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ABSTRACT

Bailey et al (1953) have shown that VHF forward-gcatter
provides a very reliable methed of ccumunicaticn over path
lengths of several thousand kilcoueters, fl’.t haa been suggested
that thias mode of propagation way be utilized to provide
communicaticons links in auroral latitudes using low power
transnitters and very narrow bandwidth receivers, Such systems
would only be geasible 1€ the received signal doppler brosdening
was suall., Previous investigstion in suroral latitudes by back-
scatter technriques had shown that scatterer velocitles of up to
gseverzl km/s are not uncamaon,

A 50 watt trgnanitter was set up in Fort Smith, N.W.T.
using a five-elcment Yagl antenna and oparating on a frequency
of B0.,49 M/, At Seskatoeon, en identical gntenna was used in
conjuncticn with 2 receiver whose bandwidth cculd be varied
from S5 ¢/s to 100 ¢/s. By changing the bendwidth and noting
its effect on the received sifnal-to-nolse ratio, it was
posaible to estinate that the received sigral, undar undisturbed
end mildly disturbed conditiona, had & bandwidth of the order
of 10 ¢/s. This correspends to 2 r.m.s. scatterer velocity of
sbout 50 m/s, |

There was some evidence to show that velocities greater
than 50 m/s do occur during pericds when the lonosphere is
greatly disturbad, These pericds, however, &re always &ssociated
with an enhancement in the received signal smplitude,

The experiments indicate that, using a8 100 watt transmitter,
8 receiver with a dandwidth of 10 c/s5 and antenna similar to those
used, en information rate of at least 10 words/minute would be

possible 99.5% of tha time over & path length of 1000 kn,
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1. INTRODUCTIORN

1.0 Genefal

NORMAL high frequency ;adio communication through
the aurora; zone {8 subject to interruptions beceuse of the
wide varistions in, end the turbulent nature of, the ifonization
in the E region, 1In particular, periocds of intense absorption
occur which may last up to several days and which sever
communications abruptly end coften completely, Two ways of
circumventing this preodblem ar:ifhe use of very low frequencies
or ultre high frequency tropespherie scattering, Both these
systeas involve the use of large cumberscme antennse and the
latter especially is extremely expensive,

Conventiconal ccomunication techniques such as the use of
radio-teletype are also feasible when the mode of propagetion
involves very high frequency forward-scatter, KNormally however,
fairly high transmitter powers are necesasary and elaboraste
antennse ere used, This type of system has proven to be very
reliable and it has been suggested that low power transmitters
and simple antennae may be used in conjunction with very narrow
band receivers to provide slow but inexpensive snd relatively
portable ccommunication links having the same reliability,

If the recelved signal were discrete in frequency, then any
narrewing of the receiver bandwidth would increase the signal-
to-noige ratio. The spectral spread of the signal will determine
the limiting receiver bendwidth beyond which further narrowing
of the bandwidth will not increase the signal-to-noise ratio,

If this limiting signal-to-noise ratio i{s of the order of 8-10 db,



or greater, then coumunication is possible, without excessive
error, at infermaticn rates deternined solely by the bandwidth

of the recefver,

2'.




1.1 Previous Work
Most of the work on VHF forward-scatter has been done

in the last decade, Although abnormal, beyond-the-horizon VHF
propﬁgation had been noticed by radio smatecurs and others, it
was assuned to occur rarely, "Sporadic-B' propagation as it
was called was never geriocusly investigated until Bailey et ai.
(1952) noticed that some signal was propagated ell the time
provided sufficient transmitter power was used, They found
that at least over their period of observation, periods of HF
ebsorption were often characterized by an enhancement of signal
strength on the VHF circuit, During these SID's (Sudden
Ionospheric Disturbances), thas level of background cosmic noise
dééfeased on tha VHZ link but the signal level never did and
sbout three-quarters of the time, the signal level increased,
There wes 2 midday signal level maximum which they suggested
waa due to extra ionization provided by solar ultra-violet
radiation and, edditionally, & diurnal variation which appeared
to be caused by meteoric ionizstion, Because of the immunity
to SID's and because of the meteoric control, they presumed
that the region causing scattering was in the lower E-layer
and possibly the D-layer, It was also noted that the received
power level was considerably below that calculated on the
assunption that acatgéring was produced by turbulent
£nh0mogeneiticu in the E-layer,

A large number of observers began to investigate the size

and motions of the large and small irregularities observed in



the B-region and two rival theories a3 to the cause of the
snall ones were propounded (Booker, 1957); meteor trails
and turbulent mixing, It is now generally agreed (Ratcliffe
and Weekes, 1960) that both mechanisms ere probably present
with their relative importance chenging from time to time,
No simple explanation has yet been postulated for the origin
of the larger irregularities although several suggestions
have been made (ibid, Ratcliffe and Weekes),

In 8 later paper, Balley et al, (1955), on the basis of
@& longer period of cbservation on several VHF forward-scatter
linka, confirmed and enlarged their earlier results, Because‘
of the high power background signal received all the time,
the occurrence of a moteor was noticed as a weak audio beat
tone due to the doppler shift caused by'the meteor hesd, At
high latitudes, the results confomed generally te th: carlier
results except that enhancements occurred more often near the
aurcoral zone thaen further south, were of greater magnitude
and showed greater end more rapid varistions, There was also
less of a diurnal variation and signals tended to be strongest
during the summar, It was deduced that at least in southerly
latitudes, scattering took place at B height of 75-80 km,
during the day snd about ten km, higher at night, A particular
type of rapid fading during some enhancements, called sputter
(with fzding rates of the order of 200-300 c/s) was noticed
less than 0.5% of the time, It was also noticed that the

scattering took place in a relatively small volume (cf., meteor
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trails) making directional antennse deairable. The paper also
contained calculations as to the merit of this method of
propageticn 85 & mesns of communications on the basis of
transmitter powers of the order of 50 kw, and rhcabic antennse,

Some later work was done in Cansda by other workers to
obtain m;ra information on the nature of forward-scattering
nearer the auroral zone, Collins and Forsyth (1959) using
several low powver transmitters, classified the types of
propagation nommally encountered as follows: E - a sudden
enhancenent with very high signal levels, 8- a gradual low
level enhancement with slow deep fading which occurred most
often during the day, and several types of A propagation,

The A-type was differentiated from the other types by the
presence of magnetic activity near the scattering region,

In the abaence of enhancements, because of the low transmitter
powers used, the signal consisted almost solely of meteor trail
propagated signals with a2 background level which sometimes
slightly raised the background noise level., In a later paper,
Forsyth et al, (19560), continuing the same line of inquiry,
expanded the earlier results,

For the purposes of this thesis, it is irrelevant to
summarize the results of these investigations except to note
that the occurrenca of forward-scatter enhancements depends
on the solar and auroral activity at the time, and that it is
8 function of the orientaticn of the transmitter-receiver path

of
nndh}ta magnetic latitude, It was also found that there was




less directivity in the scattered 2ignal than was mentioned
by Bailey et al,

Forsyth and Vogam, (1957) also mention occurrence of
absorption in ViI? forward-scatter, Theyknoticed that sonetimes
the received signal level dropped asbout 20 ddb., accempanied
by a drop in the background cosmic noise, Since the level of
meteor "apikes® (50 called because of the appearance on &
moving chart record of the signal propagsted by meteor trails)
also decreased by this emount, it was apparent that the level
at which the sbsorption takes place must be below that of
neteo;ic ionization, This agrees with the observations of
other workers and the ebsorbing layer is generally agreed to
be at @ height of sbout 100 km, normally, although it doeas

socuetimes appear lower,



1.2 Propagation Conditions

It can be assumed that the signal received in
forward-scatter will have 2 time-dependent gross frequency
‘ghift as well as being instantaneocusly spread in frequency.

- The transmitter spectral bandwidth can be congidared‘to be
discrete in the sbsence of modulation, For the tranemitter‘
used in the éxperiment to be cutlined, identification brealks
will cause & negligibly small incresse in this bandwidth,

Any spectral dispersion will thus be caused solely by the
doppler frequency shifts due to the velocities of the
scattering bodiea, The scattering observed at WViF is not due
to the individual electrons; rather, it is scattering from
macroscopic changes in the refractive index of the medium
caused by inhomogeneities of the icn density,

Grozs movemant of these inhomogeneities will result in
8 gross frequency shift; the spectral spread will be caused
by their disorderly wotion,

Booké%:(loc. eft,) deduces a value of 10 m/s for turbulent
velocilies at heights of 80-100 km, Rafg};tge and Weekes
(loc. cit,) ﬁive & figure of from 5 to 50 m/s for irregular
movemants in the E-region,

The actual doppler shift due to these motions will also
be a function of their geometry. More specifically, it is e
function of the half-angle 2 as shown in Figure 1,0, It is

easily showm that the cbserved doppler ghift will be approximately



Figure 1,0 Geometry of VHF forward-scatter propagation,
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where:

v, = the component of veloeity
perpendicular to the TR path
in the plane of propagationm.

); = the transmitter wavelength,

The meximun éoppler ehift will thus be caused by
scattering points off to the side of the transmitter-receiver
peth, Because of entenna directivity however, the power
received will decreage es §f gets smaller, In Appendix I,
these effeacts haove been treated analytically end for the case
ocutlined there, ssouming that 907 of the scettering bodies
bheve & velccity of less than 50 m/s, the half-power bandwidth
of the received signal will ba ebout 5 ¢/s,

This result however is only &z valid ss the sssumptions,
At least for sub-auvrorsl latitudes the scattering region isg
small and the turbulent velocities sre probably of the cited
order of magnitude, There is some evidence that this iz not
the case in auroral latitudes {(Bowles, 1952; Mcllamara, 1955),
Mcliamaza, using e pulsed double doppler radar, found scme

aurcral echoes hsd spectral dsndwlidths of the order of 100

e/s at a frequency of 50,7 me/s and he found that gross velocities

of up to several km/s ware not uncormmon, Bowles cobtained
sinilar results at 50 ne/s using o continucus wave transmitter,

However, this too was back-scatter,
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Meteor trails also cause doppler broadening of the
observed signal scattered from them, The two main causes of
this broedening are diffusion and turbulence, Also, 'over-densa'w
meteor trails may cause a gross frequency shift due to the
shrinking of the spparent diameter of the trail casused by
é¢iffusfon, Vogen (1954), messured the power spectrum of
many meteor treil propagated signale at & frequency of 49.8
mc/s and found for short duration signals a2 hslf—powef bandwidth
‘of about 20 c/s, For long duraticn sigrals it was slightly
wider, indicating thst the role played by turbulence in spectral
widening only beccmea impertant after several seconds,

T%g effect of meteor trails in the type of communications
link envisaged may be more important then would at first eppear,
Although most meteor trail signals lsst less than & sacond in
8 conventional receiver, due to the leowering of noise in a
narrow bend receiver the duration of even these signals will be
of the order of seconds, Also, the rate &t which meteor trail
signals occur increases rapidly with their incressing optical
magnitude, At very low signal levels, meteor trail signals
will be seen continuously (MeKinley end Millman, 1949),

The time-dgpendent gross movement of the Llnheuogeneities
‘will also contribute to the received signal’s spectral broadaning
because of frequency modulation,

*meteor trailt with en fon density of greater than about 1018

ions/m sre called over-dense, The electron density is
sufficiently high for the trail to appeer 23 a metallic cylinder,



11,

1.3 Scope of Thezis
The object of the experimentsl work reported herein

is to find out whether a low power, narrew bandwidth
ccomunications link is possible through the auroral zone,
The feasibility of such g system depends upon the narrowmess
of tha reczived signal power spectrum bandwidth, Propsgated
near the auroral zone, this bandwidth is not sccurately
known; back-scatter measurszmente indicate wide bandwidths,
whereas forward-scatter measurements st low latitudes exhibit
narrcw bendwidths,

With the use ¢f a receiver with 2 very narrow, variable
bandwidth, it is possible to study the signsl bandwidth by
~observing the effect of decreasing receiver bandwidth on

the cutput signal-to-noise ratio,
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3. FQUIPNENRT

2,0 General

TUE equipment consisted of a tfansmitter at Fort‘Smith
NWV,.T,, and a receiver at Saskatoon, Saskx, The transmitter was
part of a previous project (Graen, 1961); it and its operation
were not in any way changad, The frequency used was 40,49 Mc/s
end the trananitter output power was 50 watts into a five-clement
Yagl pointed toward Saskatoon,

The recalving sntenna wa3 identical to the transmitting one
and was pointed toward Fort Smith, The recelver was followed
by a phase-lock datector,

Two recording millianszters (Zsterline-Angus) were used to

record the frequency and enplitude of the received signal,

b
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2,1 Recelver
The receiving system was mede up of two conventionasl

recaive:s. It consisted of & Ferranti-Packard F-3 type 155
VEBF erystal-controlled receiver fﬁlloued by 8 wmodified military
BC-453 'counand’ receiver, The BC-L53 was modified by connecting
its intermediate frequency output directly to the phase-lock .
dectector, removing 211 audio snd esscciated stages and reg}acing
the variable lozal ogcillator with 2 crystal oscillator so that
it was tuned to the intermadinte fraquency of the F=3 receiver, 5

The phaze-lock detector was constructed to operate at the
intermediate frequency of the BCO~453, The circuit used only
geni-conductors as seotive elaments,

A block diagrem of the receiving system is shown in Figure
2,0 and Plate I iz 2 photograph of it (not showing the P=3

recelivar).



Plate I Photegraph of the receiving system

Figure 2,0 Bloeck diagram of the receiving system
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2,2 Fhase-lock Detector
&) Detector Theory

The phase~lock detector consisted of a voltsge-
sensitive variable cscillator (VSV0). The output of this
oscillator along with the received signal is fed into a phase-
sensitive detector giving en output proporticnal to the
difference in the phases of the two inputs., This output is
filtered and connected to the frequency sensitive element in
the VSV0 in such 2 manner that the VSVO frequency will follow
the frequency of the received signal,

This type of servo-mechanism has zero frequency error; the
error being in the integral of the frequenmcy, i.e, the phase,
The phase error iz a2 measure of how great a frequency change
hes occurred in the V3VO £rom its centre frequency, fhus
measurement of the phase error is measurement of the instantaneous
frequency of the received signal.

The low-pass filter between the phase-gensitive dstector and
the VSVO is a2 wvery important part of the system since it
determines the effective bandwidth of the receiver, It also has
en effect on the "lock-on' range of the gystem; that is, the
frequency range over which the VSVO will stay locked-on to the
received signal, and the ‘capture’ range; that is, the frequency
range over which the VSVO will lock-on to the received signal
having once been perturbed from it,

The phase~lock detector has been extensively analyzed in the
literature (Prestcon and Tellier, 1953; Gruen, 1953; and McAleer,

1959) along with the effect of the low-pass filter, It can be
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shown that with no filter, the bandwidth is solely dependent

on the lock-on‘range which will be identical with the capture

renge. Intreducing & filter reduces the bandwidth, has no

effect on the lock-en range but also reduces the cnpturé range,
For an RC filter, the capture range is reduced in the saue

' proportion as that of the bandwidth, For McAleer's optimum

filter, the capture range is reduced as the square-root of the

bandwidth reduction,

b) Phase-sensitive Detector
The phase-sensitive detector used produces an

output which {8 independent of the input emplitudes end which
is linear with phase difference, In this latter respect, it
should be noted that it conforms with the simplifying assumption
in Gruen's theory. Figure 2.1 shows 2 block diagram of the
phase-sensitive dotector along with the waveforms cbserved at
varfious points, The output sawtooth waveform has a magnitude
which is directly proportional to the phase difference between
the inputs, Strictly speaking, this operation is unnecessary
since waveform A when filtered produces a voltage with all the
necessary information required to contreol the VSVO., However,
it was considerably easier in practice to operate the equipment
by cbserving the sawtooth waveform on an oscilloscope.

The actual circuitry used is simple and i{s shown in Pigure
2,2, Only the integrator is unconventional; it takes advantage

of the extremaly high collector impedance of a grounded-base



Figure 2.1J Block diagram of phase-sensitive detector and
a drawing of associated waveforus,
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Figure 2,2 Circuit diagram of the phase-sensitive detector

Figure 2.4 Circuit diagram of the voltage-sensitive variable
oscillator
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tronsistor to produce good linesrity in the cutput,

¢) Filters :

The filtars were constructed sccording to McAleer's
design criteria for an optimum lag network as showm in Figure
2.3, Tae fundamentals of the thoory involved are cutlined in
Appendiz 11,

d) Voltage-Sensitive Variabla Cscillater
Tais £s merely en oseillator which has a voltage-
sensitive capacity in the tuned elrcuit, The oscillator circult
fteelf was taken f£roa the "Handbook of Selected Semfe-conductor
Circuits™*, The voltagee-senaitive capacitance {8 a "vari-cap';
& small junction diode with & large back-biss capacity which is
a non=-linear function of the biasing voltaze., The elrecuit

diagrem of this escillator s shawn In Fijure 2.8,

*United States Navy Pudlication; Navehips #93484
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2,3 Comments end Experimental Details
a) Circuit

The complete circuit diagrem of the phase-lock
detector is ghown in Figure 2,5, It is essentially digital
in nature to remo;e as much &s possible any emplitude
gengitivity, The signal from the receiver is 'clipped’ tcp
end bottom snd used to trigger a monostable multi-vibrator,
The VSVO output also triggers a monostable multi-vibrator,

The actual circuitry used could undoubtedly be improved,
The circuit ‘grew' with the project and no overall consideration
was given to rigorous design,

Modification of the BC-453 was limple.' A Pierce oscillator
using a 540 ke/s crystal was built using ocne of the tube sockets
formerly used in the audio section, The existing local
oscillator was dissbled and the 540 ke/s signal was injected
at the grid of the mixer, The radio frequency amplifier stage
wag tuned to 455 ke/s end the tuning knod removed, The
intermediate frequency amplifier section was 'broad-banded’
using a sweep frequency signal generator,

The V3V0 opersted at a frequency of 170 kc/s which was
halved by the monostable multivibrator following it, producing
& signal st the intermediate frequency of the BC-453 receiver,
This was done for simplicity esince the desired tuning range
could then be obtsined using stendard 2.5 wvhy, BRP chckes in the

tuned circuit of the V3SVO, A previous attempt to construct a




Figure 2,5 Circuit diagram of phase-lock detector
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similar oscillator at & frequency of 85 kc/s resulted in a
poor cscillator when using resdily available eccmponents,

The low-pass filters were constructed in a *mini-box’
separate from the rest of the circuit and connected to it by
& cable, This was done to isolate the circuitry from the
rechanical shocks resulting frcoe switching the filters,

By varying the size of the coupling condenszers frun‘the
'vari-caps' to the tuned eircuit in the V570, the lock-cn
range of the VSVO was edjusted to ebout 300 c/s,

The filter bandwidthe were probably only within +1C0%,
-Sﬂgi;fzféd value for the two nsrrowest bandwidths due to the
use of electrolytic condensera in the filters and to the
uncertainty in the lock~on range of the VSVO,

l The VSVO frequency variation was approximately lincar
with the voltoge applied to the °"vari-caps® over the range
used, .Figure 2.5 is a graph of the frequency vs, the indicated
cutput current of the chart recorder,

The major problem encountered in the experiment was that
of temperature stability, The environment at the receiving
site was far from ideal since all the windcws face south, The
daily temperature variation was of the order of 40, 1In
converting from the tranamitting frequency to the phase-lock
detector frequency, three scparate crystal oscillators were
used and as well, 2 'mechanical filter' wos used in the P=-3

recefiver, All these controlling elements show scame frequency



Figure 2,6 Graph of the VSVO frequency versus the output
chart recorder current
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drift, The environment at the transmitter waa not known but

it is likely that the transmitter frequency also drifted,

The major source of frequency instability however was the V3VO,
Basically, in eny ozcillator ease of frequency change must be
traded for stability ond this coupled with the poor temperature
characteristics of the 'vari-caps', resulted in an oscillator
which was not stable with temperature changes,

It was originally thought that it would be worthwhile to
bury the VSVO sbout ten feet in the earth to reduce the
instobility and to this end the VSVO was conatructed in a
'mini~box* at the end of thirty-five feet of cable., However,
it loon.becama apparent that the other frequency drifts were
not as inaignificant es originally suppoed, It was obvious
that continuous records could not be made without major
modifications to the receivers and the transmitter, The VSVO
was left unburied end s manusl frequency control added so
that the VSVO could be retuned to the signal frequency when

en observation was being made.

b) Procedure
The procedure for aligning the equipment was fairly
straight forward, An suxiliery, highly steble oscillator (BC=-221)
was tuned to the centre of the dand-pass of the 455 kc/s output
of the F-3 receiver, This output was temporarily disconnected
from the input of the modified BC-453 receiver , to which a

small piece of wire was connected to act &8s an entenna, so that
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the BC-453 received the output signal from the BC-221 signal
generator, The VSVO waz then tunad so that the BC-221 signal
was at the V3VO centrs frequency. The short piece of wire
was removed from the BC-453 and the F-3 ocutput was reconnected,
The fine tuning control of the FP-3 was then varied until the
signal was detected on the 'frequency' Esterline-Angus meter,
The VSVO centre £requency was regarded as being that
frequency to which the VSVDO would go when the input to the

F-3 was whits noise; or when the antenna was disconnected,
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"I, TRESVLTA

It was found that the transmitter varied in frequency in
e c?aracteristic manner; during the thirteen minutes that the
transnitter was keyed, the frequency increzsed approximately
30 ¢/s in a roughly exponential manner, then returned to the
starting frequency during the two minutes of unkeyed time,

This typical behaviour is illustrated in Figure 3.0 which is

2 record of the fraquency during an enhancement of the forward-
scattered signal, It is very unlikely that the small
firregularities in the frequancy are caused by the transmitter
because they do not recur in every cycle,

Continuous records were made f£rom the beginning of July
to the middle of September 1961, but these records are largely
unus=able because of the temperaﬁure insztability of the
equipment, However, up to 2 few hours useful information
could be gleaned from & day's records although most of the
data was accumulated during periodas when the author was at
the féceiving site and could maﬁually reset the equipwent,

The bandwidth of the receiver was varied from time to
time and the equipment allcied to run, It would be expected
that at narrow bandwidths the recaiver would lock-on over
grester pericds of time thon et wider bandwidtha if the received
signal had a spectral bandwidth narrower than the narrowest -
receiver bandwidth, With the equipment used however, this
would not be the case since with narrower receiver bandwidths,

there is a corresponding reduction in the capture range of the



Figure 3.0

Tracing of frequency record during a period
high level enhancement showing typical
transmitter frequency characteristic

of
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datector, Consequentlﬁ. mest of the continuous records
obtained were of little interest except when the received
signal frequency was within the capture range of the detector
during sn intereating event,

Perhaps the best expreasion of the results can be
obtained by commenting on the different forward-scattered
aigﬁxl emplitude events encountered,

1) Enhoncementa - A or E type; characterized by an absence

of meteor "spikes' and a signal level 30 -« 60 db, greater than
the background noise with low amplitude, slow fading,

During these periods, the signal could be locked-on on all
receiver bandwidths although sometimes, scme diftictg;:;_m-had
in using the narrowest bandwidths (five or ten c/s);. #npid
frequency excursions of the order of 100 ¢/s, which llii'ﬁn”nﬁ
only milliseconds were scmetimes seen on the oscilloscope and
were too fest to be reproduced on the moving chart recorda,
Theae excursions were noticed to ba particularly frequent during
times when difficulty was experlenced in locking-on tha narrow
bandwidths, end are undoubtedly the reason for the diffieculty.

A typical frequency record of this type is reprcduced in
Figure 3.1 along with the correaponding amplitude record, As
well, plotted on the same record is the trace cbtained when a
signal generator was connected to the receiver input. The
snplitude of the signal generator ocutput was roughly the same

as that of the received forward-scattered signal.



Figure 3,1 Tracings of frequency and amplitude records
during a period of high level enhancement
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2) Enhsncement - S or A, type; & lower level enhancement
than that described above but characterized by & slow, deep fading,
This type of signal could be locked-on on all bandwidths,
The fraquency end smplitude records of & typlcsl exemple of this
type of signal sre showm in Figure 3,2,

3) No enhancenent - the received signal consisted solely of

meteor "spikes® with no or very little increase in the lewvel
of the background noise,

This signal could be locked-on on the very narrowest
banﬂwid;hs (five or ten c/fs), could be detected on the bandwidth
of 40 c/s, but could not bz detected at all or very erratically
on the bandwidth of 100 ¢/s. The emplitude and frequency records
of a typical example of this type of propagation are showm in
Figure 3.3.

&) Absorption = the signal received appears to be the same
as the above type except that it {s lower in amplitude, There
is & decreasa in the background noisze level and the number and
enplituvde of meteor 'spikes’ is less than nommal,

This type of signal could only be locked-on on the narrowest
bandwidths (five or ten ¢/z) but not at a2ll on the others except
during 8 meteor "spike’., Figure 3.4 shows the frequency and
emplitude records of an event of this type, Frcm meteor counts
on the nights of July 10 and 11, it {3 possible to estimate that
the sigral amplitude is more than 10 db, below its normal level

under conditions of no enhancement, This represents a decrease



Figure 3,2 Tracings of frequency and amplitude records
during a period of low level enhancement
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Figure 3.3 Tracing of frequency end amplitude records
during a pericd of no enhancement
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Figure 3.4 Tracings of frequency and amplitude records
during a pericd of absorption
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in the input signal-to-noise ratio of et least 6 db,

In all of the above results, a signal was conaidered
to be locked-on {f the full tronsmitter frequency deviation
could be seen., If the presence of & signal could be detected,
but the full deviation was not noticed, the esignal was
considered to be detected,

The frequency records for the months of July and August |
were examined and those hours for which the signal was
detected or locked-cn for at least a continuous hour were
counted, The amplitude records from the F=-3 receiver (which
had a bandwidth of 1 kc¢/s) were also exsmined for these sames
periods and an estinmate of the signal-to-noise ratics were
madz, These signal-to-nolse ratics were divided into four
categories and plotted against the number of hours in that
category for the various bandwidths, Due to the rigourous
selection, records of only 249 hours were used and these are
shown in Figure 3,5 and Table I,

For &everal days, an attenuator was connected between
the antenna and the receiver and set to 10 db, attenuation,
This attenuation can be considered to have lowered the input
signal-to-noise ratio by at least 6 db, during periods of no
enhancement, It made no noticeable difference in the ease
with which the signal could be locked-on on the narrower
bandwidths during these periods,

During cne of these afternocns when there was no



Table 1 Table showing number of hours counted in each signal-
to-noise ratio division for the various receiver
bandwidths

Pigure 3.5 The values in Table I shown graphically
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enhancement, tha attenuator wag varied to find the maximun

value of sttenmuation which cculd be inserted before no signal
could be detected on the variocus bandwidths, This experiment
was necessarily rough eince there ere slways slow frequency
variations end it was impeasible to tell whether & specific
observed movement on the ‘frequency’ meter was due to such @
variation or whether the signal had just been "lost’, At eny
rate, it szemed that there waos no difference in the amount of
attenuation which could be added for the two narrower bandwidths
end that this amount of attenuation was about five &b, more then
could be added for a bendwidth of 100 ¢/s. Although these values
are not precise there was clearly an {mprovement in the system
sensitivity at the marrow bandwidths over the gensitivity dbtainéd
with the bandwidth of 40 c/s.

The frequency excursicns of the received signal can be
divided into two broad categories; those which appearad on the
chart record and those which only lasted milliseconds, Both
types occurred only rarely and not much can be said about the
latter type since they wéra only noticed occasionally snd no
effort was made to examine then eny Eurﬁher. The slow frequency
excursions (which lasted up to minutes) were only recorded arcund
the period of July 12-14, Generally, these excurzicns were evenly
distributed between those that caused a frequency increase end
those which caused 2 deéreaee. Their magnitude seemed to have a

roughly Gauassian distribution (as well as can be determined cn so



little dota), BSeversl of these frequency excursions are geen
in Figure 3,1,

The results moy be summarized as follows; it was possible
te datect.a gignal on the narrowest bandwidths except on rare
cccasions, These rare occasions occurred solely during
enhencement and not during all enhancemente, and it was then
possible to lock-on with the bresd bandwidths, During the
pericds when the signal level waec low, the norrow bandwidths
provided'a better and more constent output than ¢id the lerger

bandwidths,
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IV.. D18SCUSSION

The receiver signal and noise bandwidths are not the some
and do not vary in 2 proporticnal manner, Thus, reducing the
receiver bandwidth about 8 discrete aignal in white noise will
not necessarlly increase the output signal-to-noise ratio in
the same proportion, This effect, however, is only significent
for the two narrowest bandwidths used; five and ten ¢/s.
Although the bandwidth is here reduced by a factor of two, the
naximm possible increase of tha signal-to-noise ratio is enly
about 1.3,

At all times that the recelver was being operated manually,
it was possible to detect a signal when using the narrowest
receiver bandwidths of five and ten c/s, even at times when no
signal could be detected on the other bandwidths, This implies
& gignal spectral gpread of less than the next larger bandwidth
used; 40 c/s,

Figure 3,5 confirms this inference, The proportion of time
that the signal was detected on the receiver bandwidth of 100
¢/3 i3 less for low emplitude signals than for the other bandwidths
used, From this graph, it i{s possible to say that a bandwidth
of 40 ¢/2 i{s sufficient to always detect a signal during tinmes
of no enhancenent, However, the actual frequency records during
these times on & bandwidth of LD ¢/8 compared to similar times
on the narrower bandwidths show that the final signal-to-noise
ratio on tha narrcewer bandwidths is higher. This fmplies that

the received signal epectral spread {s less than %0 c/s but that
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the tranemitter power is sufficiently high to pemit detection
,tvén with a receiver bandwidth of 40 ¢/s. Supporting this
contention is the fact that the addition of an attenuator
between the eantenna and the receiver made no appreciable

" difference in the ability to detect a signal on the narrow
bandwidths,

Figure 3,5 slzo tends to show another characteristic of
the signal during enhancements that was noticed before; that
during an enhancement, the received signal undergoes frequency
excursions too fast for the detector to follew, This is ghowm
by the disproporticnately small mumber of times that & signal
was detected during enhancements cn the narrower bandwidths,

From these facts, it is possible to state generally that,
in the sbsence of high level enhancements, the signal spectral
spread is smaller than &0 ¢/s8 and is probsbly ebout 10-20 ofs.
During hich level enhzncements, the spectral spresd s not
known but vhatever it is, there are scmetimes gross frequency
shifts pregsent &t @ rate greater than ten ¢/s,

There geems to be little doubt that during periods of
absorption, if the present observations are typlcal, the spectral
spread i{s sbout ten c/s,

It is not inconceivable that the slow frequency excursiocns
scen are really the result of intarference, since during an
enhancement, conditicna are particularly favorable for the

reception of signals from distant transmittera, However, most of
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thﬁse excursions were noticed in a period which was the occasion
of twe magnitude 3 solar flares and the ionosphere was undoubtedly
disturbed,

McNamara (loc, cit,) often saw 'flat' spectra and suggested
that they may be dus to a large gross doppler frequency shift
of the signal with a long frequency tail which extended into the
bandpass of the receiver, Some of the frequency excursicns lasted
up to several minutes end may have produced spectra of this type.
On the basis of the seventy-odd instances of frequency excursions
which appeared on the records, it is possible to estimate that
their average (rms) magnitude was sbout 20 c/s, Because of the
coa # factor, this implies a velocity of about 250 m/s. A signal
with a dopplér shift corresponding to this veloecity would
certeinly have been within the bandpass of MclNemara's receiver,

Of the very few really large frequency excursicns seen (60-70 c/z),
none appeateﬂ to last nore than & few seconds,

Although McNamera did £ind wany insteznces of wide bandwidths
in his pulsed radar echoas corresponding to high rms scatterer
velocities, he often found echo bandwidths corresponding to an
rma velocity of about 50 m/s, For this value, according to Appendix
I, the forward-geatter spectral spread would be ten ¢/s or less,

It is lpterestiﬂg to note that later studies made 2t the Institute
of Upper Atmospheric Physics, University of Ssskstchewen, by G,
Lyon (private coammunicetion) show en extremely good correlation

between times of forward-geatter enhsncement and the occurrence of
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pulsed radar echoes et nearly the same frequency, It is not
unreasonable to suppose that the extremely high velocities found
by McNemara occur only during times of forward-scstter enhancement,
This hypothesis is supported by the large velocities deduced from
the magnitude of the frequency excursions recorded during one of
these enhancements,

A possible explanation for the *flat' spectra seen by
Bowles (loc, cit,) end MclNamara is that there are several frequency
~ peaks separated from each other in frequency because of different
gross velocities of bodies of scatterers in different regions of
the scattering volume, If the relative importance of these several
peaks changed from time to time, this would also be a reasonable
explanation for the obeerved slow frequency variations of the
received signal,

In Table II, 2 comparison is made of fhe received signal
amplitudes observed by Bailey et al (1955) on their VHF link
between Churchill, Manitcba and Fargo, North Dskota, and this
experiment, The value cited for the 'signal-to-noise ratio
exceeded 99.9% of the time' for this experiment was that obtsined
during a pericd of absorption, It is only estimated; the signal
could be detected but not well (see Figure 3.4),

Since the amplitudes received 1n'both experiments are
comparable and since Bailey et al used more directive antennae,
it seems likely that scattering takea’place over a relativeiy
szall volume, Becsuse of this directional effect, it does not

" geem likely that meteor trails are the major scattering bodies,
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Iten Bailey et 2l This Experiment Ccmparison
Transnitter power 30 kw, 50 w, + 28 db,
Antennsze gain 36 abv, 24 db, + 12 4b,
Path length 1243 kn, 940 kn, - 2 4db,
Bandwidth 2 ke/s 10 ¢/= - 23 db,
S/N ratio exceeded '

99.9% of the time or b, ot i
TOTAL + 3 db,
TABLE 1I, Comparison of Results of Bailey et al (1955)
and This Experiment at Comparable Latitudes
S/N ratio (éb,) af i 7 30 - 8 ¥ e

Error Probability 25% 17% 7.5%

4,5% 2.3% 1.,7% 0,5%

0.3%

TABLE I1I,

Comparison of S/N Ratio and Probability of
Brror For & Binary Coded, Narrow Bandwidth
Frequency Modulated Communications System

in Whieh the Carrier is Subject to Rayleigh

Fading
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The inhomogeneities which do csuse scattering may however be largely
meteoric i{n origin,

The evidence of & small scattering volume tends to support
the assumptions made in Appendix I, From Appendix I, a received
signal bandwidth of less then about 10 ¢/s (as was found in
conditions of no enhancement or absorption) impliea an rms
velocity of scatterers of less than about 50 m/s, It may be that
in auroral latitudes, during 'quiet' periods, the icnosphere is no
more turbulent than at lower latitudes,

It is interesting to speculate that the inhomogeneities are
stratified in height, This would explain both the small scattering
volunz and also would result in a forward-scattered signal of very
narrow bandwidth even if the rms velocity of the scatterers was
very high,

Assuning that some type of frequency modulation would be used
in & low power VHF forward-scatter communications system, the type
of detector ueed in this experiment secems to be ideal, It provides
8 nerrow bandwidth which will "follow® the transmitter frequency
over frequency variztions much wider than the bandwidth provided
these variations are et a frequency which is inside the detector
signal bandwidth,

It is poasidble to evaluate the performance of & communications
link of this type., Montgomery (1954) has calculated the effect of
signal-to-noise ratioc on the probability of error in a binary coded,
narrow bandwidth, frequency modulated communications system in the

presence of Rayleigh fading of the carrier.‘ The results of these
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calculations are shown in Table III, Over a 1000 km. cormunications
link through the auroral zocne, using a 100 watt transmitter and a
raceiver with & bandwidth of 10 ¢/s, end antennae similar to those
ugsed in this-experimeﬁt, the received signal-to-noise ratio would
be 7 db. or more 99.9% of the time, The error probability of a
binary bit would thus be about 8%. The theoretical capacity of
the channel would bz 20 bits/see,; in practice, it is difficult to
schieve half this rate, It wouid be saie Lo sssume an operating
capacity of 5 bits/sec. This corresponds to an English language
text information rate of about 10 worde/win,, assuming a five
letter average word, & five bit letter, and a cne bit space mark
between letters, Because of the natural redundancy of the English
language, an error rate of 8% would probably not be too large
for satisfactory comunications, Also, the use of an information
rate only one-quarter that of the channel's theoretical maximum
will tend to reduce the incidence of errors,

In this evaluation of the system, it was assumed that one
bit would suffice to mark a space between letters, To do so, it
would have to be at a different level from the other bits and the
systea would not truly be binary. The number of different levels
which can be distinguished is also a function of the signal-to-noise
ratio, Shannon (1949) has shown that the number of levels will be
slightly higher than Jr;f:h§7ﬁ: Taking into account the slower
information rate compared to the theoretical maxinum; it appears
that the use of three levels will just be possible,

This evaluation wzs made on the basis of the lowest signal
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emplitude secen duripg two months of observation, Most of the time,
the signal-to-ncoise ratio would be considerably higher,

In such a comaunications system, it would be necessary to make
provision for the disruptions caused by socme enhencements, For
this purpose, an suxiliary low power AM or wide band FM trensmitter
(which cauldrbe the same transmitter a8 usad in the narrow bandwidth
system) and a conventional receiver would be sufficient due to
the extremely high received power levels which would be present,
The receiver could be the one used in the narrow bandwidth gystem
since & phase-lock detector connected to eny receiver with
arbitrarily wide bandwidth still provides a narrow bandwidth,

There is no doubt that this experiment would have yieldad
considerably more information if the frequencies employed had bean
stable to temperature change, The statistical results cbtained
are not reliable end cen give only en indication of the signaI:
behavior, Since the phase-lock detector was constructed wholly
of transistors, it might be buried and & buried oscillator could
be used at the transmitter,

A more accurate determination of the output signal-=to-noise
rat1§ could be obtained with a transmitter which is frequency |
modulated over & ﬁarraw bandwidth at scme modulstion frequency
lower than the narrowest receiver bandwidth, With the use of
suitaoble high-7 £ilters at the phase-lock detector output, the

output siznal-to-noise ratio could then be determined directly.
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Vo SUMMARY

During pericds of ebsorption, no enhancement and low level
enhancement, the forward-scattered VHF signal frem Fort Smith,
R.W,T, to Saskatoon, Sask,, had spectral bandwidths not greater
than about 10 e/s, |

During periods of high level enhancement, the signal band-
width was not determinz=d but there was some evidence to suggeat
8 wider bandwidth than mentionad 2bove., As well, gross frequency
shifts of the order of 30 ¢/s were cobserved in the received |
signal during scme of these enhancementa, These frequency shifts
lasted from millisecord:z up to minutes and occurred rarely.

A low power, narrcv bandwidth VHF comnunicationa system of

extrere reliability for use in aurcral latitudes appears to ba

fessible,
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APFEIDIX 1
The following assumptions were made to facilitate the
calculation of the spectral distribution of the received signal,
1) The inhomogeneitieca casusing scattering ere moving randﬁuly
with a Gaussfan velocity distribution,
2) The entire volume in which scattering takes place {is
evenly {1luminated by the transmitter,
3) The decresse in signal strength due to longer path lengths
off to the side of the transmitter-receiver path is neglected, |
. #) The scattering bodies scatter isotropleally,
5) Scattering takes place only on a line 100 km, above the
‘earth which bisects the Fort Smith - Sasketoon path,
6) All points beyond about :ﬁﬁo froa the direction to the
transmitter as seen from the receiver site on the ebove line make
& negligidble contridbutien to the received eignal,

Assume the following velecity distribution:
1 -vz
1) K(v)dv = exp 3 }
2.I2ﬂ'v° 2v,

where v, = ms velocity

The received signal doppler shift from any scattering body is
given by:
2) £ = £,(1 4+ 2vcos @)
c

Since the signal received from the individual scatterers will
be of random phase, the resultant received power may be cbwined by
. @#éding the individual contributions resulting in (Ratcliffe, 1948):
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2 2
“A(t=-2)
3)  wedg = ¥ A exp N

2 .-l 27 voccsﬂ

ar
Bvozcos 25

where W za.t. .
{u(e)yas
(-]
Assuning en anterna gain pattern G(ff), then the contribution

from any element dF will be:

B) W(E)aLag = A exp | - mee - 27| at.ceg
cos 2 2' |
8v,“cos‘g
Y A
4 27 v, Lc(ﬂ)dﬁ

Equation &) can be integrated directly over # if:

where A =

5) G(#) = ksinj
eoszﬁ

Figure 5.0 compares the actual G(Z) obtsined op the basis of
assumptiona 3, 5 and 6, and @ five-clement Yagi receiving entenna,
- with the equation 5), It may be seen that st leest over the range

of # shown, the approximation is adequate, Inf.egrating 4) thus

produces:
o1t
6) W(£)AL =|-2Ak exp )~
- cos’¢) |g,

vhere C = - p2(2 - £,)2
Bvocosiﬂ

’1 = @ directly ovaer the transmitter-receilver
path

52 = gome linmiting £ as stated in assmptﬂon 6.

Bvaluating this integral by means of the values in Table I



Table IV

Figure 5,0

The relationship between the relative antenna gain
and g, the scattering half-angle, p ., the antenna
beam angle end ksin @

cos” @

. A graph showing the actual relative antenna gain
&8s a function of g, the scattering half-angle
and k sin #

coz” &
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produces finally:
7)) W(£)dE = -2B.{exp(-17C2) - exp (-2.302)}
oz

where B = Ak
This function is plotted in Figure 5.1, The half power point
occurs at about C = 0,28, Thus, for the received signal at a
frequency of 40 me/s:

8) O¢f =0.22
Vo

vhere Af£ = half power bandwidth

The extent to which this result represents the physical
eituation will depend upon the validity of the assumptions,
Aisumptiona 2, 3 end 4 tend to mske the bandwidth broader than
it is likely to be in reality; assumption 6, however, will tend
to make it narrcwer, Assumption 5 will probably affect the
-bandwidth slightly but its main effect will be unAthe received
power magnitude, From this it seems likely that the expression
predicts bandwidths which are equal to, or greater than, those

to be expected in the exparimental situation,



Figure 5,1 A graph showing the received éigrwl power spectrum
on the basis of the calculations in Appendix I,
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APPENDIX 1I*

A servo block diagram of the phase-locked oscillatoer is
showm in Figure 6.0, |

The frequency nolse contributed by the source is repreae*ted
by Fys internal noise contributed by phase detector circuit 1;
represented by Hz. The 1/8 term represents the integration cf
7 frequency difference to phase difference which occurs in the phase
detector, The gain of the phase detector is represented by xl
volts per radian, The frequency characteristic of the low-pass
filter i3 indicated by F(S), and the gain of the voltage sensitive

capacticance in the oscillator is represented by K, radians pér

2
seccnd per volt, (1 includes both the detuning of the oscill&tor
and frequency noise in i{ts output,

For & linear reactance modulator and & linesr phase detector
operating over & renge of W radiens, the lock range would equal
1rK1E2 radians per second, For any given lock range, it is best

to have & large Kl end a small K2 to reduce the effect of

i
internal noise, i
!
Figure 6,1 shows a plot of the cpen-loop gain of the sysiem

in decibels versus logarithmic frequency., Because of the /5
fntegtation term, the loop gain decreases with frequency at a rate
of 6 &b, per octave, intersecting the unity gain line at a

frequency of w, = E;X5e The low-pass filter is assumed to be a

*This appendix is 2 precis of McAleer's text (195%). McAlear's
paper i3 largely a summary of previous mathematical work done on
the subject and is put in a more practical form than these other

papers, %



Figure 6.0 A servo block diagram of the phase-lock detector

Figure 6.1 The frequency characteristic of the phase-lock
detector with 2 low-pass filter

Figure 6.2 Circuit diagram of a lag mnetwork
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simple RC gection with a cut-off frequency of W (shovm greai‘ter ; «‘ Jx“"‘ -

than w.). e (/J{:'. i,l.,e,m
The lock range is equal to w K1Koe the capture range islia”

e@nl to t}ut_:m;gggu range, and the cut-off frequency w, is equa;.(

£ -
to KK,. With a simple RC filter reducing w, , the capture |
rengas is reduced by approximately the same factor, With sn |

optimized 'lag' network reducing w,, the capture range is re&uced
|

by approximately the square root of the bandwidth reduction,

Analysls of the Low-Pass Pilter Effect

In Figure 6.0, let the transmissiocn of the low-pass £ilter be:
P(S) = 1+ ty0 |
This correspends to the use of & lag network shown in Figure
6,2, where:
t) = (R + nz)c = the time constant of the hé break
ty = R,C = the time constant of the lead break

The transfer function of the system can be calculated to bea:

wz(a) = K(1 + ts3)
WGy H (82 + s(1/ty + ke /t)) + (R/t)))

where K = K;K,
The dencainator is of the general fom sl 4 2¥w,s wnz, where
wn = the natural resonant frequency = / K/ty |

¥ = the damping ratio = 1 + Kt,
2ty
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The noise bandwidth of the system can be shown to be:
Fp= XK L + Kty
2 -C.E +-<.Kt1

vhere «£ = tlltz.

For the uinimum noise bandwidth, it can be shown that

the following conditions should be satisfied:

$=1/1e
2

or, in terms of &£ ,

d =1+ 1+Kt1

These equaticns may be manipulated to show that, in a
system with minimun noise bendwidth end for the usual case
K )(I/tl). the resonant frequency w, = K/t; equals w,, the

open-loop crossover frequency,
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