nd will have glints only if 
they endlll'c lon g enongh to be severely d istorted by wi nd shears. 
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For trail lengths tbe values published by Eshleman 
[11) are taken. These data indicate that the most 
probable trail length is about 15 km, with trails 40 
to 50 lun long occurring about 5 percent of the time. 
(Th9 ends of a trail are defined here as being the 
points with a specific electron density.) As the lim­
iting case, it is assumed that the separation L 
between glints is equal to the trail length . (The 
delays experienced in any experiment would be ex­
pected to be less than those predicted by this meth­
od .) Table 1 gives the delays predicted for the 
three cases . These delays are likely to produce 
transmission distortion in Isk systems operating at 
speeds of 20,000 bauds or greater . 

T ABLE 1. l'vIaximwn nwltipath delay expected from an 
irregular overdense trail 

(D = 1277 km ) 

rrraii orientation Trail length 

15 km 40 km 

HI's 
0.5 

20 

82 jJS 
3. 4 

54 

It would be desirable to calculate error rate in 
I this case as was done in section 2. However, 

we see no straightforward way to do so . Con­
sideration of the error associated with ovcrdense 
trails requiTes that we know the distribution of glin t 
separations, how these are related to the length of the 
meteor trail, and the relative contribution of over­
dense trails to the total channel capacity . The lat­
ter , of course is closely associated to system design 
parameters such as sensitivity, operaLing frequency, 
antenna directivity, and control system design phi­
losophy. Since Lhe signal from a specular overdense 
trail is likely to exhibit fading long before producin g 
transmission distortion, a system can be anangec1 Lo 
stop "ignaling before any significant delays can occur, 
and th us this case may be of little practical impor­
tance. For the nonspecular overdense case, again 
similar data on burst statistics are required and these 
are not available. Therefore we have stopped here 
with only a computation of delays and hope to extend 
this work at a later time. 

5 . Discussion 

As is often the case there is a significant question 
whether the experimental results presented were 
taken under the conditions assumed, implicitly or 
explicitly, in the theory. Some discussion of this 
point seems desirable. 

In the two-trail case, it was assumed that multi­
path distortion was the only source of error and satis­
factory agreement was obtained between theory and 
experiment. One can ask, however, if the same ex­
perimental res ul t would have been obtained even if 
two-trail multipath were not present. This result 
might be possible if all errors resul ted from noise 
interference instead of multipath. The data plotted 

in fi gure 2 were taken at several thresholds and thus 
might reflec t primarily the effect of changing the 
threshold-to-noise ratio rather than any multipath 
phenomena. This does not appear to be the case, 
however, since data for a single threshold show the 
same relation as that shown in figure 2, and it is 
concluded that the correlation between theory and 
experiment is meaningful and not fortuitous. A 
second question arises in regard to the scatter of data 
in figure 2 both above and below the theoretical 
curve. It could be argued that the observed error 
rate should always be greater than the predicted 
value (as indeed it was in fig. 3) since some sources 
of error have been ignored. However, this does not 
seem to be a valid objection when we consider that 
the data for figure 2 were taken from an operating 
communication system in which a variety of special 
techniques were being used to stop transmissions at 
times when high error rates were likely. This control 
of transmission will, of course, bias the results so 
tha t error rates less than those predicted will be 
observed. ( To such devices were used in the system 
represented by the data of fig. 3.) 

A third question to ask is why the second kind of 
multipath distortion was not considered in relation 
to the data shown in flgure 2, and was considered in 
relation to figure 3. The difference here li es in the 
difference in an tenna systems used in the two experi­
ments. In the NBS :Meteor-Burst Communication 
System, the antennas were arranged with a null 
along Lhe great circle path and data were taken dur­
ing normal working hours. This resul ts in the sup­
pression of the continuum relative to the meteoric 
bursts and nearly all of the data shown in figure 2 
correspond to threshold-to-noise raLios of 12 db or 
greater. It therefore seems reasonable to ignore the 
effect in this case. For the 105-band measurements, 
however, the situation was reversed, for the antenn as 
were high-gain rhombics directed along the great­
circle path. This, of course, enhan ces the continuum 
and suppresses meteoric burst signals. Thus, in 
the second case the continuum was of greater 
importance. 

A final item for discussion is t he total effect of 
the various kinds of multi path distortion on error 
rate in high rate systems. D ata from the l05-baud 
sys tem are plotted in figure 4 so as to show the rela­
tion between the information capacity and error 
rate for single bmsts. E ach point represents one 
transmission. The data have been divided into 
class intervals and are plotted opposite the lower 
bound of the interval. (In the experiment the data 
were transmitted in groups of 4,000 binary digits, 
each group lasting 1/25 sec.) D ata for threshold­
to-11oise ratios less than 12 db have not been plotted 
since it is unlikely that an fsh: system would be 
operated in that region. It can be seen from figure 
4 that many transmissions are error-free and that 
there is a tendency for the longer transmissions to 
have higher error rates than the shorter ones. The 
data show that 57 percent of the transmissions, carry­
ing 32 percent of the channel capacity, are error-free. 
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F I GURE 4. Errors obseTved for individual tmnsmissions in a 
1 05-baud f sk system. 

E ach point gives the t ransmission length and nnmber of errors observed. 
(One gronp equals 4,000 binary digits.) 

F or 86 percent of t he transmissions, carrying 64 
percent of t he channel capacity, the err~r rat.e is less 
t han 10- 3• It therefore appears that a slgnalmg r ate 
of 105 bauds is not so high as to be rend ered useless 
by transmission distortion. 'Whether or not such 
systems will have the practical utility of low rate 
systems will depend on the ingenuity of the designing 
engineers. 

6 . Summary 

Some aspects of mul tipath transmission and the 
t ransmission distortion which can resul t from it have 
been considered . For the two-trail case, the relation 
between error rate and duty cycle for fsk transmis­
sion have been computed. In applying this result 
t o a specific sys tem, fair agreement is found. How­
ever , there are a number of known factors which 
would be expected to increase the spread of the 
experimental data. The agreement is considered 
satisfactory, and it is concluded that the assumptions 
involved are reasonably valid and applicable to the 
specific system examined. 

For the second case, the interference from the 
continuum was examined, and error r ate was com­
puted assuming that the interference could be con­
sidered as being of the nature of random noise. 
When the result was compared with data from the 
105-baud system (one where the assumptions seemed 
applicable), good agreement between theory and 
experiment for low values of threshold-to-continuum 
ratio was found. At high values of t his ratio, the 
observed error rates were 10 to 200 times higher than 
would be predicted from either two-trail or continu­
um-multipath theory. 

The mul tipath delays expected from a single trail 
were estimated to be as great as 82 p.sec and these 
delays may account for the above discrepancy. 
However, insufficient data are available to permit 
any reasonable es timate of t he likelihood of error 
arising from this source. 

Some overall results of t he 105-b aud transmission 
experiment were examined, and th ese indicated tha t 
most of the individual transmissions had low error 
rates and that these low-error-ra te bursts accounted 
for more than half of t he signaling capacity of the 
sys tem . It therefore appears that signaling rates of 
105 bauds or higher can be used by devising special 
circuitry to reject (or repeat) t ransmissions having 
high error rates 
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