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Abstract:
The phase stability of 46.55 mhz forward scatter radio reflections from ionized meteor trails is
discussed in the first half of the dissertation. The phase stability of the reflections is an indication of the
channel length stability and propagation time delay stability. The theory and experimental procedure
are developed to determine the phase changes of each received reflection due to the channel.

Data recorded during the school year 1964-65 showed no reflections with phase changes greater than
10 x 2π radian/second. A 10 x 2π radian/second phase shift represents a path length change of 64.2
meter/second or a propagation path time delay change of 0.214 μsec/second.

Tests conducted throughout 24 consecutive hours showed that the channel stability remains essentially
constant throughout the day. Ho appreciable difference was found in the stability of East-West
channels and North-South channels.

The phase variations in the received signals caused by the channel did not indicate the 2π radian phase
multiplicity between reflections from different principle Fresnel zones. Simultaneous signal paths can
exist from either two or more meteor trails or from a single long-lasting trail. The propagation path
time delay may be several hundred microseconds different for each path.

Time synchronization systems using the meteor trail reflection channel are the subjects of the second
half of the thesis. A manual time synchronization system set a clock in Bozeman, Montana, to within
+20 μsec of a clock in Seattle, Washington. Operators at both terminals observed reflected pulses from
the other terminal on oscilloscopes. An auxilliary voice link was used.

A semi-automated time synchronization system incorporated Polaroid pictures of oscilloscope sweeps
displaying a received pulse and a timing waveform. Operators had final control of the clock setting. An
auxilliary voice link was again used. Clock synchronization was demonstrated to within several
microseconds between Seattle, Washington, and Bozeman, Montana.

The vhf meteor trail forward scatter channel used with the semi-automated time synchronization
system was not the limiting factor. The time synchronization system was limited by the simple pulse
techniques used.  
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ABSTRACT

XV

The phase stability of 46.55 mhz forward scatter radio reflec
tions from ionized meteor trails is discussed in the first half of 
the dissertation. The phase stability of the reflections is an 
indication of the channel length stability and propagation time 
delay stability. Th@ theory and experimental procedure are devel
oped to determine the phase changes of each received reflection 
due to the channel.

Data recorded during the school year !$64-65 showed no reflec
tions with phase changes greater than 10 x 2it radian/second. A 
10 x 2jt radian/second phase shift represents a path length change 
of 64.2 meter/second or a propagation path time delay change of 
0.214 |_isec/second.

Tests conducted throughout 24 consecutive hours showed that 
the channel stability remains essentially constant throughout the 
day. Ho appreciable difference was found in the stability of East- 
West channels and North-South channels.

The phase variations in the received signals caused by the 
channel did not indicate the 2# radian phase multiplicity between 
reflections from different principle Fresnel zones. Simultaneous 
signal paths can exist from either two or more meteor trails or 
from a single long-lasting trail. The propagation path time delay 
may be several hundred microseconds different for each path.

Time synchronization systems using the meteor trail reflection 
channel are the subjects of the second half of the thesis. A manual 
time synchronization system set a clock in Bozeman, Montana, to 
■ within +20 (isec of a clock in Seattle, Washington. Operators at 
both terminals observed reflected pulses from the other terminal on 
oscilloscopes. An auxilliary voice link was used.

A semi-automated time synchronization system incorporated 
Polaroid pictures of oscilloscope sweeps displaying a received pulse 
and a timing waveform. Operators had final control of the clock 
setting. An auxilliary voice link was again used. Clock synchron
ization was demonstrated to within several microseconds between 
Seattle, Washington, and Bozeman, Montana.

The vhf meteor trail forward scatter channel used with the 
semi-automated time synchronization system was not the limiting 
factor. The time synchronization system was limited by the simple 
pulse techniques used. ' 1



1.0 INTRODUCTION
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1.0 INTRODUCTION

1.1 HISTORY OF RADIO REFLECTIONS FROM METEOR TRAILS 
Reflections from the ionosphere were evident with the advent of

very high frequency, - 3 0 mhz to 300 mhz, radio transmission in the late 
1920's. Engineers soon determined many of the characteristics of these 

reflections by experimentation. One perplexing problem was, as R. A.
(I)Heisingx noted,- that some of the sudden changes appeared to be due to

"great masses of electrons suddenly tossed into the-atmosphere." H.
(2)Nagaoka, a Japanese engineer, published an article in 1929 discussing

the possibility that certain radio disturbances were caused by meteoric

showers. However, Mr. Nagaoka had a serious misconception as to what
was really happening. He stated that the meteorites were sweeping out

the electrons in the ionosphere and this discontinuity was the cause of
(3) .the abnormal reflections. A. Skellett, J. Schafer, and W. Goodallx ' 

from the Bell Telephone Laboratory conducted radio experiments during 

meteor showers in 1931 and 1932 and concluded that the changes in the 
very high frequency, vhf, reflections were directly correlated with the 
showers. These men realized that the burning meteorites added electrons 

to the ionosphere and these same men calculated the apparent increase in 

the electron density. Their work was not, at the time, accepted by most
, (4)of the radio engineers. By 193& T. Eckersleyx ■' had determined the 

heights of the various reflections, the durations, and numbers of 

reflections per time interval, but he was little concerned as to the 

phenomena that caused the reflections„ Many people soon were working 

with vhf reflections and useful results were being, uncovered. Radio
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reflections from ionization left in the E region (80-120 1cm) by the 
evaporation (or burning) of meteoroids entering the earth's atmosphere 
were discussed in several articles^ ^ ^ ^  published in 1938. About 
this time astronomers were convinced that.the reflections were from 
meteor trails and that they, the astronomers, could learn much from the 
radio reflections.

World War II stopped most of the specific research relative to radio 
reflections from meteor trails. However, meteor trail reflections were 
received on many of the vhf radar sets. Early in the war the.reflections 
caused panic when, as in England, the appearance of similar reflections 
meant an enemy aircraft or missile. The radar operators soon became 

familiar with these reflections and discounted their importance. When 

the war was over, some of the vhf radar equipment was.converted speci
fically for the study of meteor trails. These radars and the technology 

developed around them showed their applicability to work with meteor 
trail reflections during the Giacobinid meteor shower which occurred on ■ 
the night of October 9-10, 19^6. The radar sets, many of which had been 
put into operation just for the shower, were well rewarded with the 

tremendous number of meteors which were in the shower that night. From 

such observations in Europe and the United States the potentials of

the radar backscatter for study of the meteor trails were obvious^
11 12 13)’ ’ ' .  There were now examples of positive correlation between

visual and radio reflection observations of meteors. (14) Velocity,

height, and other parameters of the meteors (namely those that can be 

determined by radar measurements) were determined for the shower. In the



group of articles mentioned p r e v i o u s l y ^ * ^2,13) g^tliors who 

were astronomers went on to be the leaders in the area of meteor astronomy 
while the authors who were engineers became the leaders in the field of 
vhf reflections from.meteor trails. Included in the first group are the 
Englishmen, Naismity, Prentice, and Lovellj while in the second group 
are the Americans, Bateman, Pineo, Manning, and Villard and the two 
Englishmen, Hey and Appleton,

1.2 DEVELOPMENT OF METEOR TRAIL RACKSCATTER THEORY

1.2.1 MODEL

A model meteor t r a i l ^ " ^ * had been assumed by 1948 based on the 

consideration that ablation of the meteoroid as it entered the earth's 
atmosphere produced a column of electrons and positively charged ions.
A model meteor trail had the following properties: (l) The initial
radius of the ionized column was small in comparison to the radio wave
length. (2) The column was stationary in space and not expanding.'

(3) The charged particles in the trail were not under the influence of 

recombination or attachment. (4) The trail was infinite in length.

(5) The meteor's velocity was considered constant.

1.2.2 GENERAL ANALYTIC REPRESENTATION

1:2.2.I BACKSCATTER FROM INFINITELY LONG CYLINDER

The first analytic representation for the backscatter of vhf waves
( i t)from meteor trails was done in 1948 by Lovell and Cleggv ' at the 

suggestion of Herlofson. This derivation used the ionized trail model
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described above. The basic derivation, as detailed in a more precise 
form by McKinley^ in 1951, is based on the diagram shown below. '

Terminal

Figure I.
Meteor Trail Backscatter Model

From Figure I:

R % + sfo
and as S = v(t-ty)

R2 = Rq2 + v2 (t-t0 ) 2 Eq. I

where R is the range at time t, Rq is the minimum range at time tQ, 
and S is the distance along the trail measured from Iq. In this deri
vation the transmitter and receiver are assumed at the same point with 
X the wavelength and to the angular velocity. The amplitude A and phase 

of the received electromagnetic wave from a linear element ds of the 

line source of electrons in the trail is

dA = .g(R,q) sin (cot - 2( ^  ) R ) dS Eq. 2

where g(R,q) is an amplitude function with q the line density of electrons
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Historically, g(r,q) was not derived until after the form of the 
reflection (that which we are now deriving) was developed. An outline of 
the g(r,q) .development is given in section 1.2.2.2. It is worthy to note 
at this time that R is essentially constant for a given meteor trail as 
is q..

To determine the signal contribution from some to S, integrate

Eq. 2 .
g(R,q) / sin (wt - 2( ^  ) R) dS

To simplify the mathematics, it can be shown that for the region near t 
' S2

% = %o + 2R- '

then A
~ 2 

g(R,q) j  sin (wt - 2( ^  )(Ro + ) )dS

O CLet (j) =  wt - 2( ^  )R and — - 2aS

then A
g(R^q)(XRQ)2 2

sin ((j) - dx.

Then by the conventional Fresnel integrals used in optical diffraction 

theory
Ar = Fr (C sin (j) - S cos (j)) Eq. 3

(XRq)2
where Fr, the field strength constant, is g(R,q)

2
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and C = dx and S =
x

sin
2

JtX
2 dx.

The functions G and 0 vary slowly in comparison with the radio frequency
•7used. The radio frequency used will be greater than 10 hz while the 

frequencies of C and S will not exceed 10 hz. As the'reflections from 
near x^ and more negative are negligible, the value of x^ can be minus 

infinity. The power received into a I 2 load (corresponding to the 
intensity in optics) is "

Pr = Fr2 + S2) ' ■ Eq. 4

This expression is identical to the optical diffraction pattern produced 
by a straight edge.' It represents a steadily increasing power up to 

the t point (corresponding to the region inside the geometrical shadow 

in optics), after which the power oscillates about a final average value. 
The reflections from the Fresnel zones prior to t produce a steadily 

increasing signal power level. The principal Fresnel 'zone (PFZ) whose 
center is at t , increases the power level considerably. The additional 

Fresnel zones formed after the PFZ produce low level oscillations which 

decrease in intensity and increase in frequency (corresponding to the • 

diffraction fringes in the region outside the optical geometrical shadow). 
Note Figure 2.

I.2.2.2 BACKSCATTER FROM NNDERDENSE METEOR TRAILS
Several years elapsed before the amplitude function was adequately
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derived that explained most of the received signals. The final result 
was the product of contributions from many researchers with McKinley,

(2 0) (2l) • '(2 2)Kaiser, z Eshleman,' and Qreenhow' ' among the major contributors.
The same model was used for the electron trail as described earlier.

post PFZ
pre PFZ

PFZ Establishment

time

Figure 2.
Model Trail Reflected.Signal Power

I^ -IIf the electron density is less than approximately 10 cm , an 

incident electromagnetic wave penetrates the column. Each electron then 
oscillates without collisions or other effects (secondary radiative and 

absorptive effects) from neighboring electrons. The effects from the 
very much larger and heavier positive ions are neglected. Each electron 
backscatters as a Hertzian dipole producing an equivalent echoing "area

a - 4jtr ^ sin 2re e
where r^ is the classical radius of the electron and y is the angle 

between the electric vector of the incident wave and the line of sight 

to the receiver. Note that for backscatter, y = 90°•
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The power' flux of the incident electromagnetic wave at the trail

PmG
watts/m where P is the power of the transmitter, R is the

distance between the trail and the transmitter, and G is the gain of the 
antenna in that direction relative to an antenna with an Isotropic 
radiating pattern. If the same antenna is used to receive the reflected 

4signal, the effective absorbing area of the antenna is GX /Urt when matched 
to the receiver input impedance. Hence the power into the receiver from 
a single trail electron will be

UrtR2

2 2P f  X ^
UrtRc Urt (Urt)3R 4

As all the electrons in each ds of the trail scatter in phase, the field
vectors must be added rather than their power fluxes (note eq..2). The

peak amplitude of the field vector received due to a single electron in
i

the trail is (2n A P f 2 where is the receiver input impedance. How,' to 

consider all the electrons, the field strength is simply multiplied by
JL , '

q. Thus (2fiAPf2q is the factor g(R,q) introduced in eq. 2. Then

g(R,q)
2,(2fiAP )2q

and eq. 3 becomes

a /
lf0wpT ■= S i  =

JL ( M G  = 
Ar = (PfiAPr )2q — g---

[Cf + Ef]
2 q 2Pf X3Ĉ q

128 rt3R Q 3

(C sin (f) - S cos (j))

C2 + S2

2
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o
watts

Equation 5 is equation 4 with g(R,q) evaluated and equation 5 is
also the basic equation for the backscatter power received from a meteor 
trail with an electron density of less than approximately 10"^/cm.
Such a trail is called an underdense trail.

However, those working on the amplitude function realized that the 
total solution was not complete once the amplitude function was evaluated.
The ionized trail did not fit the model assumed. The reflections were 
not totally defined by equation 5. The trail had an initial radius and 

immediately began to expand due to ambipolar diffusion. As the radius 

expanded, the electrons on the far side from the transmitter-receiver 
site began to scatter out-of-phase. Soon the radius was large enough 

so the net power received from a reflection was nearly zero. The men 
who derived the amplitude function were aware of this problem and were 

among those responsible in the early 1950's for the solution. Credit
(2?) (2k ) (2 5)is given to Herlofson, Huxley, ' Kaiser and Greenhow, and

Hawkins. j
The derivation of the mathematical terms describing the signal

level reflected from an underdense trail after it has been formed will •

be only mentioned as it is not germane to the topic. The derivation

is based on the standard form of the radial diffusion equation. To

* Tiimits on this electron density range from 10"*"̂ /m to 2 x 10^/]
most often used as the transition density.

m. The
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apply this, the distribution of electrons around the axis must be known 
or assumed. Those initially deriving the relations had to assume a 
distribution. The Gaussian distribution produced results most like those 
found by 6Stpiffimentatidne It has Sinsi biih Shown to be a valid assUmp-

(27 2 8)tion.x ’ ' The transformations and integrations which are needed in
the derivation are complex. The interested reader is referred to 
Eshleman^"^ and Brysk. ̂ 9) ^ie PinaI result is:

Pr(t) _ j32rtDtl _ (a/r^/X2) Eq. 6

where P^(t) is power received at time after tQ, P^(O) is the power

received at time equal t by eq. 5, D is the ionic diffusion coefficient
and rQ is the initial radius.. The first exponential in eq. 6 is a

function of time and at t = 0, it is equal to I. The other term is a

constant dependent on the initial radius of the trail and the wavelength.

This latter factor will reduce the amplitude function at time t and

afterwards. The first exponential has no effect at t but produces an

exponential decay after t . The decay time T^ for meteor trail ,refIec-
■ ■ -2tions is that time required for the signal level to fall to. e times 

its value at t = t , or 8.7'db below its initial value. Thus

X2T_ = ---=—  for underdense trails. Eq. 7
D IGa2D

The decay time is a function of only X and D. Such factors as the 

transmitter power, antenna gain, electron density in the trail, and R 

have no effect on Tp. These factors do, however, affect the initial
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received amplitude.

1.2.2.3 BACKSCATTER FROM OVFRDfflSE METEOR TRAILS
The theory for the underdense meteor trail reflections explained 

many of the reflections received using vhf backs'catter. However, there 
was another class of reflections that it did not explain. These reflec
tions were from overdense meteor trails, those trails with more than

10^. electrons/meter. There is no critical transition from underdense
l4to overdense as the 10 electrons per meter implies. This value has

been derived as the approximate electron density where the incident
electromagnetic wave no longer penetrates the column. In the overdense
case, before the incident wave reaches the axis of the trail an electron

density is encountered where the refractive index equals zero and hence
the wave is reflected. A common analogy is that at that point where

k = 0, a metallic cylinder is encountered. As no electrons on the far
side of the trail can produce interference (as the wave doesn't penetrate

past the axis) the average■overdense trail reflections are higher in
amplitude and last longer than the average underdense trail reflection.

They do not, however, occur as often.

The theory to explain these reflections was developed after the

underdense reflection theory. The two men most responsible for the

understanding and theoretical work of the overdense trail reflections 
(2l) (30 3l)were Eshlemanx. ' and Manning, ■ ’ y both from Stanford University.

The expression for the amplitude of reflections received from overdense

meteor trails is given below.
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P ---k Dt In (
64ir Rj L ) Eq. 8r 4 rtDt J

is the amplitude function for a Fresnel integral solution. It applies 
.until the square root term equals zero, then the trail reflection decays '

The long lasting (at me,' one or two seconds) overdense trails are 
blown by the winds-to form more than one reflecting area. When this is 
done the signal components from each reflecting area interfere, destruc
tively and constructively. Hence most reflections from overdense trails

are irregular, often with sudden fades and increases in the signal
(32 33)strength. This phenomenon has been investigated extensively.x ’ ' No

analytic expressions have been derived to indicate this mathematically.
The changes are unpredictable except statistically.

The theory of the underlease and overdense backscatter reflections 
will not be elaborated upon here, but will be discussed in detail when 
needed for later development. ,

I.2.2.4 OTHER POSSIBILITIES OF RADIO SIGNALS FROM METEOR TRACES

Some people considered the possibility of reflecting signals off
the ionization hypothesized to exist around the meteorite itself. This

was shown to be not feasible at moderate power levels due to the extremely
small echoing area imrolved.(36,37) •Another possibility considered was

that the ablating meteorite or the trail might■emit radio signals. After
(37)a search for such emissions, Hawkins came to the conclusion that 

there were no emissions except a slight increase in noise in the vicinity

exponentially as an underdense trail. In practice this seldom happens
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of 30 me when, a visible meteor was overhead. There was no assurance 
that"this was from radio signals generated by the meteor and not a 
reflection.

1.2.3 WORK USING BACKSCATTER FROM METEOR TRAILS
The radar systems converted to meteor trail backscatter work were 

used for a great variety of experiments dealing with meteor trails, 
meteorite physics, meteorite astronomy, and study of the upper atmosphere. 
Many of these experiments were ingenious, with unique equipment that 
often became extremely complex. The development of radio techniques 

gave the meteor astronomers a new research tool. The radio reflection 

work began in earnest with the Giacobinids shower in 1$46 and today new 

experiments are still being conducted as well as the continuation of 

long-term studies of certain parameters. The interested reader is 
referred to A.C.B. Lovell's book^^ entitled "Meteor Astronomy" which 
deals in detail with many radio experiments relative to meteors. For 

those interested in the relationship between meteors and the ionosphere, 
the book by D a v i e s o f  NBS covers the subject well. The actual . 

meteoroid environment, in and out of the earth's atmosphere, is the 

subject of a NASA publication by Cosby and Lyle^ entitled "The 
Meteoroid Environment and its Effects on Materials and Equipment."

1.3 BACKGROUND OF FORWARD SCATTER FROM METEOR TRAILS

1.3.1 HISTORICAL
In 1949 and 1950 the articles dealing with radar backscatter from



meteor trails increased as did the knowledge of the reflections. To
some clever engineers the possibility of forward scatter from meteor
trails became an intriguing possibility. During the initial work with
meteor trail reflections, it was noted that the orientation of the trail
governed whether a backscatter reflection would be present. A trail
whose finite length did not pass through the t point (i.e., such that

no perpendicular existed from the trail to the transmitter-receiver
site) must still reflect the radio signals, but to some other location.
It is impossible to determine who first realized the possibilities of
using these "reflections to some other location" for communication. The

researchers realized that the area illuminated by each reflection would
be limited in size. Hence, if communications were possible, the channel
would be somewhat secret. When military men were told of this possibility,

they immediately classified the work. Thus, little writing is available

relative to the early considerations of forward scatter. By.1950 several

experiments were underway to determine the nature of forward scatter

reflections. In 1952 several articles appeared in the literature about 
(4l 42)this work.' ’ ' The work showed that not only were signals reflected

forward but also they were stronger in amplitude and lasted longer than

backscatter reflections. Reciprocity* was shown to exist between the
(27 42 4l)receiving terminal and the transmitting terminal. ’ 5 Thus two-

way communication was possible. With this newly developed theory the 

radio engineers proposed to the military that experimental communication 
links be established. Each of the following organizations developed a

* If terminal A receives terminal B via a meteor trail reflection, like
wise B can receive A if the transmitter and receiver are exchanged.

15
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vhf forward scatter link: Stanford Research Institute, the National

(45)Bureau of Standards, and the Radio Physics Laboratory of the Defense 
Research Board in Canada. In 1955 preliminary results were published.

1.3.2 FORWARD SGAiTFlE IhEORl
1.3.2.1 CONTRIBUTORS

Major contributors to the vhf forward scatter theory were Eshle- 
man, y[anning  ̂(^"2,4?,48) n̂d. Villard^^^ at Stanford University

and Forsyth, Vogan, and H i n e s ^ of the Canadian Radio Physics 
Lab.

1.3.2.2 UNDERDENSE METEOR TRAIL REFLECTION
Forward scatter from an underdense meteor trail can be visualized

with a model. As with backscatter the line charge of electrons was

assumed. The. electromagnetic (EM) wave passing through the trail caused

each electron to vibrate independently. When the EM wave was not perpen-
2dicular to the trail, the sin y# term had to be reinserted to account for 

the field produced by each Hertzian dipole. The EM wave made an angle 
of yj with the trail. Addition of the many dipole fields caused the 

reradiated EM wave to leave the trail at an angle l80°-??. Thus the 
reflection was specular.* ** In three dimensional space a line reradiating 

an EM wave had no single line defined .for the reradiation to follow.

Thus the reradiation was in the form of a cone which made an angle ̂
'with the trail. The trail was the. cone axis. The Fresnel zones were

* Note page 7 .
** The angle of reflection is equal to the angle of incidence.
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wider with forward scatter than with backscatte-r. This produced a 
higher, signal level and a slower decay time. The derivation of the 
amplitude function followed the same principle as that used for the 

backscatter case. The formula for the power received (according to 
M c K i n l e y ) at some forward point a distance Rg from the trail was

PtW  Qe
Sk-TC1

2 . 2 q sin y
(R1R2) (R1TR2) (I-sin2({) cos2p)

Eq. 9

with P the power transmitted, and Gr the gains of the transmitting 
and receiving antennas respectively, X the wavelength, q the electron 
density, R1 the distance from transmitter to trail, (|) one-half the 
forward scatter angle and P the angle between the trail and the line of 

intersection of the propagation plane and the tangent plane. Note 

Figure 3.

. 7  P — meteor trail

Figure 3.
Meteor Trail Reflection Geometry
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The effects of the initial trail radius and its expansion was found by 
substituting X sec (j)* for X in equation 6 . The result was

P (0) = s

32rt2Dt
5 2 2 3rt rQ

2sec2(|)J - '•X2sec2(j)'

Thus the initial trail radius, r , reduced the power by e

Eq. 10

8rt2r02
- Ix2Sec2(J)

The sec (J) term raised the amplitude compared to the backscatter case. 

The decay time was changed to

X2Sec2(J) 
. l6,r2D

2The sec (J) ' term lengthened the decay time compared to the backscatter
( 5q)case. The Fresnel integral solution must be added to equation 9

to complete the nature of the signal development.

I.3.2.3 OVERDENSE METEOR TRAIL REFLECTIONS
The forward scatter reflections from overdense meteor trails were 

more difficult to characterize mathematically. Considerable work 
was done in an effort to explain them. ( ^ ’52) ^ ie reflections from 

such trails were so varied in form that the best that could be done 
was a statistical analysis. The winds were the primary cause of the 

irregular signals from the long lasting trails.

* For a meteor, trail 100 km above the midpoint between two stations/  
400 km apart sec2 0 is approximately 5* If the two stations are 
1000 km apart sec2 0 is approximately 2 5 . , 1



l . b  METEOR TRAIL FORWARD SCATTER COMMUNICATION SYSTEMS '
1.4.1 BASIC SYSTEM PARAMETERS

Reflections from underdense and overdense meteor trails were 
intriguing to the radio communication engineers because; (l) they 
permitted long range (1500 miles) communications at frequencies other
wise unusable, (2 ) the equipment needed was standard except for burst 

nature of channel, (3) high signal-to-noise ratios and wide bandwidths 
were available at moderate power levels, and (4) there appeared to be some 
secrecy to the channel. There were also several problems, namely: (l)
the signals were .only intermittant, (2 ) the duty cycle was low, (3) the 
occurrences of the reflections were only predictable, statistically. The 

latter areas did not present themselves as insoluble problems to the 

engineers at the Stanford Research Institute (SRI), NBS, and the Radio 

Physics Lab in Canada that developed communication links using the meteor 
trail reflections as the data channel. Each system solved the problems 

just mentioned in much the same manner; all used the basic solutions 
proposed by the Stanford University•engineers.  ̂ The solutions to
the problems were (l) as the signals were intermittant, data was trans
mitted only when a reflecting surface permitted communications, (2) due 

to the low duty cycle data were simply transmitted at a high rate when

ever a reflecting surface was available, (e.g. if the duty cycle was 10$, 

then the average data rate desired was increased by a factor of 10 during , 

transmissions) and, (3) the channel was sampled at frequent intervals 
(each 10 msec.) to determine when a reflecting surface existed between

19

the two stations.
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1.4.2 EXPERIMENTAL COMMUNICATION SYSTEMS
I.4.2.I STANFORD RESEARCH INSTITUTE 

(44,54)The SRI Iinkv operated between Palo Alto, California, and
Bozeman, Montana, a distance of 820 miles. This was not a bilateral 
system as information could only be sent from Bozeman to Palo Alto. At 
Bozeman a 2 kw cw signal at 40.38 mhz fed a 3-element Yagi antenna.
When the signal was received at Palo Alto, a return signal was sent from 
Palo Alto at 30.80 mhz (again at a 2 kw power level) to Bozeman which 

said essentially, "We are receiving your signals, transmit data." At 
Bozeman the cw mode was changed to data when this signal was received. 
Teletype was sent with the data rate increased by a factor of 10. An 

FSK modulation was used. The information continued to be sent until 
another signal was received from Palo Alto which said essentially,
"Send no more data till Palo Alto asks for more." This instruction 

from Palo Alto was sent if: (l) the signal received from Bozeman fell
below a given threshold, (2) the receiving storage was filled, or (3) 
there was an equipment malfunction at the Palo Alto receiving site.

The Bozeman transmitter then returned to cw operation and the process 
was repeated with the next reflection. , Two types of data storage units 

were tested, one a magnetic tape unit and the other a magnetic core 

storage unit. Both operated satisfactorily. Voice was also transmitted 
over the channel in a series of tests.

SRI personnel were impressed with the operation of the communication 
system. In the December, 1957, proceedings of the Institute of Radio 
Engineers, the SRI engineers said, "Operation, of this system to date has



definitely proved the feasibility of long range vhf communications via 
meteor-reflected signals.

1.4.2.2 CANADIAN JAHET SYSTEM
' The meteor trail reflection work at Stanford and SRI was given the
name "meteor-burst." The Canadian* vhf link was given the code name
JANET, "After Janus, the Roman god of the doorway who looked both ways
at once."^^ The JANET system operated on a bilateral basis, i.e.,

information was transmitted and received at both terminals. Various
frequencies were used in the 30-50 mhz range. The information was tele-

(55)type, code with the data rate transformed by a factor of 21.' ' Double

sideband amplitude modulation was used with approximately 750 watts 
feeding 5 element Yagi antennas. Magnetic tape storage was used.( ^6)

The operation of the system was tested under different configurations 
of the equipment parameters. The evaluation of the system in the 

December 1957 Proc. of the IRE was more reserved than was that of the 

SRI system. The Canadians did feel, however, that the vhf meteor trail 

reflections constituted a channel that might fulfill the need they had 

for communications to the sparcely settled north country. They needed 
"low power, reliable, point-to-point' communications for use over ranges 
of the order of 500 to 1500 km."^^ The developers of the JANET system 
planned to do more testing in an effort to get a usable system.

2 1

* Radio Physics Lab, Research Board, Ottawa, Canada.

\



1.4.2.3 NATIONAL BUEEAU OF STANDAEDS
The National Bureau of Standards conducted a series of experiments 

involving vhf forward scatter from meteor trails between Cedar Rapid's, 
Iowa, and Sterling, Virginia, which were reported in 1952. This report 
appeared favorable t6 those Who were considering meteor trail forward 
scatter for long range communications. NBS also thought the 
system should-be investigated further. After several years of work, a 
,communications link with a great circle distance of 1277 km was set up 
from Kilbourne, Illinois, to Erie, Colorado. The frequencies used were 
both near 50 mhz with one-half mhz separation. Magnetic tapes were used 
for data speed translations. Ten, 20, 40, and 80 times normal teletype 
speeds were available. Several reports Were written about the work 

indicating that reasonable error rates were achieved and, in general, 

favorable results were indicated. ̂ ^ 11

1.4.3' DEVELOPED COMMUNICATIONS SYSTEMS

I.4.3.I EXAMPLES
The accounts of the trial meteor trail forward scatter systems 

aroused the interest of both communications engineers and military 
personnel. The military wanted a wideband vhf long range communication 

system. The secrecy aspects of ‘the channel were even more appealing. 
Soon both the Air Force and Navy had awarded developmental contracts.

As work developed on these .systems Bozeman was again chosen as one 
terminal for three of the links. The Electronics Research Laboratory 
operated the remote terminal for Hughes Aircraft when they tested their 

ground-to-ground system and their ground-to-air link.' The Hoffman

2 2
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Electronics link was found to be inoperative due to poor equipment design. 
To eliminate this factor, the Air Force asked the ERL to put the equip
ment in an operational state. The malfunctions were corrected and the 

system Ivas tested. Another company to choose Bozeman as the second ter
minal was The Boeing Company. Again the ERL operated the equipment 
during the testing phases.

1.4.3.2 SYSTEM FAILURES
These systems did not perform as well as the engineers had antici

pated. Hone of the systems developed was able to fulfill the established 
requirements." The basic problem in each case was simply that the duty 

cycle was not high enough to permit transfer of a reasonable amount of 

data,in a specified time. To the people who had to deliver a usable 

product to a discriminating sponsor, the channel appeared more limited 
than it had to the initial investigators. It was said that when the 

developed command system was demonstrated to a high military commander, 
he pushed the "fire" button and nothing happened for fifteen minutes.
The commander was outraged and demanded to know what had happened. It 

was explained that there was no guarantee a meteor trail that was pro
perly oriented to reflect signals between two points' would exist in any 

specified time interval.* The meteor trail forward scatter link was 
rejected for the command system and the other uses that had been proposed 

.for it. By i960 the Air Force had decided that too many millions had 

been spent on the idea with no useful results. The Havy.was also

* The author has seen periods of nearly an hour between reflections on 
the Seattle,•Washington, to Bozeman, Montana, vhf link.
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disenchanted but did continue with some in-house experimentation. Hence 
in i960 essentially all government support for meteor trail forward 
scatter communication systems was terminated.

1.4.4 THE SEATEUB, WASHINGTON, TO BOZEMAN, MONTANA, VI-IF FORWARD' SCATTER 
LINK

1.4.4.1 HISTORY

The Boeing Company, unlike the other companies working in the field, 
had not had government support for their work. However, in i960, it was 
apparent that their system was working no better than the others. The 
ERL personnel suggested to Boeing that additional testing be conducted 
on the Seattle-Bozeman channel. The link was well equipped with trans

mitters, antennas, and receivers. ERL personnel felt that the channel 
with its unique parameters would be the answer to some equally unique 

communication problems. Before such a channel-to-need match could be 

found, experimentation was needed to more adequately define the channel 
parameters.

1.4.4.2 EARLY TESTS
In the three-year interval between i960 and 1963, tests were con

ducted* on the 46.55 mhz link between Seattle, Washington, and Bozeman, 

Montana, a great circle route distance of 880 km. The power received 

at the terminals was checked against the theoretical power level (eq. 9)•

Close agreement was found. ■ The following parameters were determined for
/ -J___________

* Credit must be given to Dr. D. K. Weaver and Mr. E . Molthen at the ERL 
who suggested the work and to Messrs. John Belenski and Fred Light- 
foot for their enthusiasm and support at the Boeing Company.



the channel; the duty cycle above present thresholds, the distribution of 
reflection durations above given present thresholds, and daily and 
seasonal variations. ■ Not all of the results were in agreement with 
theory or with earlier test results obtained by other organizations. It 
was found that the diurnal variations were not as great as those pre
dicted by theory or found in earlier testing. -Tests to determine channel 
reciprocity were conducted.- The channel defined by underdense meteor 
trail reflections was found to be approximately 90$> reciprocal.* No con
clusions were made relative to the overdense meteor trail reflection 
channel reciprocity. Modulation tests were conducted to determine thres
hold settings, multipath distortions, and the effects of severe fading 
conditions. The tests and results were detailed in the Boeing document 

No. D2-20788 entitled "Meteor Burst Communication Research Program.

A series of modulation tests showed that more information had to be 

known about the stability** of the vhf reflections from meteor trails.
If a coherent modulation was used, the data waveshapes had to exist in 
time long enough so that channel perturbations did not render the wave

form unrecognizable. Note that for meteor trail reflections a threshold 
could be pre-set such that a high signal-to-noise ratio was present 
before communications began. Under these circumstances the principle

* When a vhf signal could be propagated from Bozeman to Seattle, 90$ 
of the time a signal could be propagated to Seattle to Bozeman.

** By "stability of the reflection" was meant the stability of the path 
length with respect to time during the reflection; or, equivalently, 
the stability of the position of the equivalent reflecting point on 
the meteor trail; or, equivalently the changes in the phase of the 
received signal caused by the meteor trail reflection channel.
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factor that could distort the waveform was large phase changes' in the 

signal due' t o the channel.

1.4.4.3 INITIAL PHASE STABILITY TESTS

I.4.4.3.I EQUIPMENT•
To initially check this "phase stability" of the channel, a simple 

test was conducted on the Seattle-Bozeman 46.55 link.* The Seattle 
transmitter was turned on for 100 ^sec each 10 msec. The 10 msec timing 
was derived from an accurate I mhz crystal oscillator while the 100 ^sec 

pulses were derived from a one-shot multivibrator. At the Bozeman 

receiving site an operator observed the receiver 2.25 mhz IF on an 
oscilloscope. The oscilloscope was triggered each 10 msec with a 100 hz 

square wave which also was derived from an accurate I mhz crystal 
oscillator.

1.4.4.3 .2 TESTING PROCEDURE
If the scope trace had' a horizontal sweep of I msec/cm, when a 

reflection occurred the received pulses would appear some place on the 

scope face. If the reflection lasted for 200 msec then there would be 

20 sweeps across the scope face during that time. Each sweep would show 
the received pulse in approximately the same position. After several 

reflections, the operator would notice that each reflection produced 
pulses that were displayed on the same area on the scope face, 1500 qsec 

The operator would then shift the 100 hz triggering square wave such 
that the scope sweep began just before the time interval containing most

2 6

* Credit is due Mr. C. P. Edwards and Mr. A. Bradley for this work.
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of the reflected pulses. The•sweep velocity, would then be changed until 
the interval'containing the pulses covered the scope face. This meant 

that the sweep rate was usually at 100 |j.sec/cm. A camera was mounted 
on the scope face with a shutter that was manually opened and closed.
The operator could see the scope face through the camera mounting. He 
would open the shutter when a pulse was seen on the scope. As soon as 
the pulses disappeared or before, the shutter would be closed.- This 

process produced a picture,of consecutive sweeps of the scope showing 
a received pulse on each or at least on most of the sweeps.

I.4.A.3 .3 RESULTS

The engineers then studied the pictures to see if there was a 
measurable change in the position of the pulse. If the 100 hz square 
waves at both terminals were accurate, changes in the position of the 

pulses on the picture indicated that the propagation delay time had 
changed. Many pictures were taken after the operators became sufficiently 

talented. Hone of the pictures taken showed changes in the position of 

the pulses. A few pictures were taken with the scope sweep at 50 psec/cm 
but still no significant position changes were noted. The pulses appeared 
together on each picture except for slight variations attributed to addi

tive noise. These simple tests showed that the channel had a constant 

propagation time for each reflection to within a few microseconds. The 

experiment showed that the channel propagation time delay might be con

stant to within fractional microsecond limits for each reflection.
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1.4.4.3.4 • CHAHNEL-TO-MEED MATCH

For distant time synchronization* a communication channel was needed • 
with'the following parameters: (l) high signal-to-noise ratios, (2)
wide bandwidths, (3) reciprocity, (4) low power levels, and (5) stable 
propagation times. Tests on the vhf forward scatter link between 
Seattle and Bozeman had shown the channel possessed the first four 
parameters. If the vhf link had a propagation time that was constant 
to within microsecond limits for each reflection, then the channel could 
be the solution. This would be a channel-to-need match;

1.5 TIME SYNCHRONIZATION
1.5.1 PRESENT TIME SYNCHRONIZATION PROCESSES

1.5.1.1 GENERAL
Presently there are several methods available to time synchronize 

two clocks located far apart. None of the processes use a channel with 

characteristics listed in section I.5.4.2. As a result the radio pro

cesses used are complex, costly, and often not reliable. In the brief 
description of time synchronization processes to follow, those processes 

dealing with astronomy will not be covered. Such methods, in general, 
are not appropriate for the users considered here; namely, scientific 
laboratories, the military, and the space agencies. ^

The oldest radio technique for determining time, which is used 
where precise accuracy is not needed, involves the recognition of a

* A remote clock must be set so that when a master clock reads 8 o'clock, 
the remote also reads 8 o'clock within some error limits.



particular keyed tone on one of the National Bureau of Standards' timing 

frequencies of 9, 10, 15 or 20. mhz. The propagation time cannot be
calculated precisely but an estimate can be made. Accuracies expected 
are not better than several milliseconds. As simple antennas and 
receivers are usually sufficient to receive the signal well, the pro
cess is simple and economical but not extremely accurate.

I.5.1.2 CLOCK TRANSPORTATION
To achieve tiine synchronization to within a few microseconds, a 

stable clock can be set with the primary clock and carried to the remote 
clock for synchronization. Either a quartz crystal oscillator and clock 
are transported or an atomic resonance frequency -standard with clock is 

transported. The crystalrcontroiled clocks have been transported 

extensively by NASA but little has been done to determine exactly how 
accurately the remote clock was set. In June, 1965, the National 
Bureau of Standards planned to run a series of tests to determine how 

accurately this could be done. No reports have yet appeared. Initial 
tests by the Hewlett-Packard Company in conjunction with the Naval 

Observatory indicated that a cesium standard and clock could be trans
ported long distances and yet maintain accurate time.*^^ However, 
these clocks are expensive and good transportation facilities must be 

available throughout the clock's journey. The Navy cannot consider 

transporting such a clock to several ships. The transporting also takes 

considerable time. The Electronics Research Lab planned in 1965 to use

* In a trip around the world the clock's accuracy was maintained to 
within one microsecond of the Naval Observatory time.
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one of these clocks for a time synchronization procedure between HBS at 
Boulder, Colorado, the ERL in Bozeman, Montana, and The Boeing Company 

in Seattle, Washington. To rent such a clock so that each location 
would be synchronized involved a sum of nearly $$,000. This did not 
include transportation costs. The test has not been conducted.

30

I.5.I.3 LORAW-C
The Loran-C navigation and timing system uses three vlf transmitting 

stations located some distance apart. Each of these stations
transmits pulses which are synchronized in time to the other stations.

At a distant receiver, the time differences between the received pulses 
allow the operator to triangulate, using hyperbolas, to determine its 
location. Once the remote station knows its location it can calculate 

the propagation time from one of the Loran-C stations to itself. Know

ing this, it can then locate a particular axis crossing of the received 
vlf wave from that station which is synchronized to the U.S. Naval Obser

vatory time. With this information it is possible to calculate the 
time at the receiver.' Accuracies over water have been claimed to plus 
or minus a micro-second but extensive data have not been taken. ■ Over 

land, where the propagation time is less predictable, the timing is 
correspondingly less accurate. A remote station "must, of course,
be in an area where the signals are received with a high signal-to-noise 

ratio.

I.5.I .4 SATELLITE REFLECTIONS
The U.S. Naval Observatory has developed a time synchronization



method using the Belay satellite. During a visit to the Montana State 

University campus in the spring of 1965, Dr. Wm. Markowitz, Director of
I

Time Services, U.S. Naval Observatory, presented a seminar on this system. 
The system described was tested between California and Japan. . The time- 
synchronization accuracies were within one or two microseconds. Dr. Mar
kowitz thought that the accuracies could be improved. This technique 
probably will not be the solution for the-majority of the organizations 
needing time synchronization. High transmitter powers and! large antennas 

are needed due to the satellite height and the low signal levels from 
the'satellite; Also, as the satellite is continually moving, the path 

length between the two stations via the satellite is continually changing' 

in length. The effects of the changing propagation time must be con
sidered. To account for this it was necessary to use a computer. Unless 

reductions in the equipment complexity are possible, this method of time 
synchronization will be practical only between primary time standards.

■ 31 .

1.5.2 LIMITATIONS

Each of the time synchronization processes mentioned above.have 
limitations. There is still a class of users that have no practical' 
means of time synchronization. Previously, as more accurate time-keeping 

has become economically available, the scientific and commercial users
C‘6ihave expanded their operations to use this additional timing accuracy. ’ 

68) development of a simple time synchronization system that is

not economically or transportation limited, yet accurate and reliable will 

not only fulfill a present need but will give the scientific and commercial
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communities another valuable tool. The vhf meteor trail forward scatter 
channel may allow such a time synchronization system to be built.

1.6' HYPOTHESIS .
The working hypothesis guiding this investigation is twofold. First, 

the communication channel defined by vhf radio signals reflected from 
ionized meteor trails is stable during each reflection. Second, a time 
synchronization system can be designed, constructed and tested that uses 
the vhf meteor trail forward scatter channel which can synchronize two 
clocks to within +1 jasec.
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2.1 GENERAL CHAMEL CHARACTERIZATION
2.1.1 MODEL

A narrowband communication channel can be characterized with a 
•series■ combination of an attenuator, a time delay, and additive noise. 
Note Figure 4. ̂ 9?70)

' Input Output

Figure 4.
Noise

Attenuator Time Delay

Basic Channel Model

A signal transmitted through the channel has its amplitude changed by 
the attenuator (which could be an amplifier) and is delayed in time by 

the time delay (which cannot be negative). Without loss of generality 
all of the channel noise is considered additive. (^>7l) J0 simulate the 

meteor trail forward scatter channel the attenuator is a dynamic ele

ment. With no reflection present the attenuator setting is near infinite. 
A reflecting meteor trail Fresnel zone causes the attenuator to change 
to a value such that the signal power out is that defined by equations 

9 and 10. After this level is established, the attenuator will change 
to produce an exponential decay of the signal level if the trail is 

underlease (equation'll). If the meteor trail is overdense the attenuator 

settings are defined only statistically as are the signals themselves.
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Figdre 5-
VHF Meteor Trail Reflection Channel Model

2.1.2 PAST EXPERIMENTAL WORK
The nature of the amplitude of received vhf meteor trail reflections 

has been studied and experimentally verified for many forward scatter 

l i n k s i n c l u d i n g  the one established on 46.55 mhz between Seattle, 
Washington and Bozeman, Montana. Time delay variations between

■ f 75)reflections on a vhf forward scatter link have been investigated by NBS. 
Limited data relative to this have been gathered for the Seattle-Bozeman 

link. Little work has been done to determine the true propagation time.

No published theory or experimental work has been found relative to the 
changes in time delay after the signal has established itself (after the 

principle Fresnel zone). This is the channel parameter which was investi
gated in part (l) of the hypothesis. , '

2.1.3 VBF CHANNEL STABILITY
If the signal transmitted on the channel is a vhf signal, what effect
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does -a small change in the delay have on the signal? If a cw signal is 
transmitted, a: phase change will occur when the time delay is increased 
by At. The cw signal will be received after the At increase in delay, 
but the phase of the ̂ signal is retarded by

2# — i—  radians

where f is the frequency. To measure the At delay translation or the 
corresponding'change in phase of the signal, a comparison mustbe made of 
the received signal with either the transmitted signal or its reconstruc
tion. - Radio astronomers studying meteors and engineers studying upper 

atmospheric winds use the first procedure extensively.* They locate their 

receiving site a short distance from the transmitter in a null zone of 
the transmitting antenna radiation pattern. The location is chosen so ' 

that the ground wave' from the transmitter is received but not enough to 

saturate the receivers. A cw vhf signal is transmitted. When a reflec
tion is received at the receiving site the receiver output is the sum 

of the reflection and the ground wave. As the phase of the reflection 
changes relative to the ground wave, the net signal strength changes from' 
the sum of the two signals, when they are in phase, to the difference 
when they are out of phase. If the receiver IF is detected, the detector 
output is sin A(f) where A(J) is the phase shift between the two signals.
This coherent detection of the backscatter from a meteor trail produces 

a signal as shown in Figure 6' below (the..PFZ is' assumed stationary).

* Manning, Villard, and Peterson of Stanford^^ and McKinley in Canada-̂ ^  
developed this process.

3 6
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. Final amplitude level 
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fisefion.

Zero signal level

,Figure 6

Coherent Detection of Backscatter

The oscillations before the PFZ are caused by phase changes of the back- 
scatter signal caused by each additional Fresnel zone formed by the 

meteor. These oscillations have a one-to-one relation with the C and S 
terms in Equation 3* The oscillations superimposed on the post-PFZ 

signal are likewise related to C and S. To measure the meteor's velocity, 
knowing its distance from the transmit-receive site,* the engineers 

measure the time taken by the received signal to change phase a given 

amount ((J)̂ - (j)̂ ). The phase change represents a distance along the 

meteor's path. The velocity is then simply ds/dt, where ds is the path 

length traversed between the phase limits and dt is the time required for 
phase to change from (j)̂ to

* . Researchers determine the distance to the meteor’trail with either an 
auxiliary radar unit or by incorporating radar techniques into the 
transmitted signal. .
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The oscillations before the PFZ represent a shortening path length. The
phase changes before the PFZ are nearly linear functions of time as the
pre-PFZ Fresnel zones are nearly the same length and the meteor's velocity

(77)changes Iittlex while forming the trail. This produces a pre-PFZ 
signal high in frequency by the frequency of the pre-PFZ oscillations 

(Doppler theory). The meteor velocities determined with this method are 
in good agreement with visual and radar measurements.

To those that developed the process there were some' anomalies noted ' 
that were not explained by theory. The slow changes in phase of many of 

the received signals prompted the Stanford group to devise their "Double- 

Doppler Study of Meteoric Echoes. This investigation established

the study of atmospheric winds using meteor trail vhf backscatter.

»•
2.2 VHF PHASE STABILITY" DETERMINATION
2.2.1 "DOUBLE-DOPPLER"' METHOD

The "double-doppler" method of studying the movement of the meteor 
trail's effective reflecting point will be discussed here as the same 

basic procedure was used to measure the channel stability of the Seattle- 

Bozeman vhf meteor trail forward scatter link. The Stanford engineers 
were looking for information relative to the direction of the phase 
change rather than just the coherent detection of the reflection. This 

would allow them to determine if the effective reflection point was 

moving toward or away from the receiver. If a signal is mixed with the 

reflected wave which is not at the same frequency as the transmitted 

wave, then the detected output is shown in Equation 12,
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sin w^t sin (w^t + (|)(t)) = sin [w^t - w t + Eq. 12

where w^t, the transmitted radian frequency, is higher than the mixing

signal w^t radian frequency and ^(t) is the phase change of the reflected
signal relative to the transmitted wave. Uote that the phase change is

a function of time also. If both w^t and iô t are constant in frequency,
then their difference is
w t -  w.t = (w - wn)t = w_t o I ' o I' D
where w ŷ is the difference in radian frequency. Now, if the path length
is shortening, the detected output will be sin [w^t + (])(t) ] whereas if
the path length is lengthening, the output will be sin [wyt - (j)(t) ].

Similar results are true if wyb > wQt. Thus if the mixing signal is

different from the transmitted signal in frequency, it is possible to

analyze the detector output to determine- if the phase changes, (|)(t),

are adding or subtracting from w^t. When using sin w^t to mix with the

received reflection and then detecting, this ability to determine the sign

of (j)(t) is lost. The early experimenters might have used this process

but they did not have sufficiently stable signal sources for sin w^t and
sin w^t. As a result they were forced to devise a procedure using

sin w t as the mixing signal.°
The received signal (now considering amplitude as well as phase) 

can be put into rectangular form as shown below,

A(t) cos [wQt + <j)(t)] = Ey(t) cos WQt + Eg(t) sin wQt Eq0 13

where A(t) is the amplitude function of the received signal. The E(t) 

functions contain all the information contained in A(t) and (j)(t). as:
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A2(t) = E12Ct) + E22(t)

, B(-t)
tan 4(0 = " E-CtT'

If Wq is the center radian frequency of a signal, then E1 Ct) and Eg(t) 
become quadrature functioni^^each with half the bandwidth of the original 
signal,

Note that E1Ct) = A(t) cos (j)(t) Eq. lU

and EgCt) = -A(t) sin (f)(t) Eq. 15

These functions completely describe the amplitude and phase of the

received signal. To generate A(t)cos $(t), the Stanford engineers mixed

sin w t  with the reflected signal and filtered out the high frequency

component. Sin [tô t+jt/2] was mixed with the reflected signal to produce ■!

the low frequency output A(t) cos[<f)(t)+jr/2 ] . Then as I

cos (B + rt/2) = - sin B

A(t) cos [<j)(t) + jt/2] = -A(t) sin (j)(t).

The received signal was mixed with either sin w^t or sin (w^t + jr/2) |

in balanced modulators. These were followed by lowpass filters. Note j
;i

figure 7 below. 1 |
If the path length is shortening, $ (i) is positive. With (j).(t) posi- |

tive, the A(t) cos (|)(t) term leads the negative A(t) sin (j)(t) term by }
jrt/2. If the path length is lengthening,^(t) is negative. The negative j

A(t) sin (f>(t) term then leads A(t) cos (j)(t) by jt/2.

I
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-o -A(t) sin (p(t)

Quadrature Signal Generation

The data gathered by the Stanford group showed that after the PFZ 

the reflection often slowly changed phase, usually at a constant rate. 
This phase change was so constant that they regarded it as a frequency 

offset; either positive of negative. This phase shift was named by ■ 
them "body doppler." After studying the phenomena they deduced that it 
was caused by upper atmospheric w i n d s m o v i n g  the trail at a constant 
rate. The work also showed that the sudden fades in long-lasting signals 
were the result of the beating of two or more components of reflected 

signal, the "glint" theory.

2.2.2 TEST CONFIGURATION
To extend this testing procedure to meteor trail forward scatter, 

the transmitted frequency had to be accurately reconstructed at the 
receiving site.. With the advent of stable crystal oscillators phase- 

compared to WWVL and stable frequency synthesizers, this process was 

practical. Thus the test that was proposed.to The Boeing Company was 
essentially that test outlined in-D. K. Weaver's thesis,"Quadrature



Signal Functions and Application."

2.3 IEST EQUIPMENT
2.3.1 METEOR TRAIL FORWARD SCATTER LINK TESTED

The vhf meteor trail forward scatter phase stability tests were 
conducted on the 46.55 mhz link between the MSU Electronics Research 
Laboratory field site one-half mile south of the campus and a Boeing 

Company field site near Seattle, Washington. The geographic positions 
of the two stations were Lat. 45 39 28 N; Long. Ill 02 59 W and 
Lat. 4? 37 23 N ; Long. 122 01 38 W, respectively. The Boeing Company 

field site was the transmitting terminal with all receiving, recording, 

and data analysis at the Bozeman terminal. This is the same link that 

was extensively tested during 1961, 1962 and 1963. The original 46.55 

mhz Seattle transmitter was used. The antennas used for the phase 
stability measurements at both terminals had been also used for earlier, 
tests.

2.3.2 DERIVATION OF SIGNALS

To achieve signals of constant and known frequency, precision

one mhz crystal frequency standards were installed at both terminals.

The frequency standard at the Seattle terminal was phase compared to the
60 khz WWVB station at the National Bureau of Standards in Boulder,

Colorado. The 60 khz signal transmitted there is maintained accurate to
11within ±2 parts in 10',. By phase comparing a signal derived from the 

standard to the WWVB receiver, the crystal oscillator can be kept
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extremely a c c u r a t e . ^  The Seattle standard was maintained accurate 
to +3 parts in 10^. At the Bozeman terminal the .frequency standard was 

phase compared to a signal from the EKL primary frequency standard. The 
EKL primary standard, a Hewlett-Packard 103-AR, was phase compared to 
WWVB'. It was maintained accurate to within +3 parts in IO1 .̂ A 100 khz 
signal from the primary standard was transmitted to the field site over 
a set of direct telephone lines (no amplifiers). At the field- site" this 
100 khz signal was qompared to a 100 khz signal from the field site 

standard in a Montronic's Frequency Comparator Model 100. The field site 
standard could be set to the same frequency as the EKL primary standard 

to within +0.2 parts in 10^. (Note Appendix I.)

If the two 46.55 mhz frequencies which are synthesized from the 
appropriate standards â t each field site were in error by 10 parts in 
IO+"1"̂ , a 2it radian shift would .be produced in both the A(t) sin (j)(t) 
and the A(t) cos (j)(t) each 20 seconds. This rate of phase shift was less

than l/lO the magnitude of the rate of phase changes found on the channel.  ̂».
10Frequency differences of 10 parts in 10 between the two field site 

standards were not expected. The effects of frequency differences were 
not observed during the testing.

2.3-3 EQNIEMENT
The Montronics Frequency Synthesizer Model 301 at the Seattle term- ' 

inal, set for 5-81125 mhz was the input to the transmitter exciter which 
multiplied the frequency by 8. The 46.55 mhz was then amplified to 20
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watts and fed the main transmitter. The transmitter output of 800 watts 
went to a 6-element Yagi antenna mounted 35' above the ground and directed 
at Bozeman. When tests were being conducted, the Seattle terminal trans
mitted a cw signal with a 30-second break each half hour for station 
identification.

At the Bozeman field site the signals were received on a 6-element 
Yagi antenna mounted two wavelengths, (36 ft.), above the ground with the 
antenna directed tpward Seattle. As the signals feeding the receiver from 
the antenna were very low in amplitude (maximum signal levels range from 

to 150 microvolts) a receiving and quadrature function generating 
system as shown in Figure 6 was not possible. Leakage and radiation from 
the sin w^t and cos cô t would more than saturate 'the receiver. It was 
necessary to convert the received signal to an intermediate frequency 
(IF). . As a mixing signal was used which was synthesized from the local 
frequency standard, no information was lost. The only change to the 
original signal was an amplitude factor K and a change in the carrier 
radian frequency to (w^ - w ). Ho change had occurred to (j)(t) due to 
the translation.

The receiver mixed a 48.80 mhz signal, synthesized with a Montronics 
Frequency Synthesizer Model 301 from the local frequency standard, with 
the received signal. The transistor receiver had a noise figure of 
3 .8 db., a bandwidth of 20 khz, a 0 .1  pvolt sensitivity, and an output 
IF frequency of 2.25 mhz. The 2.25 mhz IF was mixed with a 2.0 mhz 
signal synthesized from the Sulzer Model 2.5 frequency standard. The 

/output of this mixer and lowpass filter was a 250 khz signal with 1 ,0 0 0 hz 

bandwidth. At this stage in detection, the signal was of the
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form shown below.

KgA(I) cos (2jt x 250 x lo\ + (j)(t))

The amplitude function A(t) was simply scaled by Kg and the phase 
variation (j)(t) was unchanged. From this signal the quadrature signals 
were derived. Circuit element limitations made, the quadrature function 
generation at a higher frequency impractical. The actual quadrature 

function generation was then as shown in block diagram form below.

Incoming
Signal

48.8 0 mhz K^1A(I) sin<j)(t)2 .0  mhz

Lowpass Filter

Mixer 
and LPF

Mixer 
and LPF

Balanced 
Modulator 
and LPF '

tc/2 Radian 
Phase 
Delay

Balanced 
Modulator 
and LPF

Figure 8 .
Functional Block Diagram of Quadrature 

Function Receiving System
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The 48.80 mhz, 2.0 mhz, and O .25 mhz signals were each derived from
the Bozeman field site Sulzer frequency standard. The constants and

' ■. 'K1 were adjusted so that the two output amplitudes were equal in ampli
tude for a given input. The balanced modulators were unique devices.
A detailed.discussion of balanced modulators and their outputs is given

(rTQ)in D. K. Weaver's thesis. , The final lowpass filters that the signals 
passed through had 3 db. bandwidths of 150 hz.

The two quadrature functions and the detected 2.25 mhz IF were 

recorded on a Brusipstrip chart recorder. The 3 db pen response was at
. ' V -

60 hz. At 120 hz the response was down 10 db. As the phase variations 
in quadrature form were, so to speak, folded over the zero frequency, 

the 3 db bandwidth of the system to frequency shifts around the 46.55 

mhz signal was 120 hz while the 10 db response bandwidth was 246 hz. A 

diagram of the system block components is shown in Figure 9»

2.3.4 QUASI-QUADRATURE FUNCTIONS

The equipment for measuring the phase stability of the vhf meteor 

trail forward scatter link was operational in early 1964. After several 
trial runs it was obvious that the detected IF channel was providing all 
the information needed relative to the amplitude of the received signals. 
The.amplitudes of the quadrature functions were of little value. Then, as 
each balanced modulator and lowpass filter was' an integrating correlator, 
why not overamplify the received signals— until an input voltage

to the receiver of 5 to 10 qvolts produces a square wave at the input 

to the balanced modulators? The 250 khz signal from the frequency
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standard was already a square wave. With the inputs in this form, the 
outputs of the balanced modulators were much more sensitive to input 
signals. The amplitude of the signal into the receiver needed to produce 
an output from the Iqwpass filters was approximately 0.1 q volt. When 
a strong signal was present,the lowpass filter outputs increased in 
amplitude until the input signal reached a 10 q volt level. At that 
• input signal level the lowpass filter outputs were at a maximum level 

such that additional input signal amplitude had no effect on the filter 
outputs. It was no longer true that for the functions, E^(t) and Eg(t), 
that A^(t) - E^(t) + Eg^(t) where A(t) was the amplitude of the 250 khz 
IF signal. The phase variations in the Sin(̂ t) and cos (j(t) portions of the 

quadrature components remained unchanged. The functions contained all 
the information that was needed from the quadrature outputs. These 

amplitude distorted quadrature outputs were called the quasi- quadrature 
outputs. The individual outputs were labeled sin and cos A(j)

2.3.5 CALIBRATION
The only chart calibration for the' quasi-quadrature channels was 

to insure that the maximum pen. excursions stayed'on the,paper. The 

detected IF.channel'was usually calibrated as shown in Figure 10.
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Figure 10.

Detected IF Recording Calibration



3.0 DATA ANALYSIS
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3.0 DATA ANALYSIS ■

3.1 PROCEDURE
3.1.1 AMPLITUDE CONSIDERATIONS

Each signal whose amplitude exceeded the 3 p volt 'input level was 
considered in the data analysis. Those signals received below this level 
were not included in the data analysed. A signal whose amplitude•never 
exceeded the 3 p volt input level would not be used for communication 
with an actual system. Due to the overdriven amplitude in the quasi- 
quadrature function generating circuitry the phase variations of the 
low amplitude (less than 3 p volt input) signals were well defined. No 
phase variations were observed for these signals which were not similar 
to the phase variations of the higher amplitude signals. The phase 
variations were not a function of the amplitude of the received signal 
(except for what later will be referred to as early fast doppler)> .

3.1.2 SHAPE CONSIDERATIONS
The received signals were categorized according to probable x

reflecting surface type. The three reflecting surface groups 

were (l) underdense -. meteor trail, (2) overdense meteor trail, or (3 ) 
non-column reflecting surface. In the first group were signals with an 

initial fast rise time and an exponential decay (note equations 10 and 

11). The overdense meteor trail group included those signals with an 
initial fast rise time that decayed more slowly than an exponential 

decay. The non-column reflections did not have an initial fast rise 

time. Some of the latter reflections were from hon-meteoric reflecting 

surfaces such as temperature inversion layers and Sporadic E .
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A certain number o f  the group were from meteor trails not exactly tangent 
to an ellipsoidal spheroid with the two terminals as foci. Another 
possibility was that the non-column reflection was from a surface of 

high electron density blown from an overdense meteor trail. Such a 
trail was initially oriented such that no reflection was present between 
the two terminals. There was no apparent way to separate the non-column 
reflections as to the source of the reflection. The conceptual form that 
was used for each of the three categories of signals is shown below.

underdense reflection

zero level
Time

overdense reflection

zero level

non-column reflection

zero level

Figure 11.
Sample Reflection Types
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■ On several occasions IoV amplitude signals were received that pro

duced nearly perfect sinusoids on the quasi-quadrature outputs for periods 
of a minute or more. . The sinusoidal nature of the sin (j)(t) and cos <j)(t) ' 

terms showed that the path length was changing at a constant rate with 
respect to time. The signals were constant for such a long period that 

an ionospheric anomaly was unlikely the cause. A reflection from either 
a satellite or a high aircraft could have produced such a signal. The 
phase variations of these signals were always at a low rate. As the 
signal amplitudes did not exceed the 3 l-ivolt threshold, they were not 
included in the results. . ■

3.1.3 SIGNAL PHASE CHANGES
The magnitude of the phase change of a received signal compared, to 

the local signal was determined by measuring the consecutive periods 

of the quasi-quadrature functions. Initially, quarter cycle measurements 

were made. This was time consuming and the small increments were found 

to be unnecessary. Full-cycle measurements were'made except where there 

were phase reversals or a questionable area.
The sign of the phase changes was determined for the signal through

out each reflection. This was determined by noting whether the sin (j)(t) 

term lead cos (|)(t) by jt/2 radians or vice versa. If the path length was 
shortening at a constant fate the received signal was high in frequency. 

This produced' a positive phase change (i.e., the sin (|)(i) term was leadr 

ing). If the path length was lengthening at a constant rate, then the 

received signal was low in frequency^ the phase change was considered.



negative, and the cos <j)(t) term lead.
When the equipment was constructed, the quasi-quadrature channels 

were not labeled. To determine which quasi-quadrature signal lead under 
each condition, signals slightly offset in frequency were applied to the 
receiver input. A 46,550,010 hz signal produced 10 hz sinusoids at the 

qua si-quadrature outputs with the sin ^(t) term leading by rt/ 2 radians.
A 46)549,990 hz signal again produced 10 hz sinusoids but with the cos 
(j)(t) term leading. It was also noted that saturating the receiver had 
no effect on the quasi-quadrature outputs.

3.1.4 EXAMPLES
3.i.4.i Uederdewse me t e o r trail reflection

In Figure 12 is shown a recording of the detected IF and quasi-
'

quadrature components of an underdense meteor trail reflection. The 
paper velocity was 25 mm/sec. A plot of the phase change of the received 

signal versus time is shown in Figure 13.
One cycle of the sin (j)(t) term represents 2jt radians shift of the 

received signal. If, as in this case the sin (j)(t) term is leading, then 
the path length shortened by 6.42 meters during the 2j( radian shift.

The phase plot with respect to time shown in Figure 13,is, for all practi

cal purposes, a straight line--a linear function of time. Such phase 

shift is attributed to upper atmospheric w i n d s . M o s t  

meteor trails which produce reflections between Bozeman and Seattle are 

.in the vicinity of the midpoint between the two s t a t i o n s . I f  R, =

Rg = 500 km, then a constant velocity movement of the effective reflecting

54
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point produces a phase variation that is a linear function of time, at 
least to the accuracies of the recording techniques used. As the movement 
of the trail is small in comparison to and R^, the geometry remains 

essentially constant .throughout the reflection.

3.I.4.2 OVERDENSE METEOR TRAIL REELECTION
Figure l4 shows the detected IF and two quasi-quadrature functions 

associated with an overdense meteor trail reflection. The detected IF^ 
shows the signal above the noise level for approximately 3 seconds. The 

quasi-quadrature outputs show the signal phase changes for approximately 
one second longer. Note that the amplitudes of the quasi-quadrature out

puts are almost unrelated to the IF detector. To avoid this, the 

detected IF zero level was offset from the graph paper zero. Again the 
sin (j)(t) and cos (j)(i) terms are nearly sinusoidal. As expected, the plot 

of the change in phase of the received signal with respect to time is 

nearly a straight line, (note figure 15). The slope of the line increases 
slightly after I . 25 seconds and is constant for the remaining three 

seconds. The maximum rate of change of phase with respect to time in 
this example is less than 2jt radians/sec while in the last example, the 
underdense trail, the maximum rate was 10# radians/sec. This overdense 

trail was not blown into separate reflecting areas as there are no tiudden 

fades in the signal level and no abrupt changes in the phase. The path 

length was decreasing at a constant rate.
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Figure 14. Overdense Meteor Trail Reflection
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Figure 15. Phase Plot of Overdense Trail 
Reflection Shown in Figure lU.
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3.I.4.3 NON-COLUMN REFLECTION

Figure l6 shows the recording of a reflection that was categorized 
as non-column in nature. The recording shows no sudden initial increase 
in signal level. The amplitude of the detected IF was so high part of 
the time that the recording pen was off the paper. When this recording 
was made, the diode in the IF detector was reversed. Hence the signal 

zero level is on the other side of the recording channel. The recorder 
dc amplifier gain was set too high in this example. The pen was off 
the paper before the receiver saturated. The phase plot with respect 

to time for this reflection, figure 1 7, shows the effects of at least 
two different reflecting areas. Initially, the reflecting surface 

producing the major contribution of the signal was moving so that the 

received phase was proceeding negative at a rate of 8 # radians/sec. The 
path length was lengthening. Then either a second reflecting surface 
became the primary source of the reflection or there was an unlikely 

.possibility that the first reflecting area changed directions.' From 
the backscatter experimental work done relative to wind action on meteor 

t r a i l s , t h e  second possibility was not likely. During 
the period from T= I sec to T= 2-|- sec the path length decreased at a 
rate 2 x 6.42 m/sec, or equivalently, the phase changed at a rate of 4# 

radians/sec. Note, that the slope of the phase plot corresponding to 
this region is positive. For a few tenths of a second the phase was 

more positive than when the reflection began. After T =2.5 sec the 

direction of the phase change direction reversed and again the path 

length increased at approximately 8 n radians/sec. This is essentially
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the same rate that was present during the first one second of the reflec
tion. Hence the reflection surface present after T=2.5 sec was either 
the initial reflecting surface or another surface under the same wind 
influence. The apparent (and not valid) sudden reverses in phase direc
tion as shown in Figure YJ were a result of the manner in which the 

curve was drawn--a series of straight lines between sample points.

When measuring the phase stability of the reflection from a meteor 
trail and plotting the phase of the received signal versus time, large 
errors can be introduced if the measuring and plotting is done as in 

Figure 17» If a signal is reflected from A to B at.time t , its propaga
tion time will be tq. If some At time later a second signal is trans

mitted, then by simply moving along the time axis a At length, the 
change in phase of the received signal can be measured. From this the 
value of T at time t + At can be calculated. That process isn't 

true when a second meteor trail affords another path for the signal. In 
this case it is not possible to determine the change in path length 

from a phase plot of the received signal. The second path may be 
longer or shorter than the first. This phenomenon has been discussed 

here as an exactly similar argument is true relative to the phase plot 

of Figure 17. The signal primarily responsible for the quasi-quadrature 

outputs during the first second of the reflection shown in Figure l6 was 

reflected from an.effective reflecting point which was moving at a nearly 

constant velocity. The channel was lengthened at about 2 x 6.42 feet/sec. 

After one second, a different reflecting area became predominant. The 

important question is, "Has the path length changed?" The answer is



"Yes." The reasons will be shown in the interpretation of the results.

6 3

3.2 OTHER MALYSIS CONSIDERATIONS
3.2.1 MALYSIS PROBLEMS

After plotting the phase of the first fifty reflections, several 
things were apparent. The first was that this process'took a long time 
for each reflection. To carefully measure and plot the phase changes 
and to note which quasi-quadrature function was leading took on the 
average 25 to 30 minutes per reflection. At this rate the sample size 
wasn't going to be very large. To analyze the reflections received during 
a four-hour recording period during March might take 80 to 100 hours.

Another problem soonlardse. ■' If. there'-were 100 phase plots, from a 
particular type of reflection, what was the average change in phase 
for the group of reflections? Or, more simply, how could 100 phase plots 

be averaged? ■ Several attempts were made to do this but either the results 

were meaningless or too many restrictions were needed for the reflec

tions considered.
Also, how were reflections with more than one controlling Fresnel 

zone present to be considered? The 2jt radian phase differences between 
the signals reflected from each area were unknown.

3.2.2 RATE OF CHMGE OF PHASE
To achieve a workable phase measuring system and meaningful 

averages, a simple method was devised to quantize the data. Most of 
the reflections had phase changes that were linear functions of time, as
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in figures 13 and 15. The slope, d([)/dfc, described the line in each such 
case. Each phase plot line started at the origins If the phase plot was 
a straight line, then d(j)/dt was constant. If the phase plot was a 
series of straight lines, the reflection had several different, yet 
constant, slopes. The maximum value of the slope described the worst 
conditions of the phase stability during a reflection. This vhlue would 
be a "worst case" for the series of straight line phase plots. The 
largest value of d(j)/dt represents the fastest rate of change of the phase 

of the signal reflected, from a Fresnel zone. The largest value of d<j)/dt 
was recorded for each reflection.

The maximum rate of change of the phase with respect to time as 

measured in this experiment contains no information about the 2 it radian 
phase multiplicity between signals reflected from two controlling Fresnel 
zones. Many communication systems, including most time sync processes, 

cannot operate on a channel with such discontinuities of received phase 
and hence of path time delay. However, this problem was overcome with a 

"converging" time sync system. This will be defined and discussed in 
the time sync section. The expected maximum rate of change of phase with 

respect to time was the parameter which predicted the system's perfor
mance .

Note that d(})/dt was the radian frequency of the quasi-quadrature 
functions. In cases where the phase plot was a linear function of time, 

as in figures '13 and 1 5, the quasi-quadrature functions were sinusoids, 
as in figures 12 and l4, respectively. The frequency of the sinusoids 

was a direct measure of d(h/dt. In figure 13 the frequency of the ■



sinusoid was approximately 5 hz. This is 5 x 2jt radians/sec, exactly 
the slope of the phase plot in figure l4. Then to determine the maximum 
phase plot slope of a particular reflection, the period of the shortest 
cycle of a quasi-quadrature output was measured. If f was the frequency, 
then f = l/T where T was the shortest period. The maximum rate of phase 
change was then f x 2jt rad/sec. The sign of the phase shift was determined 
for the cycle measured using the process described earlier. Some reflec
tions were so short lived that a complete phase shift cycle was not

.

present. In such cases a half cycle or a lesser fractional cycle period 

was measured.
In summary, each reflection was categorized as being either from 

ah underdense meteor trail, an overdense meteor trail, or. from a non
column reflecting surface. The maximum rate of change of phase was 

determined by measuring the period of the.shortest cycle or fractional 
cycle of the quasi-quadrature output. The sign of the phase shift was 
also determined. A reflection as shown in figure 12 was listed as from 

an underdense trail, a maximum rate of change of 5 x 2« rad/sec with a 
positive sign to indicate the direction of the phase shift-. Reflections 
similar to that shown in figure l6 were categorized as non-column reflec

tions with a negative. d(j)/dt value of 8 it rad/sec.

65 .

'3.2.3 DATA REDUCERS
After several weeks of analyzing data in this manner, it was obvious 

that if only the author did the data reduction^ time would limit the' . 

sample size. By this time the author -knew the algorithms necessary to
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reduce the recordings to a usable form. Other people were hired to 
reduce the data according to the algorithms established. The author 
would explain in detail the various procedures to each person hired. 
Each week or two the author would work with the "data reducers" to see 
that no bad habits or invalid short-cuts had been developed.

A recording period of,six to eight hours approximately once a 

month kept the data reducers busy. Data were gathered throughout the 

school year starting in August 1964 and ending in June 1965• .
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4.0 RESULTS OF PHASE STABILITY TESTS
4.1 DATA HISTOGRAMS

The phase stability tests had to be conducted when it was convenient 
for the Boeing engineers, when ERL personnel could operate the Bozeman 
terminal, and when the Boeing transmitter and Bozeman receiver weren't 
operating on another concurrent project. The monthly recordings were not 
conducted at the same time each month or for the same length of time. 

Histograms were used to display the data after they were analyzed. There 

were no outstanding differences between the monthly histograms and at 

no time during the year were there particularly unique phase variations.

For a summary ERL report published soon after the completion of 

these tests in 1965, ^ ^  a single histogram was used to represent a 

sampling of each reflection type from the recording period. The same 
process will be followed in this writing. The November readings had 

the least number of reflections. The data recorded in the other months 

were scaled to this sample size. As 127 underlease meteor trail.reflec
tions were received in November, the histogram shown in Figure 18 contains 

8 times 127 samples. The overdense trail and non-column reflection groups 

were scaled proportionately in the same manner. Figure 19 is a histogram 

of the overdense meteor trails versus phase shift and Figure 20 is the" 
histogram showing the non-column reflections. The number of samples in 
each histogram is.8 times the number received in November.

4.2 NUMERICAL • RESULTS 

4.2.1 WORST CASE
Histograms 18, 19 and 20 show that the phase stability of signals
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reflected from surfaces of each type were very stable. The fastest 

moving effective reflection points caused phase variations of 10 x- 2 itrad/ 
sec. The channel changed length at a rate of 64.2 m/sec. The propagation 

time change due to this was at a rate of 0.214 p, sec/sec. This rate of 
change of the path propagation time was the maximum measured at any time 
during the testing. If a time synchronization system had no better 
stability than this worst case that the channel allows, it would still 
be accurate.

4.2.2 AVERAGES

If the time sync errors introduced by the channel were averaged in 
such a way that the timing error approached the average value of the 

absolute value of the phase shift, then the error could be significantly 
reduced. The average of the absolute value of the phase shift rates shown 
in the under dense meteor trail histogram was 2.2 x 2jt rad/sec. The 

overdense average absolute value of phase shift rate was 2 .7  x 2# rad/' 
sec and the value for the non-column reflections was 2 .6  x 2«.'.rad/sec.

The average value of the absolute value of the average rate of propaga

tion time change is O.O58 n sec/sec for the overdense meteor trail 
reflections, the most unstable of the three reflecting types.

As both the underdense meteor trail and non-column reflections had 

an average phase shift of nearly zero, a time sync system with an error 
that was dependent on the average phase change rate would have even 

better accuracy. The only type with a non-zero average was the over- 

dense meteor trail group. The average phase shift rate of these reflections
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was 1.4 x 2 jtrad/sec, or a path length change of I m/sec, or a pro

pagation path time delay change of 0 .0 3 0 ^sec/sec.

4.3 BABLT FAST DOPPLER
4.3.1 NATURE

After the gain of the quadrature channels was increased, a phenomena 
was observed that had not been seen before. Some of the meteor trail 
reflections produced a series of from 2 to 20 quasi-quadrature sinusoids 
before the principle Fresnel zone was established. An..example of this is 

shown in Figure 21.. The associated phase plot is shown in Figure 22.
These quasi-quadrature sinusoids were called "early fast doppler"(EFD).

The cycles increased in amplitude and were nearly constant in frequency 

until the EFZ had been established. The frequency of these variations 

was in the range of from 10 hz to 30 hz. These phase variations were not 

included in histograms 18 and 19 because the signal levels received during 

the EFD did not exceed the 3 M-V level. The EFD phase changes do not 
represent an instability of the usable channel.

4.3.2 EXPLANATION
The early fast doppler phase variations are caused by the meteor 

trails establishing Fresnel zones which reflect small amounts of the 
signal prior to the PFZ. These signal variations are explained with the 

Fresnel solution of the differential equations involved, not Equations 

3 and 9- The Fresnel integral solution is shown graphically in the 

Cornu Spiral, Figure 2 3. The amplitude of the received signal is
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represented by the length of the vector which is terminated at the t = 0 

point with the other end on the curve.■ As-time increases the vector ' 
terminated on the curve progresses as the arrows in Figure 23 indicate.
This produces a signal of the form shown in Figure 2. It must be remem
bered that the exponential decay associated with underdense reflections 
and the fades associated with overdense reflections which follows the 

establishment of the PFZ are not related to the Fresnel Integral Solution. ' ' ■
In Figure 2 , the signal level is assumed to remain established. If the 
effects of diffusion and upper atmospheric winds are added to this, the . ;
signal level nature becomes essentially that as seen in the IF detector

'
channel (Figures 12, 14, l6 and 21).

The quasi-quadrature outputs are the over-amplified projections of 
the signal vector on the X and Y. axes of Figure. 23. The projections' are 
sinusoids of increasing amplitude and decreasing frequency when plotted 
with respect to time.' These signal variations were responsible for the 
early fast doppler.

After the PFZ is established, the phase variations caused by the 
additional Fresnel zones created by the meteor trail do not cause the 
phase to again cross the quasi-quadrature axis. There are minor changes '• 'i
in the phase due to additional Fresnel zones after the establishment of

'Ithe PFZ (note Figure 24.). The phase variations considered in this 
experiment were the phase changes in the signal after the PFZ. Occa- 
sionally the minor variations in the signal phase caused by the addi
tional Fresnel zones were superimposed on the phase changes caused by 

winds and other phenomena. The usual received signal, however, had 

neither early fast doppler nor visible effects of post-PFZ Fresnel zones.
z ■ 'I

,!
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Taken from "Introduction to Geometrical 
and Physical Optics," John Morgan, 

New York, McGraw-Hill, 1953*

Figure 23* Cornu Spiral
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Figure 24. Cornu Spiral Axis Projections
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Most reflections did have post-PFZ phase changes due to motion of the 

effective reflecting point. In a Cornu Spiral plot, this would be 
represented by a vector rotating about the initial point but with an 
amplitude of the post-PFZ signal reflection.

4.3.3 OSCILLOSCOPE PRESENTATION
The two quasi-quadrature signals were applied to the horizontal and 

vertical inputs to an oscilloscope. The point the electron beam illuminated 
while there was no signal present represented the starting zero point.

When a signal was present with no early fast doppler the illuminated 
point would move to some new position depending on the amplitude and 
phase of the quasi-quadrature outputs. Then,if the effecting reflecting 

point moved, the illuminated point would rotate about the zero point.
If the reflection had early fast doppler, the point would circle the zero 

point with a small but increasing radius and at a velocity between 10 

to 30 revolutions per second. As the other paper recording methods of 
the signal was adequate, no pictures were taken of the oscilloscope 

displays. The oscilloscope display was used during the later tests 

conducted (April, May and June 1965)'to help speed up the data reduction. 
While the paper recordings were being made somebody watched an oscillo
scope set up:as described above. With each reflection the oscilloscope 
presentation would either rotate clockwise or counterclockwise. If it 

rotated clockwise the operator would record cos (j)(t) leading on the 

reflection recorded on the paper. The operator would record sin (j)(t) 

leading if it rotated counterclockwise. . Phase changes during a:.-reflection
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were also noted in this way. This procedure speeded data reduction ' 
considerably.

4.4 24-hour test
4.4.1 REASONS FOR TEST

In the mornings less than one meteor trail reflection in 10 had 
visible early fast doppler. In the afternoon the percent of reflections 
with early fast doppler increased considerably, probably to 40 or 50 

percent. There was an apparent diurnal variation in the number of meteor 
trail reflections possessing EFD. Arrangements were made to conduct a 
24-hour phase stability measurement on the 46.55 Aic link between 

Seattle and Bozeman to determine the channel stability throughout the day 

and to check the EFD diurnal variation.

4.4.2 DATA GATHERED

The recording period was from 8 a.m. March 23, 1965 to 8 a.m. March 
24, 1965. As the recording paper available was limited, recordings were 
made only from each hour to the half hour. This recording time was 
sufficient to indicate changes in the nature of the received signals as 

a function of the time of the day. In addition to the same measurements 

and categorizations that were made on the monthly data, those reflections 

with early fast doppler were noted, the diurnal variation of the time 

duration of the reflected signals was-recorded, and the duty cycle was 

established for each period.
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4.4.3 RESULTS ' -
4.4.3 .I HISTOGRAMS OF HOURLY PHASE VARIATIONS

Figure 25 shows a series of phase plots of the received signals for 
each recording period during the testing period. Unfortunately the data 
covering the 12 noon to 12:30 p.m. period and the 7 a.m. to 7:30 a.m. 

period were missing. As both of these periods had been covered, in pre
vious tests, no unexpected results were anticipated. The lack of this 

information does not invalidate the tests.
The histograms in figure 25 show no phase change rates greater than 

those measured during the tests throughout the year.■ The maximum rate 

recorded in the 24-hour test was 8 times 2 rt radians/sec. Part of the 

period tested had a predominate number of reflections with a positive 

phase change —  a path length shortening. This could have been due to a 
small meteor shower, the nature of the wind, or a frequency offset 
between the two terminals. The last possibility is unlikely as several 

of the recording periods produced nearly symmetrical histograms.

Note that on the majority of the plots shown in figure 25 the 
intervals on either side of zero have few reflections included. The 
obvious conclusion, that few reflections had less than 2 jrradians per 
second phase shift is not as valid as it appears. As time was limited' 
for those reducing the data, it was decided to simply measure the shortest 

cycle or half-cycle period and from that calculate the rate of change of 
phase. If one quasi-quadrative component had a positive value when the PFZ 

was established, then that output would rise with the PFZ. If the reflec

tion lasted only l/3 second, even if there was - no phase shift, the.
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particular quasi-quadrature output would usually also return to zero in 
l/3 second. This appeared on the recordings as a half sinusoidal output 

with a period of l/3 second.. The other output could have also gone 
positive, remained zero, or gone negative, depending on its phase 
relation to the reference signal at the time of the PFZ. For such a 
reflection the data reducers would record a phase shift of 1.5 x 2jt 
rad/sec. The few reflections shown in the histograms that had less 
than 2 rtrad/sec shift were from long lasting reflections.

The primary objective of the 24-hour test was to determine if 
there was any time during the day when the vhf forward scatter channel 

had phase stability characteristics different from those recorded during 
the daytime. The answer was found to be "no." The channel stability did 
not change■appreciably throughout the'test. If oh another day the experi

ment was repeated, the minor variations found on March 23 to 24, 1965, 

would probably not repeat themselves. To determine the precise nature of 
diurnal variations of the channel phase stability was not the purpose of 

this test. Such a test, while being of interest, was beyond the resources 

available. The data recorded and analyzed on March 23-24, 1965, indicated 
that the data recorded during the usual working hours validly represented 

the channel throughout the day.

4.4.3.2 HISTOGRAMS OF REFLECTING SURFACE- TYPES
Figure 26 shows the distribution of- the different types of reflec

tions for the recording period. A high proportion of the reflections were 

from non-column type surfaces. Generally during the monthly tests there
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were more underdense reflections than non-column reflections during the day. 
This was not true on March 23,24, 1965. A more usual ratio during the 
daytime is shown by the 10l6 underdense reflections shown in figure 18 

and the 824 non-column reflections' in figure 20. Also in figure 26, 
note that the number of overdense meteor trail and non-column reflections 
stayed essentially constant during the 24-hour recording period. The 

number of underdense meteor trail- reflections had a 6 to I change between 
the 2400-0300 period and the 1800-2100 period. The,underdense variation 

is of the nature predicted when the earth's velocity about the sun and 
the earth's rotation are considered. (39,40,47,53) nature of the

overdense and non-column reflection histograms in figure 26 suggest that 

they are related (i.e., the non-column reflections may be primarily 

from distorted overdense meteor trails).

4.4.3.3 PLOT OF PERCENT OF TRAIL REFLECTIONS WITH EFD
One of the occurrences that prompted the 24-hour test was the 

greater proportion of meteor trails with early fast doppler in the 
afternoons. Figure 27 shows the percent of meteor trail reflections 
that produced early fast doppler during each three-hour time interval.
The percent of the trails that had early fast doppler increased from 9$ 
during the 0300 to 0600 interval to 58% during.the l800 to 2100 interval.

From midnight till noon a point on the earth sweeps meteors out of 

space with its forward velocity of almost 30 km/sec. The result is that 

most of the meteors in the morning have an apparent radiant near the 

zenith. The meteor trails resulting, if they permit a reflection from
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Seattle to Bozeman, are tangent to the ellipsoidal speroid along a nearly 
vertical surface. The surface has a maximum gradiant in this direction.
As a result the Fresnel zones on either side of the PFZ are very short. 

These Fresnel zones reflect so little power that a detectable signal is 
not present at the receiver. As higher power levels are used, the number 
of meteor trail reflections with early fast doppler (EFD) will increase. 
The increase in the percent of reflections with EFD as the' l800 to 2100 
period is approached is because the usable meteors must now catch up 
with the earth and a greater percent of the meteors have radiants not 
near the zenith. These trails then become tangent to an ellipsoidal 
spheroid along a surface which is less curved. This causes the pre-PFZ ■ 
Fresnel zones to be wide. They reflect a signal with a magnitude which 
can be detected by the balanced modulators in the receivers. The shape 

of the histogram in Figure 27 Verifies this reasoning.

4.5 TESTS CONDUCTED WITH BBS, BOULDER, COLORADO 

4.5.1 BACKGROUND
During the summer of 1964 Mr. Alvin Morgan, Chief of the Time Dis

semination Research Group at the National Bureau of Standards, Boulderj 

Colorado, visited the MSU campus to investigate the work being done on 
the phase stability of'the meteor vhf forward scatter link and the plans 
for the time sync system. Some tentative arrangements were made to 
perform a series of phase stability experiments between Boulder, Colorado, 
and Bozeman, Montana.

In March, 1965, NBS had the necessary equipment and FCC licenses to 
transmit a precise 46.55 mhz signal. The NBS transmitter fed a corner

/



reflector antenna directed at Bozeman with 600 watts of power. At the 
Bozeman receiving site the same equipment and techniques were used for 

receiving and recording the signals from Boulder as were used on the 
signals from Seattle."

4.5.2 RESULTS
Data were recorded in early March, 1965, on the North-South link 

between Bozeman, Montana, and Boulder, Colorado. A histogram of the 
number of underdense meteor trail reflections versus maximum rate of 
phase change from this test is shown in Figure 28. Corresponding histo
grams for the overdense meteor trail and non-column reflections are shown 
in Figures 29 and 30, respectively. The underdense meteor trail histo
gram shows no maximum rate of phase change exceeding 8 x 2jt rad/sec; the 
overdense meteor trails had no changes exceeding 6 x 2jr rad/sec; and the 
non-column reflections had no phase change rates exceeding 9 % 2# rad/ 
sec. During this testing period the North-South link was as stable as 

the extensively tested East-West link. No reasons are obvious why the 
phase stability of this channel should change appreciably as a function 
of the time of day or year.

■

Again in the histograms 28, 29 and 30 the apparent few reflections 
with less than I x 2# rad/sec shift are evident. The same problem was 

present with this data as with the 24-hour test data. Sometime a 
frequency standard at one end of a link should be offset so that the two

r.

vhf signals are approximately 10 hz apart. Then the measuring difficulties 

for the slowly moving or stationary reflection areas would be removed.

At one time the two frequencies between the Seattle terminal and Bozeman

■ ' • i '

8 9
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were-offset by 0.7 hz. The dip in the histogram was present before any
93

corrections were made.
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5-0 INTERPRETATION OF RESULTS
5.1 SUDDEN CHANGES IN PHASE RATE
5.1.1 TEST RESULTS

5.1.1.1 APPARENT RESULTS
The purpose of the phase stability tests was to determine if the 

46.55 mhz forward scatter channel using ionized meteor trail reflections 
and other reflecting surfaces was stable. The histograms shown in 
Figures 18, 19 and 20 showed that no reflected signal on the Seattle, 

Washington, to Bozeman, Montana, meteor trail forward scatter link had 
phase variations exceeding 10 x 2rt rad/sec. The data in the histograms 

were gathered at intervals during an eight month period. Tests conducted 

during a 24 hour period on the same channel produced no received signals 

which showed more rapid phase variations. A similar test on the Boulder, 
Colorado, to Bozeman, Montana, meteor trail forward scatter link had 
similar results.

5.1.1.2 LIMITATIONS OF CW SIGNALS

The continuous wave signals used in the above tests did not indicate 
the absolute phase of the signal. That is, the propagation path length 
for each reflection was not apparent. Likewise the effects of two distinct 

reflecting areas, present at the same time or alternately, were not apparent 
unless a reflection such as that shown in Figure l6 was produced; That 
particular reflection had two reversals in the direction of its phase 

change. Note Figure 1 7. This occurrence was common among the overdense



meteor trail and non-column reflections. Ho underdense meteor trail 
reflections showed evidence of sudden phase changes or reversals.

$.1.2 CAUSES OF SUDDEN FHASE RATE CHAHG-IS 
$.1.2.1 EXPLAHATIOH

What causes a sudden phase reversal or a sudden change in its rate?
There are only two likely causes. Either the rate of change of path
length abruptly changes or a second path is established. The first

case is caused by a sudden change in the reflecting area’s velocity.
This is not a likely possibility due to. the continuity of the upper

(72 75 8 8)atmospheric winds. ’ ’ ' The second possibility can be caused by

two phenomena. A second path can be established by an independent re
flecting surface or it can be due to a second reflecting area directly 

related to the initial reflection.
The probability that an independent second reflecting surface will 

establish itself while a signal is being received is a simple function 

of the duty cycle. If the duty cycle is $$ then 0.2$^ of the time there 

will be two reflecting surfaces present at the same time. The detected 

IF channel may show that two distinct reflecting surfaces were present. 

The adding of the two signals may also produce a signal whose amplitude 

characteristics do not show the presence of two reflecting areas. The 
phase changes of the signal may show the presence of the second reflec

tion by a change in the rate of phase change. The presence of two 

signal channels was apparent both on the detected IF channel and with

96
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the phase changes of some signals.

A second reflecting area can be established on an ionized meteor 
trail. Classical meteor trail forward scatter theory does not account 

fov th is *  A trail that affsrdi 'OolmitijaieatiOMi bitween two pdittts
must be tangent to an ellipsoidal spheroid with the two points as foci.
A single electron straight line column can be tangent to such a surface 

at only one point. This is initially true for any meteor trail which 

forms a principle Fresnel zone. However, immediately after the trail 
is formed the upper atmospheric winds distort it.

Upper atmospheric winds, are irregular with occasional high velocities, 

high gradients, shears, but yet with continuity of flow. Through a series 

of photographs of long lasting visible meteor trails, Liller and Whipple 

were first to obtain valid data relative to the winds and their 

effects on meteor trails. They found gradients as high as 20 m/sec/km, 

velocities exceeding 100 m/sec, and direction reversals'within 6 km 

height differentials. The average horizontal wind velocity has been 
determined by many investigators with values ranging from 25 m/sec to
50 m/gec,,^^32,3^72,88,89) geveral of the articles published deal

f 72 89)with wind periodicity. ’ ' The upper atmospheric wind direction

and velocity can be statistically predicted as a function of the time 

of day and season, and position on the earth1s surface„

An ionized meteor trail may be more than 40 km long.

The effects of the winds along the trail's length may be varied, forming 

various "globs" and "glints." Often the contrails left by jet airplanes



become distorted in much the same way. Such a distorted trail need not 
be tangent with its main axis to a prolate spheroid in order to permit 
a reflection between two points. The only requirement needed for a high 
electron density area to reflect signals between two points is that the 
surface must be oriented to allow equal angles of incidence and reflec
tion for the signal. A distorted trail can have one or more areas so 
oriented. As these various areas change position and produce adding 

and subtracting of signals, the typical overdense meteor trail reflec

tion with its fades and high signal levels is produced.
A certain proportion of the non-column reflections are caused by^, 

long lasting meteor trails not initially tangent to a proper prolate 

spheroid. Wind action soon properly orients a reflecting surface.

Such a surface produces a reflection similar to a long lasting over- 

dense meteor trail reflection except that there is no initial fast 
rise time. The data recorded during the 2 k hour test on March 23 - 2 k ,  

1965, show that approximately half of all the reflections were cate

gorized as from non-column surfaces. The many reflections included 

in this group could have come from either (l) long lasting ionized 

meteor trails, (2) irregularities in the D region, (3) spread F 
irregularities, (I+) sporadic E , and (5) aircraft or spacecraft.

No written material is available regarding the relative number of re
flections from each group listed above. A means of determining from 

which reflecting surface group a reflection belongs is not obvious. In 

Figure 26 the histogram of the non-column reflections shows little
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diurnal variation. A diurnal variation would be expected from any of 
the ionospheric D, E, or F layer irregularities. The contribution of 
aircraft and spacecraft is believed to be very small if existent at 

all. Note also in Figure 26 that the overdense meteor trail histogram 
has little diurnal variation. A study and experimental investigation 
into the sources of the non-column reflection surfaces would be en
lightening.

5.1.2.2 EXAMPLE

A hypothetical example of the effects of two reflecting areas from 
a single meteor trail on the Seattle to Bozeman link will be given. 
Figure 31 shows the great circle route between Bozeman, Montana, and 

Seattle, Washington, with a plane perpendicular to it at the midpoint
> —  Seattle

Propagation Path Geometry for Example

(plane earth geometry will be used). A long lasting meteor trail in
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' this plane will be assumed tangent to a circle in this plane with a 

100 km radius. Thus the trail is tangent to a particular prolate 
spheroid whose intersection with the plane is a circle. * Manning 

and associates'^ .have determined that for 30 to 40 Iem along some 
meteor trails the electron density can be at a level which will reflect 
radio signals. If the trail is assumed tangent to the circle at its 
lower end of usable ionization, then the initial path length will be 
2x 440 + 100 = 902 km. The propagation time for a-signal reflected

between the two will be — — -2 _ = 3.007 msec. If the wind, distorts
3 % 10>

the trail so that the initial reflecting area no longer is predominant, 

but instead an area near the far end is reflecting the signal, then the 
propagation path length is increased by 30 km. This produces a path 

propagation time delay change of 100 |_isec. With such a propagation 

time delay change there is a phase change of 4670 x 2it radians. Yet 

the phase stability measurements that have been made cannot indicate 

such a multiple x 2# phase variation. This is true independent of the 

nature of the reflecting surface. This ambiguity is present in the 

non-column reflection shown in Figure 16.

5.1.3 PHASE PLOTS OF FIGURE l6

There is no valid reason for the phase plot of the signal shown 
in Figure l6 to be plotted as in Figure 17- In Figure 32, the second

* The intersection of all prolate spheroids with the two terminals as 
foci and the plane perpendicular to the great circle route at the 
midpoint is a circle.
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segment of' the phase is shown at a phase 7 x 2jt radians different than 
the first segment. According to this hypothesized plot, the second 
reflecting area's initial path length was 7 x 6 . k 2 meters longer than 
the first reflecting area's path length. Due to the occasional sampling 
of the quasi-quadrature functions and the straight lines between samples, 
there is no information on the plot about the-fraction of 2# radians 

by which the two path lengths differ. This latter information is avail
able on the.quasi-quadrature recordings but is of little consequence 
when the multiple of 2jt radians error is considered.

When only a single reflecting surface produced a reflected signal, 

the phase variation resulting was an almost linear function of time.
This was true for the underlease meteor trail reflections. As winds 

were the predominant cause of trail motion.) this indicated that

the winds, at least over the width of a major Fresnel zone, were constant 

in velocity and direction for the time period of the average underlease 
meteor trail. However, from the wind measurements conducted in the 
past, a single trail can be under the influence of more than a single 

wind. The reflection shown in Figure l6 . was likely from a

long lasting overdense meteor trail not initially tangent to a proper 

spheroid. Then, judging by the slope of the phase plot in Figure 17 
before T =.l second and after T = 2.5'seconds, the two reflecting 
surfaces were under the same wind condition. There is a high probability 

that two surfaces were the same. A phase plot showing this reasoning 

is shown in Figure 33 where the position of the region between T -=1
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Figure 33- Possible Phase Plot of Non-column 
Reflection Shown in Figure l6 .

103



io4
and T = 2.5 cannot be located using ew signals. A trail not initially 
tangent to a proper prolate spheroid may have a greater path length 

difference between reflecting areas than the 30 km found in the example 
using Figure 31» If the reflection shewn in Figure l6 is from, a non" 
meteoric phenomena, ' little'.can be: said about the distance between 
the two reflecting areas. .Electron cloud fronts may be wider than the 
area mutually illuminated by the antennas.

5.1.4 OBSERVATIONS
The author, while conducting the time synchronization experiments 

has noted some generalities relative- to multi-path propagation. When the 
Seattle terminal transmits a 100 ̂ sec wide cw pulse each 10 msec, each . 
received pulse (actually the receiver IF signal) can be observed on an 
oscilloscope if it is triggered once each 10 msec by a local standard.
The repeated sweeps of the electron beam illuminate the received pulse 

in the same position if the path length is unchanging. The minor path 

length changes recorded in the phase stability tests cannot be observed• 

on the scope. Signals reflected from a second reflecting surface can be 

readily observed if the path length is different by at least 50 usee.

The usual time delay differences between the various surface reflections 
is approximately 150 usee. Seldom have second reflections been observed 
with more than a 300 usee time delay difference between it and the 
first reflection. Such reflections do exist, however.

When a second reflecting surface begins to reflect a usable
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signal, the signal level does not increase quickly. Although no

qualitative data have been collected relative to this, this has been
apparent to the author during the many hours of observing reflected
pulses from Seattle on the oseilloseope« The establishment Of secondary
reflecting Fresnel zones by action of the winds is an event which does
not occur quickly. When the pulse rate is at 100 pps, each secondary
reflecting area produced by an overdense meteor trail or a non-column
reflecting surface slowly and smoothly increases in amplitude on the
scope face. Thei time required for such a surface to increase in signal

■ *level to a usable level is several tenths of a second.

5.2 CHAHEEL STABILITY GENERALITIES

5.2.1 LOCATION
The purpose of this experiment was not to generalize the results

* The slowness of the movement of reflecting surfaces under the in
fluence of wind does not leave the sudden fades of overdense meteor 
trail reflections without an explanation. The sudden fades occur 
when high signal levels are being received. The receiver is usually 
completely saturated; showing a signal level from the antenna in 
excess of 100 p volts. The fades are primarily due to destructive 
adding of the signals from two reflecting surfaces. When the two 
reflecting surfaces are not producing the same phase variations in 
the reflected signals, then as the signals add they alternately add 
and subtract. Because the reflected signal levels are high, only 
when the two signals are exactly opposite in phase and of the same 
amplitude do they cancel. When this occurs the total received signal 
level drops to near zero and returns to a near saturation level 
rapidly. This is the reasoning evident in the work of Manning (80, 
8 2). The sudden fades were not caused by sudden changes in the 
reflecting surfaces. Each surface produced slowly changing (in 
both phase and amplitude)'reflected signals.
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for each conceivable vhf forward scatter communication link. However, 
a few comments can be given. Channels using vhf forward scatter at 
approximately the same frequency, the same radiated energy levels, and 
the same length between stations but located in a different area on 
either hemisphere should not experience phase variations appreciably 
different than those measured in this experiment. The phase variations 
of signals reflected from ionized meteor trails are nearly independent 
of the radiants of the meteors. Wind conditions in the'80 to 120 Icm 
height regions may be different in other areas but experimental work 
shows no great differences.(53,72,73,76,77,78,80)

5.2.2 FKEQUMCI

A change in the frequency of the communication system will change 
the phase stability due to the change in wavelength. If at 50 mhz a 
phase shift of 5 x 2jt radians/sec is recorded for a. particular reflecting 
area, a 100 mhz signal reflected from the same area between the same 
terminals would have 10 x 2rt radiahs/sec as the phase shift rate. This 
does not say that the 100 mhz channel is less stable. At higher fre
quencies less early fast Doppler would be apparent due to the smaller 
Fresnel zones. The higher frequency will not illuminate as many 
secondary reflecting areas. The propagation time delay changes should 
be approximately the same as those measured on the 46.55 mhz link. 
Frequencies lower than 46.55 mhz will produce more secondary reflections 
and may illuminate surfaces further from the great circle route. The. low
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frequency meteor trail forward scatter channel should be less stable 

than the 46.55 mhz channel.

5.2.3 SIGNAL LEVEL .
5.2.3.1 TRANSMITTED POWER AND RECEIVER SENSITIVITY

As the transmitted power (and/or receiver sensitivity) is moderately 
increased,little change in the channel stability occurs. More of the 
meteor trails located far from the great circle route will provide det
ectable reflections. Variations in the trail position of these meteor 

trails have more effect on the channel stability. When the transmitted 

power (and/or receiver sensitivity) is lowered then the only observed 
reflections are from trails near the great circle route. There the 

effect from trail movement is minimum.
If the transmitted power (and/or receiver sensitivity) is greatly - 

increased until "moving ball" type reflections are present, then the 

channel stability data collected are not valid.

5.2.3.2 ANTENNAS .
A similar argument is valid for the effects of different antenna 

types. If antennas are used with wide beam widths at both terminals, 
meteor trails far from the great circle route may be illuminated. This 
will decrease the phase stability. If a narrow beam antenna is used at 

one or both terminals then only reflecting surfaces located near the great 

circle route between the stations are mutually illuminated. With 

this configuration, movement of the reflecting surfaces will have little
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effect on the channel stability. The result will be a more stable 
channel.

'5.2.4 PATH LENGTH
If the length between the two terminals is greater, than the Bozeman 

to Seattle link,the reflections will have less phase'shift.' Most of the 
usable meteor trails occur in areas near the midpoint between the

' stations but on either side of the great circle route. Thus an average 
or 'most likely' comparative example to demonstrate the effect of 

changing the.length between terminals can be given. The average of the 
absolute value of the rate of phase shift was found to be less than 

3 x 2« radians/sec for reflections received over the 880 km east-west 

link tested. If we assume a meteor trail located in one of these 'most 

likely' areas, Figure 31 is valid. To produce a phase shift of 3 x 2« 
radians/sec, the meteor trail principle Fresnel zone would have to move 

45 m/sec closer to the midpoint or approximately the same distance 

away. If the two terminals are 2000 km apart and a meteor trail is 
again located 100 km from the midpoint and moving toward the midpoint 
at 4-5 m/sec, the resulting phase shift will be at 1.4 x 2« radians/sec 
if the trail moves at a constant velocity. Also, with the terminals 

far apart, the probability of receiving reflections from other than 
near the center area between the stations diminishes. The only area 

wherein meteor trails, which' are mutually illuminated by ,the.transmit

ting, and receiving antennas, can occur is an area above'.the midpoint.



If the stations are only 400 km apart the .channel may be less 
stable than the Seattle, Washington, to Bozeman, Montana, link. Again, 
consider a meteor trail located in the plane perpendicular to the great 
circle route at the midpoint and 100 km from the midpoint. The meteor 
trail will produce a rate of change of phase of 6.2 x 2it rad/sec if it 
is moving toward the midpoint at a constant m/sec. Moreover, now 
the area mutually illuminated by the antennas is no longer limited 
to the area near the midpoint. An area behind one or both of the 
stations may be illuminated. A reflecting surface located in this area 
can produce large phase changes in the reflected signal with moderate 
changes in the surface's position. A surface in back of one station 
may, with a 45 m change in its position, change the signal's path length 
by nearly 90 m with a corresponding phase shift of l4 x 2jt radians. 
Secondary surfaces which are illuminated can be situated so that the 
two path lengths will be considerably different (greater than a 500 psec 
differential). Some of these problems could be eliminated with proper 
directional antennas which would illuminate only the meteor trail area 
between the stations. Lower power levels would mitigate the problem.

5.3 TIME SYEC CHANHEL COESIDERATIOES
The 46.55 mhz 'forward scatter reflections between Seattle and 

Bozeman have the necessary stability, bandwidth, signal amplitudes, 
reciprocity, and cuty cycle to be an appropriate channel for a time 
synchronization system. The propagation time is different with each
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reflection. The system will have to be able to operate with more than 
one reflecting surface present at one time. The parameters, including 
the phase stability of other vhf forward scatter links, will be essentially 
the same as the parameters of the 46.55 mhz Seattle, Washington, to 
Bozeman, Montana, link tested. Widespread use of a long range vhf 
forward scatter time sync system is practical.

5.4 SUMMARY - CHAmEL STABILITY
The East-West vhf forward scatter link between Seattle, Washing

ton, and Bozeman, Montana, was tested to determine the phase stability 
of 46.55 mhz cw signals reflected from meteor trails and other phenomena. 
The Boeing Company Seattle transmitter fed a six-element Yagi antenna 
with I kw. At Bozeman the signals were received with a six-element 
Yagi. antenna feeding a receiving system with a sensitivity of I p. volt, 
a 3 hb bandwidth of 120 hz, and a receiver with a noise figure of 3* 5- 
At Bozeman the detected IF envelope and two quasi-quadrature functions 
were recorded.

The received signals were separated into three groups: underdense
meteor trail reflections, overdense meteor trail reflections, or non
column reflections. The phase changes of the received signals were 
nearly linear functions of time or a summation of several different . 
linear functions of time. The most rapid phase variation was used to 
represent each reflection's phase stability. This was the "worst case" 
for each reflection. Also the direction of the phase change was
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determined, being positive for a path shortening and negative for a 
path lengthening.

The data were recorded monthly from September, 1$64, to June,

1965. Histograms of the results are show in Figures 18, 19 and 20. _
These histograms show that the reflections from each surface were very
phase stable. The average, of the absolute value of the phase shift .

>

rate is less than 3 x 2rt radians/sec for any group.- The maximum rate 
of change of phase measured was 10 x 2jr radians/sec. The average of 
the absolute value of the path time delay change was less than O.O67 

(j.sec/sec for any reflection type. The maximum propagation time delay 
rate of change measured was 0.214 [_isec/sec.

All the monthly tests were conducted during the day, but on 

March 23-24, 1965, a 24 hour test was conducted. This test showed that 

during the 24 hour period tested there was little diurnal change in 

the phase stability of the channel. Note Figure 25.

As all the tests had been conducted on the east-west path between 

Seattle and Bozeman, data were collected at the same frequency and 

with the same receiving equipment between the National Bureau of 
Standards at Boulder, Colorado, and Bozeman, Montana. The phase stability 

of the reflections received from Boulder were as stable as those received 

on the east-west link. The histograms of the data received are shown 

in Figures 28, 29 and 3 0.
Overdense meteor trail reflections and non-column reflections 

often showed phase reversals or changes in the rate of change of phase.
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These were caused by reflections from more than one reflecting surface. 
The propagation path time' delay could be different for each surface.
As the source of the received reflected signal changed, .the phase of 
the signal changed by many multiples of 2tc radians. The discontinuity 
in the phase shift was not apparent when using cw signals.

When the Seattle terminal transmitted pulses for the time synchron- 
■ ization system, these other reflecting surfaces and associated propagation 
time delays became apparent. The average propagation path time delay 
difference was approximately 150 nsec with occasional Secondary reflec
tions 300 psec different in propagation time. The secondary reflected 
signals did not change amplitude quickly. Several hundred milliseconds 
were needed for a secondary signal to establish itself or to disappear.
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6.0 MANUAL TIME SYNCHRONIZATION SYSTEM
6.1 DEFINITIONS AND ASSUMPTIONS

Time synchronization is a process of setting two clocks so that 
they both read the same time to within an error interval. The error 
interval is the range of the'likeIy timing difference. The master clock 
has the true time. The other clock is called the slave or remote clock. 
The slave clock will be reset. It will be assumed that the slave clock 

knows, a priori, the correct time to within a certain error interval.
The purpose of the time synchronization systems discussed in this thesis 
is to reduce the error interval.

‘

As an elementary example, consider the student sitting in a class 
who asks his classmate, "What time is it?" The answer, which will 
probably give the hour and the minute, does not include the day or more 
specifically, whether it is before noon or after noon. The asking student 
should already know this. His 'clock' should know the time to within 

+ 6 hours. The responding classmate would add no information had he 
said,"It is 8:15 in the morning." In fact, if the class was a daily 

affair (Monday through Friday) which met from 8 to 9 each morning, the 
classmate could have simply said, "It's 15 minutes past the hour."

The student asking for the correct time should have known the correct 

time was somewhere between 8:00 a.m. and 9:00 a.m. His likely timing 

error interval was one hour before asking his classmate. In this case 

it was sufficient for the master clock to only synchronize the slave 

clock to the nearest minute (or maybe 5 minutes).
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The initial ’manual’ Time Sync System assumed that a 

slave clock could achieve synchronization from a WWV broadcast to within 

+10 msec. The function of the Manual Time Sync System was to reduce 
the timing error interval from +10 msec to a smaller time interval like 
+10 (asec. The problem was to synchronize the slave clock's 'ticks' 
which were at a rate of 50 pps (or 20 msec apart) to the 50 pps ticks 
of the master clock. If the two clocks were synchronized to within 

+10 |_isec, then the 50 pps ticks from both clocks were occurring within 
the same 10 p.sec interval. This was the goal of the Manual Time Sync 

System which synchronized clocks in Seattle, Washington, and Bozeman, 
Montana, using the vhf meteor trail forward scatter channel. The master
clock was located at Seattle with the slave in Bozeman.

. I

6.2 EQUIPMENT
The clocks produced precise 50 hz square waves. The ticks were de

fined as the fall of the square wave. The 50 hz, square wave was derived 

from the I mhz crystal oscillator standard at each field site. -The I mhz. 
signal was divided by two divide-by-ten regenerative dividers followed 

by two divide-by-ten flip flop dividers and finally by a divide-by-two 

flip flop divider. Between the second regenerative divider and the 
first flip flop divide^ a phase resolver was fed by the 10 khz sinusoid.
A calibrated continuous dial on the resolver allowed the operator to 

change the phase of■the signal by any amount desired. By turning the 

dial, thus changing the phase of the 10 khz signal, the 50 hz square
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wave could be moved in time (translated). At the Seattle field site 
the 10 khz signal was the input to a phase resolver which was followed by 

a series of flip flop dividers. The Seattle 10 khz signal was also the 
input to another series of flip flop dividers without a phase resolver. 

This latter divider chain was the master clock for the system.
At Bozeman there were also two flip flop divider chains both preceded 

by phase resolvers. One of the associated 50 hz square waves was labelled 
the slave clock. The second divider chain at both terminals was used for 
triggering.

The 50 hz square wave had the accuracy of the frequency standard 
I mhz signal if the instability of the dividing circuitry was negligible. 

As the equipment was maintained at a relative constant temperature 

(+ 5°F.) the dividing circuitry was quite stable. No detectable in
stability was observed. The two frequency standards were kept.accurate

10to within + 3 parts in 10 relative to WWVL. At most there could have
10been 6 parts in 10 difference between the two frequencies. As a 

result the two tick sequences could have drifted apart at a maximum 
rate of 2 psec/hour.

At both terminals the 50 hz square wave clock was the input signal 
■ \ ■ 

to a variable width monostable multivibrator (hereafter referred to

simply as a "one-shot") that fired with the square wave fall. The one-
shot pulse width at Seattle was set near 100 psec while the Bozeman

one-shot was set near 200 psec. At both terminals the one-shot output

turned a 46.55 mhz exciter on for the length of time the pulse was



117
present. Each of these exciters fed a 46.55 mhz transmitter that delivered 
800 watts to 5-element Yagi antennas.

At each terminal a 46.55 mhz receiver was connected to a 5-element 
Yagi antenna mounted at the same height, 30 feet, as the transmitting 
antenna. The transmitting and receiving antennas at both stations were 
approximately 100 feet apart. Both antennas were pointed at the other 
station. The receivers, built at the Electronics Research Laboratory, 
Montana State University, had noise figures of 3-5 db, a'l p volt sen
sitivity, and selectable bandwidths of 10 khz, 50 khz, or 100 khz. The 
2 .25 mhz receiver IF outputs were displayed on oscilloscopes at both 
terminals. The oscilloscopes were triggered with the second 50 pps square 
wave generated at each terminal.

The manual time sync system required that the operators from the 

two terminals be in voice contact during the experiment.

6.3 OPERATION 
6.3.1 GENERAL

Both stations transmitted 50 pps timing pulses during the time 

synchronization process. Each operator turned the phase resolver of 

the 50 hz square wave triggering his oscilloscope until his transmitted 
pulses appeared on the left side of the scope face. The oscilloscope 

horizontal sweep speed was set at 2.msec/cm. Eventually-pulse reflec

tions from the other station would be visible on the two oscilloscopes.

Each operator would measure the distance between the leading edge of

-.4, '
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the received pulse. This distance was then converted to a time interval 
(e.g.•3-5 cm corresponded to a 7 msec time interval).

'6.3.2 EXAMPLE
Assume the slave clock was 2 msec ahead of the master clock. . 

During a particular high amplitude reflection the Seattle terminal might 
have measured l/2 cm. between leading edges of the pulses. The l/2 cm. 
corresponded to a one millisecond time difference. At Bozeman the 
Seattle pulse would have arrived approximately 2.5 cm. from the trans
mitted pulse on the scope face. The corresponding time interval was 

5 msec.
Figure 3^ shows the appropriate timing diagram. All system errors 

and measuring errors have been omitted.

Master Clock 
Transmitted Pulse
I Master Receiver

Slave Clock 
Transmitted Pulse

I Slave Receiver

Figure
Manual Time Sync Timing Diagram (Slave Clock Ahead)
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The reading, R , taken from the scope face at the master clock' 
station was equal T^g - e where T^g was the propagation time from 
Bozeman to Seattle via the reflecting surface and e was the timing 
error between the two clocks. The oscilloscope reading Rg at the slave 
station represents Tqt, + e where Toti is the propagation time from Seattlebjd bJD
to Bozeman via the same reflecting surface. Thus 

rM = TBS " G

Rs = ^SB + G

and Rg - Rm = t sb +.£ - T33 t 6 
= TSB " TBS + 2e

The timing error, e, could be isolated if T0- = T13a. The two propagation
times will be■ equal if the signals going both directions were reflected
from the same Fresnel zone at the same time. The pulses from each

*terminal were reflected within a 5 msec time interval. The signals 
going both directions were refIectedsfrom the same Fresnel zone. The 
phase stability tests showed that the Fresnel zone moved little between 

reflecting the two signals. The■maximum propagation time delay variation 
measured in the phase stability tests showed only a 0.214 paec/sec change.

r
Considering a 5 msec time interval, the propagation time change was
trivial. Therefore T = Tcm.Jdb bJd *

* The maximum interval is equal to the propagation time plus the timing 
error.

x
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Then

- & 2e and e rM

If the slave clock had been behind the master clock in time, then 
the timing diagram shown in Figure 35 was valid.

4» ■Ffr

I Master Clock 
Transmitted Pulse

Master Receiver------1---------------------------
t'T TSB

‘
„ B< nS

Slave Clock
Transmitted Pulse'

Slave Receiver

Figure 35.

Manual Time Sync Timing Diagram (Master . Clock Ahead)

In this case Rm ' = TBS + e
and Rg = TSB " e

and RS " rM TSB “ t “ TBS _ 6
= TSB "■ tBS " 2g*
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As T, tBSji RS " rM -2e and -e RS " rM

If the - master reading was subtracted from the slave reading and 
divided by two, the result was the error between the clocks. A positive- 
number indicated the slave clock was ahead of the master clock and vice

I
versa for negative results.•

In the example where = I msec and = 5'msec the slave clock 
5-1had an error of —g— = 2 msec. The positive quantity indicates the 

slave clock was ahead in time. The Bozeman terminal operator would 
then retard the position of the slave clock by 2 msec using the appro
priate phase resolver. Also, he would change the phase of the 50 hz 

square- wave triggering the oscilloscope until the transmitted pulse was 

again on the left of the scope face.

The timing error between the clocks, after the initial sync operation, 

was usually less than +200 msec. This error"was due primarily to the 
inability of the operators to measure the pulse positions on the scope ~ 

accurately.

6 .3 .3  ADDITIONAL PROCEDURE
Time interval limits could also be put on the propagation time. 

The minimum propagation time between Seattle and Bozeman via a meteor 

trail reflection was approximately 2.9 msec. Seldom did reflections 
take longer than 3-9 msec to traverse the distance. If, after initial 
synchronization, the two operator's oscilloscopes,covered the interval

/
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from 2 . 9 msec ±0 .3 . 9 msec after the local clock pulse, essen-!..'- -- --
tially all of the reflected pulses could be observed.

To initiate the oscilloscope horizontal sweep 2.9 msec after the 
local timing pulse, the phase of the 50 h z square wave triggering the 
oscilloscope was retarded 2900 psec using the appropriate phase resolver. 
With a horizontal sweep rate of 100 psec/cm the appropriate interval- 
was.displayed. With the sweep, velocity of 100 psec/cm the received 
pulses were more clearly defined. The bandwidths of both receivers 
needed to be in the 100 khz position for good pulse recognition. The 
process was then repeated.

After adjusting the slave clock the second time,the horizontal 

sweeps of the 'scopes were: changed-.to 5: psec/cm. IThe - time - interval 
displayed on the scope faces was then from 2.9 msec to 3-^ msec after 
the local transmitted pulse. A picture of a received pulse displayed 

on one of the scope faces is shown in Figure 3 6.

6. Ij- RESULTS
The time synchronization process would be repeated at intervals 

for several hours. During such a period 10 to 30 reflections could 
be checked in a morning. The results did not show errors greater than 
+10 psec in the time sync measuring process.' ^

With repeated measurements the relative drift of the two frequency 

standards could be followed. - The frequency standards were offset in 

frequency 150 parts in I O ^  to produce a more rapidly changing time
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Horizontal Sweep Calibration 50 psec/cm

Figure 36.

Picture of Repeated Oscilloscope Sweeps Showing Reflected Pulse



124

difference. The two clocks then drifted apart 54 psec/hour. A plot 
of the slave clock's error as determined with the Manual Time Sync 
System is shown in Figure 37»

(Morning of May 20, 1964)100 -

Slave Clock Reset

Hour

Figure 37.

Plot of Measured Error vs. Time of Day

6.5 INTERPRETATION OF RESULTS

The time synchronization error limits between the two clocks could 
be reduced to + 10 psec with the Manual Time Synchronization System. 

This was demonstrated with plots like that shown in Figure 37. The 
goal of the Manual Time Sync System was achieved.

The errors apparent in the above plot were primarily due to the 

haste and inaccuracy of the measurements made by the operators. Errors 

due to changing of the propagation time were of little consequence.
Due to the continual observation by the operators, the reflections 

considered were from single reflecting areas. The phase stability data
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were then appropriate. Considering the most rapid rate of change of 
path time delay measured in the phase stability tests, 0.214 psec/sec, 
and the short reflection time differential, the path time delay differ
ential was.negligible.

Another source of error in the timing measurements was due to the 
substantial but constant delays in the equipment. The tests conducted 
with the manual time sync system did not ,show the effects of this type 

error. At the Seattle terminal there was an 8 psec time difference 

between the fall of the master clock 50 hz square wave and the transmitted 
pulse. If the square wave fall was considered the true master time 

then the 8 psec delay had to be considered. However, in general the 
transmitted pulses were considered as the clocks. Not so easily 

eliminated were the delays in the receivers and oscilloscopes. The 
receivers were of the same design and both had constant delays of less 

than I psec. The delays associated with the oscilloscopes and other ' 
pertinent equipment were not measured. These delays also should have 
been small, constant and cancelling. To determine all of these delays, 
back-to-back tests should have been conducted. If through some other 
time sync process the two clocks could have been synchronized, then the 
constant offset error could have been measured and taken into account. 

Back-to-back equipment tests would also have shown the equipment time 

delays.
Throughout the tests only high amplitude well-defined pulses were 

considered valid for time sync purposes. Often a reflection would

}
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last for such a short time that one of the operators would miss it.
The'operators soon learned to blink fast. If thpre was any doubt as 
to whether both operators had observed reflections from the same reflecting 
surface, the readings were not .considered. This process also eliminated 
backscatter problems. Even though the transmitted pulse widths were of 
different duration, a pulse.observed on the far right side of the scope 
was not defined as to source. The voice link between the two stations

was vital.
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7.0 SEMI-AUTOMATED TIME SYWCHROHZAITON SYSTEM 

7-1 INITIAL PLANS

7.1.1 AUTOMATED TIME SYNCHRONIZATION SYSTEM
During the Manual Time Synchronization testing program, plans were 

made to develop an Automated Time Synchronization System using the 46.55 
mhz forward scatter channel. The project goal was to synchronize the 

two clocks to within + I |j.sec. The plans called for the master clock 
station to transmit tick pulses, at 50 pps derived from, the clock.
When the slave station recognized, electronically, a reflected pulse, 
it was to immediately return a defined pulse to the master. The master 
station started a counter at zero with each transmitted pulse which, 
if a return from the slave was recognized, was stopped. The counter 
value then represented twice the propagation time between the stations 
plus equipment time delays. It was assumed the two propagation times-"" 

were equal and that the equipment delays were constant. The master 

clock's next pulse was sent one propagation time early. It would then 

arrive at. the slave clock coincident in time with the master clock's 
tick. The equipment time delays would have to be accounted for either 

at the slave clock or master clock. With some simple logic the slave 

clock could be automatically reset.

7.1.2 COMMENTS BY DR. MARKOWITZ
By the summer of 1964, the Automated System was described by a 

series of blocks all of which were defined in terms of standard transis

tor circuits. Limited construction was in progress. In June, 1964,
Dr. Wm. Markowitz, Director of Time Services, U.S. Naval Observatory,



Washington, D.C., was on the Montana State University campus to attend the 
Navy Research and Development Clinic. Dr. Markowitz was told of the vhf 

forward scatter channel stability, the Manual Time Synchronization experi- . 
ment, and the Automated Time Synehrenizatlon plans. Dr. Markowitz was 
not hesitant to say that he doubted', the Automated Time Synchronization 
System would be accurate. Direct control by operators was also absent.
He wanted the final decision made by operators -- not the equipment. The 
Manual Time Synchronization System, while crude, impressed Dr. Markowitz 
more than the proposed Automated Time Synchronization System.

Dr. Markowitz had with him pictures taken of oscilloscope presenta- '

tions of pulses received from"Japan via the Relay satellite. The pic

tures were the end result of a time sync process. The operators made 
various measurements on the pictures to determine how to adjust their 
clock. He said that such a decision process had worked well for his 

project and suggested we incorporate a similar operation in our system.

7.1.3 SYSTEM SOLUTION
All concerned with the Automated System agreed that Dr. Markowitz 

had a valid criticism. It was apparent that the Automated Time Synchroni

zation System was not practical for a picture taking procedure. There 
was no other apparent way to get positive operator control. However, 

the original Manual Time Synchronization System concept did lend itself 

to such operations.

There were several factors that limited the Manual Time Synchroniza
tion System. With the oscilloscope horizontal sweep at 50 |_isec/cm, the
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position of the pulse was not well defined. A faster sweep rate was 
needed for better pulse location 'resolution.

Secondly, the reflecting surfaces were so transient in nature that 
the operators usually had to measure to where the pulses had appeared as 
the pulses themselves were no longer visible. A picture of the scope 
presentation would solve the second problem.

Hand attempts at taking pictures of pulses had been unsuccessful.
A possible solution to the picture taking problem existed with the Pulse 

Recognition Circuit that had been developed for the Automated Time - Sync 

System. This device simply had an output after a pulse was received 
from the other station. The circuit had an adjustable threshold. The 

Pulse Recognition Circuit was incorporated in the Manual Time Sync System. 
The basic problems metnioned above were alleviated and the operator had 
positive control. The process was called the Semi-Automatic Time Sync 
System.

7.2 SEMI-AUTOMATIC TIME SYDJC SYSTEM 
7.2.1 BASIC OPERATION

A block diagram of the Semi-Automatic Time Sync (SATS) System is 
shown in figure 3 8. Before discussing the details of its operation, the 
basic philosophy of the system will be outlined.

The master clock continually transmitted clock pulses (ticks). When 

a reflection was received at the slave station, a gate was opened allowing 

the next two slave clock ticks to be transmitted. The master station 

would, if the recognition threshold was set high at the slave station,
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receive and recognize the first pulse returned by the slave. When this 
occurred,a delay was initiated at the master station. The delay output 
triggered an oscilloscope which displayed the receiver IF. The timing 
was set so that the second pulse from the slave station was displayed.
A Polaroid camera with the dense open was mounted on the scope face. A 

timing waveform was also displayed on the dual-beam oscilloscope. Using 
the resulting picture, the precise time of arrival of ahy point on the -, 
received signal could be determined relative to the master clock.

The first pulse recognized at the slave terminal also initiated a 
delay. The delay was set so that the third pulse received was displayed 

on the oscilloscope. Also at the slave terminal,the timing, relative to 

the slave clock, was displayed on the scope. A picture was' also taken" at 

the slave'station.. Each operator then determined the position of the 
pulse on the picture relative to the timing. The results were compared. 
Exactly the same correction procedure was valid with this process as 
that used with the Manual Time Sync System.

7.2.2 DETAILED OPERATION 
7 .2.2.I LOGIC

The SATS system operated on the 14-6.55 mhz forward scatter link with 
the master station, Seattle, Washington, transmitting 100 pps at 800 

watts into a 6-element Tagi antenna. The pulses were 100 ^sec wide.

The pulses were derived from the Seattle field site clock.

At the slave station, Bozeman, Montana, signals were received on 

another 6-element Tagi antenna and the same transistor receiver described
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in the Manual Time Sync System section. The 100 khz bandwidth was used 
throughout the SATS work. The Pulse Recognition Circuit had the receiver 
2.25 mhz IF as the input signal. The circuit switched to the "one" state 
after a pulse was received above a preset threshold for at least 96 psec. 
Note the circuit diagram of the pulse recognition circuit in Appendix #2, 
figure I. ■ The output of this circuit was the main•triggering source 
for the terminal's operation. When a pulse was recognized the Flip- 

Flop #1 was set. One-shot #1 was fired, and the Bozeman terminal Delay 
was initiated.

The setting of Flip-Flop #1 closed Gate #1. This allowed no addi
tional received pulses to enter the Recognition Circuit. Multiple traces 

on the oscilloscope were thus prohibited. A small light was connected 

to the "one" output of Flip-Flop #1. Each time the Flip-Flop was set 

(The Recognition Circuitry had switched to the "one" state) the light 
went on. This light simply informed the operator that the Pulse Recogni
tion Circuitry had fired.

One-shot #1 was set for 25 msec. The output opened Gate #2 for 

that period to allow the slave 100 hz square wave to pass to the Pulser.

At the Pulser two 150 sec wide pulses were generated from the square 
wave. These two pulses were transmitted at 800 watts into a 6-element 

Yagi antenna mounted"at the same height as the receiving antenna but 

approximately 80 feet away.

Flip-Flop #1 also initiated the Delay which triggers the Display 
Oscilloscope sweep. To minimize the effects- of a changing propagation 

path,the oscilloscope traces at both terminals displayed corresponding
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pulses. As the clocks approached time synchronization, the time differen
tial between when the two synchronizing pulses were reflected.became only 
(R^ - Rg)/c,where and Rg are defined in equation 9 and c is the velocity 
ofthe 46.55 mhz electromagnetic wave.

A time synchronization system which has the synchronizing pulses 
from both terminals' traversing the channel at the same time was defined 

as a converging time synchronization system. The Semi-Antomated Time 
Sync System was a converging time sync system. With such a system, cIiannel 
instabilities were of little effect and the probability of error due to 
multiple reflection channels was reduced.

7.2.2.2 TIMING

Figure 39 1 shows the/timing .needed to achieve traces'.of corres-. . 
ponding pulses at each terminal.

The value of the delay, Ds, at the slave station was 

Ds = 20,000 - 100 - 50 = 19,850 |_isec.
The 100 nsec factor accounted for the delay in pulse recognition. . The 

50',n sec term was needed to locate the leading edge of the received pulse 

in the center of the scope. At both terminals, a Tektronix 535 scope with 
delay was used to generate the time delay. Less sophisticated delays 

were not sufficiently accurate or stable.

The output of the Delay, Ds, triggered both electron beams in a Dual- 

Beam Tektronix 551 scope. Both beams had the same rate and were adjusted 

so that at any time they were the same distance along the horizontal axis. 
The Receiver 2.25 mhz IF was displayed on one of the traces while a timing
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Figure 39.
Delay Timing

waveform was shown on the other.

The timing waveform was generated in the Timing Waveform Generator 

and was the summation of a 3 volt peak-to-peak I mhz square wave, an 
8 volt 0 .5 M-sec wide pulse that occurred each 100 q sec and a 6 volt 

0.5 nsec wide pulse that occurred each 101 qsec. The pulse sequences 

were obtained from two integrated circuit flip-flop ring counters. Rote 
figure 40 for the block diagram of the Timing Waveform Generator and 

figure 2 in Appendix 2 for the circuit diagram.

Figure 4l shows the nature of the output- of the Timing Waveform

- x
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Generator. Hie two counters both have outputs that add coincident to the 
leading edge of the transmitted pulses. Then 100 ja'sec later the long 

pulse is added from the Divide by 100 circuit #1, followed the next micro
second by the short pulse, the output of the Divide by 100 circuit #2.
Note that at each 100 psec interval after the two pulses add, the two 
pulses separate an additional I [isec. As the horizontal sweep'on the 
display oscilloscope was visible for approximately 102 (isec, a\long and? 
ai short pulse were alikays shown.

The location of a received pulse within the 10 msec time interval
between the local clock pulses was not difficult to determine. The

operator counted the number of positive half cycles of the square wave

between the long and short pulse if they were shown in that order on the

picture. This gave the number of 100 |_isec intervals to the long pulse
. ■ •

shown from the leading edge of the slave clock's tick. Half way up the 

leading edge of the received pulse was then located on the picture rela

tive to the long pulse. If a leading edge had been located at the AA 

line in Figure 4l, the three positive half cycles of the square wave be
tween the short and long pulses indicate that the long pulse shown oc
curred 300 qsec after the slave clock tick. As the AA line is I qsec 
before the'long pulse, the correct timing from the slave's transmitted 
tick to the received pulse would be 200 qsec.

Occasionally, the picture would show the interval between the short 

pulse and the long pulse respectively in time. In this case the number 

of positive half cycles of the I mhz square wave between the short pulse 

and long pulse plus I, subtracted from 100, and then multiplied by 100
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produced the number of microseconds to the long pulse shown. That is, 
if the count between the short pulse and long pulse was C , then the 
number of microseconds, N, in the time delay between the slave tick and 

the long pulse was

N = (100 - CLg + I ) 100.

Again the received pulse's leading edge was located relative to the long 
pulse. Thus with the timing waveform shown on the picture, the timing 
to the slave's tick could be determined relative to any point on the 
picture.

7.2.2.3 SEATTLE TERMINAL

The Seattle terminal had a receiver for the 46.55 mhz signal of the 
same design as the one used at the Bozeman terminal. It was connected 

to a 6-element Yagi antenna mounted at the same height as the transmitting 

antenna but 100 feet to the side of it. The Seattle Pulse Recognition 
Circuitry was of the same design as that used at. Bozeman but required a 
148 psec wide pulse. The added width was necessary so that the circuit 

would not recognize the Seattle terminal transmitted pulse. When the 
master station Pulse Recognition Circuitry turned on, the Delay for $,800 

psec was initiated and the master station Flip-Flop was set. For the 
Delay timing refer to figure 39- The master station Flip-Flop closed.

Gate #1 and turned on a light. ^ -

The Delay output triggered a Dual-Beam Tektronix 551 scope which 
displayed the Receiver 2.25 mhz IF and the Timing Waveform. The Timing
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Waveform was of the same nature as that at the slave station.

7.2.2.4 SYNCHRONIZATION PROCESS
, When the equipment lights came on at a terminal the operator would 
note the hour and minute when this occurred and would develop the Poloroid 
film picture. If a picture was taken of a received pulse, the operator 
would ask the other terminal's operator if he too had received a pulse.*

If both terminals had received pictures of well defined pulses, then each 
operator determined the position of the received pulse relative to the 
terminal's transmitted tick. The operator at the master terminal then 

relayed his reading to the slave station. The slave station operator 

subtracted the master terminal's reading from the slave terminal's read

ing to produce twice the error. This number was divided by two. The 

slave terminal operator then made the appropriate change in the slave 
clock setting. The Manual Time Sync correction criteria was valid. If 

the process was to be repeated, both operators reset their circuitry so 
that another pulse could be received. The camera dense and film usually- 
required no changing as, when the previous picture was developed, the 

film automatically was reset.
In figure 42 is shown a picture taken at Bozeman with the corres

ponding picture taken at Seattle.

* For the voice link a 7.56 mhz transceiver at both terminals provided 
adequate communication.
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7-3 TESTING THE SEMI-AUTOMATED TIME SYNC SYSTEM:

7.3.1 NOISE CONSIDERATIONS

The equipment was operational by April, 1965. Initially the 
operators conducted time synehroniging operations several days each 
week.. It was soon obvious that two types of noise were often recognized 

as pulses by the Pulse Recognition Circuits. One source"was ignition 
noise from cars, trucks and tractors. Often the noise level was so high 
that testing would have to be halted until the source was stopped or moved. 
The operators soon found they had little control of most situations. The 

second source of noise was lightning discharges. If there were discharges 
near either station the system operation was temporarily stopped. Nhen 

a picture of noise was taken there was little chance of it being mis
taken for a valid pulse.

To reduce the cost of conducting time sync experiments the system 

was usually operated only in the mornings from 7:00 a.m. MST till noon 

or until the noise level became too high  ̂ In an effort to mitigate 
the ignition noise the Bozeman terminal tried to schedule tests when 

the local farmers weren't working. This program was at least partially 

successful. The Seattle terminal noise was from more diverse sources 

and could not be predicted or controlled.
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7.3.2 TIME SYECHRONIZATIOW DATA 
7.3.2.I LIMITATIONS

After the operators became sufficiently skilled in reading the time 
intervals on the pictures, repeated time synchronizations could be per
formed and again, as with the Manual Time Synchronization System, the

I
drift of the two frequency standards was apparent. Tests were made to 
determine the equipment delays. They were found to be either negligible 
or cancelling except for the '8 psec delay in the Seattle transmitter 

which was not equalled by the I p. sec delay in the Bozeman transmitter.
The errors in timing produced by these constant delays could not be 
determined without an independent time sync process. The transportation 

of a Hewlett-Packard cesium-beam oscillator and clock between- the stations 
was considered but finances ran short before this could be done.

The only data gathered which indicated the ability of the SATS sys

tem were of the same form as those used to indicate the manual time sync 
accuracy. The time sync process was repeated during a period of several 

hours with the drift of the two clocks plotted as a function of the time 

of day. The line defined by the points was representative of the fre
quency offset between the two frequency standards. The frequency offset 

could also be independently determined by VLF phase comparisons to NBS
10stations. The frequency standards were usually nearly 150 parts in 10

in error. The relative drift rate between the two standards was less
10than 3 parts in 10 per day. The plot of the.time shift of the two 

clocks was a straight line to the accuracies obtained with the SATS 

System. During a three-hour interval the frequency difference between
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the two standards did not change by more than 0.5 parts in IO1 .̂

7.3.2.2 RESULTS

Pictures taken on the SATS system on several days during July and 
August, 1965, were carefully measured at Boeing to determine the pulse 
positions accurately using the same criteria on all pulse pictures. The 
error between the clocks was determined for each pair of pictures. A 
computer program fitted a straight line to the points using a least 
squares fitting technique. After this was done the distance from the 
line to each point was computed.

A series of plots of the deviation of data points recorded on 
several days is shown in figure 43.

From the slope of the straight line determined by the computer, the 
frequency offset between the two frequency standards could be calculated. 
Table I lists the number of data points taken each day, the frequency 

offset measured on the VLF phase comparators of the two standards, the 
frequency offset determined by the repeated time sync operations, and the 
RMS deviation from the line.

7.4 INTERPRETATION OF RESULTS 

7.4.1 FREQUENCY DIFFERENCE ERRORS
Considering the small deviations shown in figure 43 of the points 

from the straight line, the obvious non-agreement of the two measured 

frequency offsets for each day is unexplained with the SATS system. 
However, the ERL field site did not have a direct VLF comparison with
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DATE

r

NO. OF 
DATA 
POINTS

Af/f 
MEASURED 
BY PHASE 
COMPARISON 

(PARTS
IN IO10)

Af/f
MEASURED 
BY SEMI- 
AUTOMATED 
TIME SYNC 
SYSTEM 
(PARTS-

IN IO10:)

RMS
DEVIATION

FROM
LINEAR FIT 

(l_isec)

I 7/21/65 4 156 + I 158 O .56 I

7 /2 6 /65 7 160.5 164.6 1.14

7 /2 8 /6 5 7 151 + I 148.9 O.69

8 /1 9 /65 13 155 153.9 1 .1

8 /2 4 /6 5 6 165 162.4 0 .35

Summary of Experimental Data

Table 'I



146

the HBS station. A Montronics Model 100 Frequency Comparator was used 
to set the field site standard. A comparison was made between a 100 khz 

signal, sent from the research lab Primary Frequency Standard to the 
field site via a telephone line, and the local oscillator 100 khz output. 
Errors were introduced to the frequency measuring accuracy with this 
process.

The operation of the ERL Primary Frequency Standard had just been
taken over by a new graduate student. The accuracy of the frequency

10settings were in doubt + -2 parts in 10

It is the author's belief that the frequency offset between the 
Seattle field site frequency standard and the Bozeman field site standard 
was measured accurately by the vhf forward scatter time sync system.

There is no obvious manner in which the time synchronizing system could 

possess a linearly increasing error (with respect to time) in addition 

to that caused by the frequency offset between the two frequency stan

dards driving the clocks.

‘ 7.4.2 STSTEM ACCURACY
• One microsecond accuracy* was not guaranteed with a single picture 

taking process using the SATS system. By averaging repeated time synchron 
izations, the slave clock's error could be reduced to within that error 
limit. If the two clocks were not drifting apart the plots shown in 
Figure 43 would be representative of the RMS timing errors to be expected 
assuming all constant equipment time delays had been determined. The

* Accuracy in this case means only repeatability. Constant delay errors 
could be eliminated.



EMS value of deviation for the 37 synchronizations included in figure 43 
was 0.82 |rsec•

7 . 4 . 3 CHANNEL ERRORS
The accuracy of the Sejni-Automated'Time Sync system was not limited 

by the channel. According to the phase stability data,the timing errors 

introduced by movement of the effective reflecting points were less than 
0.01 psec. Also, as the operators at both terminals constantly monitored 
the local receiver 2.25 mhz IF on a separate oscilloscope (much as in the 

manual time sync system), occurrences of more than one reflecting surface 
could be noted. When there were two reflecting paths present'at the 

same time the associated time synchronization was considered likely in 

error. The operators had positive control on the multi-channel problem.

7.4.4 PROPOSED IMPROVEMENTS

The major source of error was associated with locating the leading 
edge of the received pulse on the picture. The rise times of pulses 

varied from 4 irsec to 10 p.sec. Additive noise was always present to 

further corrupt the leading edge. A more sophisticated timing pulse 
.was needed. A triangular pulse would be better. Only the pulse that 

will be displayed on the oscilloscope need by changed.

Also, after the first time synchronization had taken place, the 
Timing Waveform Generators could be changed to produce timing pulses each 

50 psec. The horizontal sweep on the display oscilloscope could be 

increased to 5 irsec/cm. The timing waveform shown on a picture would
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still be valid. This would permit more precise pulse location.

More bandwidth throughout the system would also increase the accuracy 
Higher transmitter powers would increase the pulse ,definition, but as 

higher powers are used, the phase stability data becomes less valid.

7.5 CONCLUDING REMARKS
The phase stability measurements on the vhf forward scatter link 

between Bozeman, Montana, and Seattle, Washington, showed that the reflec
tions from each reflecting surface were extremely phase stable. This 

means that the path length was changing very slowly and, correspondingly, 

the propagation path time delay was changing very slowly. However, at 

any one'time, more than one reflecting surface was occasionally present.

As the signal amplitudes faded and increased, there were discontinuities 
in the phase of the received signal. These were nqt apparent with the 
cw measuring technique. The discontinuities were not abrupt.

The Semi-Automated Time Sync system was of the "converging" type, 
that is, the synchronizing pulses from both terminals were in transit at 

the same time after the clocks were initially set. Terminal operators 

made the time synchronization decisions. The operators eliminated data 
which was doubtful due to multiple paths being available for the signal.

The time sync system was not checked with a portable clock. An indi

cation of the synchronization process accuracy was obtained by repeated 
synchronizations when the frequency standards driving the clocks had

I
10frequency difference of approximately 150 parts in 10 . The drift in

time between the two clocks was assumed linear.



The errors were not caused by the channel but primarily by measuring 
errors. The channel was capable of supporting more’ accurate timing. 
Suggested improvements in the semi-automated time sync system include a 
more sophisticated timing pulse, faster display oscilloscope sweeps, and 
bandwidth widening.

V
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APPENDIX I

The Frequency Comparator compared the frequency of two signals; one 
a 100 Ichz reference signal while the second was 100 khz + Af, where Af 
is the frequency difference between the signals. The reference signal 

was from the ERL primary frequency standard. The second signal was from 
the field site frequency standard. One output of the comparator was 

simply the 100 khz reference signal.- The second output was 100 khz +
MAf where M could be either 10, 100 or 1000.

If the 100 khz reference output was the input to the trigger on an 
oscilloscope and if the 100 khz + MAf signal was on the horizontal sweep, 

the difference in frequency of the two signals was observed as a movement 
of the displayed sinusoid across the scope face. The M setting was 

usually 100 with a particular axis crossing observed for 10 minutes.
The field site frequency standard could be adjusted so that the axis 

crossing would stay within a particular centimeter for the 10 minutes.
The setab'ility of the remote frequency standard was ■
I x 10~8
,600

I x 10-10 0.17 X  10-10

The rate of drift of the field site standard was measured to be
10less than 2 parts in 10 per day.
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