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BalJey et .1 (1955) Mve shO"..m that VliF fornsrd-aclJth:,r

provides 8 ve'ry reliable m.�thod of (!�'·l.mi(!ation over path
,

that thi" mode of p;:opagaticn may be utilized tj) provide

e�e-Dt1ons Ilnkl 1m 'auroral latitudes using lOi-J pc\ler

tran$tdtters and very lUU"S;"OW bandwidth receivers. Such slst�

would only be feasible if the received signal doppler broadening

Iilas �ll. lTev�qU$ in�¢sti�st1on in ourorsl latitudu �y';�.ck,,:

.�a,tter techniqu�s had l$l\own that scattercr velocities of up to

1

I USillg a fiv'2...e;14'1\oot "la� altt�'1Th\l .md opera ting on a fre.quency

"of 4t).49 Nit/a. At S;e\'1ikat�nt 'en i�entical antenna was used in

posa$.ble to estir'..ate that the received signal, under dund1.:sturb�

end mildly (U.stur:b�a com.U.tioru;. �d a bandwidth of the or�er

of .10 cIs. 'this: eorretponlila to a r .ta.a. acatterel:' veloeity of

about SO mls.

There was saae �vidence to ahCM that velocities greater

than SO ro./s do occur cn,ring peri.oos wben the ionosphere 18

greatly disturbe4. These periods. hCMever, lire always 6seeciated

with an enhance.'.7lent in the received signal'lCplituQe.

The e,,,--periments indicate that. using a 100 wstt transmtter,

• receiver 'With .ra 'b$r*..:idtb of 10 c/o .and antenna similar to those'
-}:"."

possible 99.9% of the tf.m� ovar Q path length of 1000 m.
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I. I N T ROD U C T ION

NORHAL high freqUency redio communication thr,ougll

the auror�,l 2:01'1e is su1;)ject to interntptions 'bec8u�e ,of ,the

wide varietlon£l In. and the turbulent nature of, the ionization

c:amnu\li,o�t't-ons" €IbrupHy"snd often "'Calpletely. '1\10 ways of

, , .' . by
ci.rcumveilt.ing this probl�m .£IreJl,the use ..of very ION .. frrequ.encies

or ultra high frequency t ropcapberd e scattering. Both these

\
latter' espll!cially is extremely .exp-ensive ..

Conventional c�unication techniques such as the use of

involves very high frequency fonlard-scatter. Normally however.

fairly high transmitter powers are neces9sry snd elaborate

reliable .and it hes been fluggested that low pO"'.:er transmitters

and simple antennae may be used in conjunction with' very narl"OW

narr�ng of the rec�iver \lsn4wi4th w,ould Lncreaae the .1�J-

to-noise ratio. The spectral spread of the signal will determine

the limiting -receiver b'end>..ddth b�yond which furtherdUlrrowing

of the bandwidth \'fill not increase the signal-to-nois,e .,ratio.

If this limiting signal-to-noi�h�""ratio ia of the order of 8-10 db.

'"



2·.

or greater. then c<.'lI.'lJ!'junic::ation is pouible. withou.t excessive

er;ror, at .infj�n;Hlticn r'ate.$ deter.::linr<c �ole1y by the b..a!)(\mdth·

of," the receiv�r.

\
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1.1 Previous liork

llost of the work on VHF fONard-tlcatt�r h4ils been done,

in the leet decade. Although abnormal, beyond:-the-hori:zon VHF

propagation had been noticed by radio amateurs and others, i�

W6,S ;assumed to OCCllI' rarely, 'Sporadie-E' propagatb;n'as"lt

1018-8 ,called W�9 never seriously investigated until 'B'�iley et -a1.

(1952) rtotieed that eotne signal tJas propageted eU the time
..,,_

that at least,;ovar: their period of observation, periods of SF

absorption "were often charSlcteciz,ed 'by an enhancement of signal

strength on the VHF circuit. During these SID' 8 (Sudden

about three-qunI'tera of the time. the signal level increased.

'l"here'1�S a midd$Y signal level'maximum. which they suggested

was due to extra ionization provided by solar ultra-violet

radia\ion and. additionally, a diurnal variati()n .which appeared

to be csugetl by t!\cteor.ic ionization. Because cf t'he immunity

to SlD's;and 'because of the meteoric control, they prl:!'6'l!!l1ed

t�at the region causing sca,tt,e'[\i:ng was in the lower ,E-layer

and ,possibly the D-layer. It was abo noted that the re.c..eb,e�

pc'Wer level was considerably below that calculated en the

assumption that? scattering was produced by turbulent

inhO.l'logeneitics,. in tbe�E-layer.

A targs number, of observers besall to investigate the size
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the B-reglon and two rival theories as to the cause :of th1!

�.1l ones were propound�d Ulooker. 1957); meteor tratl,s

and turbulent mixing. It is -now generally agree.d (Ratcliffe

and Weekes. 1960) that both tl1cch.animas ere probably l>resent

with their relBtiv� im�or,t.ance crumging f,rcm time to time.

No Simple explanation !la.s yet been postulated for the origin

have been UIllde (ibid. Ratcliffe and Wecl�ea).

In aiilater paper. Bailey ct al. (1955). on the basis of

a longer period of observation on several VHF forward-seatter

lin..'ltlll, confirmed llnd enlarged their earlier results. Because

()f ,the:h:.tgll poWer bacl;'gr(Hltto signal received all the til'ie,

the o�(!urrence of "\Jneteor wss noticed as a weak eu4io beat

tone due to the doppler shift caused by the meteor hesd,. At

bJ.$1l latitud�B, the r�sult.s co:lformed gene.rally to tl.<:l €�rlier

result. except that enlUlncements occurred lllore often near the

auroral :,tone th,,an further south, ware of greater ma,gnitude

1.eae of, a diuru,al variatio!l &fld dgnals ten<led to be strongest

during the summ�r. -It was deduce.:! that at least in floutherly

latitudes, Bcatt�ri.ng took. plaCe at a height of 75-:80 km.

during the day snd about ten km. higher at night. ,.. particular

type of· rapid fading during sane enhancesente , ullea sputter

(with f£ding rates:,of the order of 20Q..300 cIa) was notieed

less than O.S" of the time. It was also noticed that the

scattering took plac� in a relatively small volume (cf. meteor
. . '.�
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,tt:alls) making directional antennae desinble. The paper also

contained calculations a$' to,tb:,e merit of this method of

propagation 8S, a m�ns of, camnunicstiona on the baais of

Jone later work was done in canada by other workers to
',:!,- "�-

obtain raore information on the nature of forward-scattering

nearer the auroral zone. Collins and Fonyth (l959� using

several low pOr:li!r tr.snsp::.itters. classified 'the types of

propaga,tion normally encountered as' follows: E - 8 . sudden

eml.n�ement with very high signal levels. S- a gradual low

level e:nb::allCeJil1ent with slew o.eep fading which eccureedmost

oft�n,.dud.ng the day, and several types .of A propagatlon.

The A-type was dif·ferentiated from the other types by the

i

presence of magnetic activity near the scattering region.

In the 8'bsance of enhancments. because of the low transmitter

powers used� the signal consisted almost solely of m.eteor trail

propegat4d si:Slfuals with a background level which sOOl�times

llightly rai.sed the backgrouM noise level. In a later paper,
.

'�or's,t"h et ale (1960). continuing the same line of inquiry.

expanded the earlier results.

For the purposes of this thesis. it is irrelevant t.O

l\.ll.'!mUlrize the results of these lnveotiptions except to note

that the occurrertca of forward-sca.tter enhancements depends

on the ao1ar and auroral activity at the time. and that it is

a function of the orientation of the transmitter-receiver path
of

and its magnetic latitude. It was also found that there was
"



lea8 directivity in the t.H!attered signal than was 'mentioned

by �iley et a1.

Forsyth and Vogan, (1951) also mention occurrence .of

atrsorption in 'Vll'F fO�lard"scQtter. They noticoo 'that sariletlm�s

the re'e�!ved sigrual level dropped about 20 db ••. aCi:,!ompanied

by a drop in the back�rO'Und cosmic noise. Since tile leve} of

met.eor 'spu:;es' (so called 'because 'Of the appearence on a

mpvi.ng en.1itt record 'Of the signal propagated by m'&t�or. trails)

abo decreased by this tllllOunt, it \laS apparent that the level

at wl!.ich t�e. absorption t'llkes plsce must be belO'W.that of

tl¢t.e.oric iO�1!.i'.ation. This agrees 'With the observat.i:ona of

oth<ar w?fkers and th� �baoI'bing layer is genera11y ijlgreed to

be ,at se height 'Or ,about 100 km. normally. although it does

8QCletimea appear 10'W'er.



1.2 Propagation Conditions

It can be assumed that the signal received in

forward-scatter will have a time-dependent gross freq�ency

shift aa well as being instantaneously spread in fr�quency.

The trantRldtter spectral bandwidth can be cOmllidered to 'be

discrete in the absence of moduletion. For the transmitter

used in tha experiment to be outlined. identificaU.ori breaks

will cause a negligibly small incresse in this bandwidth.

Any spectral dispersi.on will thus be caused 801e1y by the

doppler frequency shifts due to the velocitie$ of the

I
.eattering bodies. ThJ seattering observed at VHF 18 not due

to the inlUViduall e1.ect1rOftS; rather. it is scatteri.ng t'r6!A

ucroscopic chllnges in �he refractive i�dex of the medium
\
\

caused by inhomogeneities of the ion della! iy.

Gro,s. ll1OV(;!Ile,nt of Ithese inhomogeneities will result in

• Iross f;requeue)' Shiftl. the sptletral spread \li11 be c8u'sed

i
by thetr �:��rderlY motlion.

��>���_:JIOc. cit.)1 deduces a value of 10 rtl/s for turbulent

velocities at heights qf 80-100 km. Ratcliffe and 'Weuea
I

(loc. cit.) give & :u,re of from 5 to SO m/a for irregular

movements in the. E-regilon.
I

i
The actual d01.)ThleILshift due to these motions will also.1:' I

i
be a function o!"their Igecmetry. More specifically, it i8 a

function»! tlle hslf-sdgle Jt as shown in Figure 1.0. It i•

..sUy shown that the taerved doppler ehift will be approximately

I



Figure 1.0 forwaro-sc.ntter propagaUon.

\
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WheN,: I
I

v� = the �cmpOn$nt of velocity
perpendicular to thia TR path
lnithe p14i.'\e of propagation.I

A • Jhe. trantllt!1i.tter wi)velength.
r . < .'

'the :u2Xlmuzn dopplel'r sllift wi 11 thus be caused by
..

'

. Ii' iIcatter�r.g points off

tLthe
8 de of the transm1tter-rece ver

path. Because of enten directivity however, the power

received will decrease �s � zeU snaller. In AppevAix It' <

t1l...... e�.�.t" haY\! loe"l1ltr<!Bted aMlytieal1l" and for th....se

<rutli'ned' there, �s"''illlli� that 9G% of the a�ttering bodi!��
I

b.eve. a velocity of lea5Ith,�n 50 mIs, the.half-pO\'1er banowidth

(tf,the It"1!c;:ehred sigr.al Jill be about 5 cIs.

Thl... r".lIlt h"".ve� is only •• valld D. the "" ....pt{""s,

At least for sub ...aurore� latituees the scattering rEl-gion 1.

fn;lIjll and the turbulent Ivelocities are probably of the d.ted

ord�r ,of l!iagn:hude. Thlre i$ sOtlte evidence that this i:a no't

,I
the case in suroral latituees (Bowle.s, 1952; Mcnamer..." 1955).

Mdmna.ra, using 8 PUlsej 'double ooppler radar, found sane

auro�al echoes had spec�ral bsndm.dth� of the order of lOO

I
e/s at 8 f,requenc7 of 90.7 me/s ana he found that gross velocities

of uP' to ·Be�;�era 1 km/s u�r,e not UnCCF.zlOn.
. Bowles chtilil ined

eim11sr �e.u1ts at 50 "1/• uoing 0 continuous wave tr.�..u.tter.

l!'oHever. this too was ba!ck-21cDtter.
I
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Meteor trails also
I
cause doppler broac}ening of� the

I
observed signal ac:atter,d frau them. The two main causes of

I
this 'broadenifl� are dif�usion and turbul�ce. Abo, ·over-.<!ense!*

meteor trails may cause a grosa frequency ehift due to the
,

shrinking of the .epp;8r�it
diameter of the trail caused by

diffusion. Vogan (1954) t tllei!sured the power spei:trut.l of
!

lMny meteor tnU propa�ati"d signals at a frequency of 49.8
I

mc/s at\{t found for $,hort duration signals a half-power' ba1\dwi�tb.
�.

of abo�t 20 cIa. For ling duretion signals it 'Was ,11g'Q,tly

wider, indicating ti1..at. the role played by turbulence in spectral
I

.

,.

I

wideni�g only beceeaea iTPorteut after seversl aecona••

'the effect of meteGr trails in the type of canm.unications

link envi5sg�d tMY be mlre important then would lit tirillt eppear.
I

Altho.ugh moat meteor tr�i1 :signals last lesa than. second in

• conventional' receiver 1 due to the lowering of noise in a;,

I
narrow iband receiver th, duration cf even these eisnals will be

of t11. creer of eecot"-tdsl Also •. the rate lit wM.ch ,m.etoaot' trail

eigna.ls eeeur incre.ues rapidly with their lnc.r�sitlg optical

ugnltu'de. At very laR I signal levels. lneteOl;" tl"&i1 aigl't.Sl.

will be seen con:tinuous1y (Ndtinley and �lil�n, 1949).

The time-dependent I gross CIlOVew.&'lt of the 1.rthOllloge."1d.ties
, I

wi 11 8lso contribute to I the received signa 1 f s. spectral broadening
I

keause of frequencYlUo"ulation.

I
*meteor tralls with an 101' density of greater tb.on �boot 1014
ions/m lire cal1ed overtoense. The electron density is
sufU.clently high fQr the trail to 8k1pur aa a matalHe cylinder.

I
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1.3 Scope of Thesis

The object of PUla experim.ental work reported herein

ts to find out whether a IlCW power. narrow bandwidth

ccmmuni�ation9, lir.k is ptsstble through the aurcrat zone.

The feasfbl1tty of

!!i11ChTr>�rl:,':�rlS::mecdt:n:, :n:,Ot:t:,
h

•.

e narrO"..'necs

of tht! received Sigri,:al 1:' ne "t' ....". V'" I.H' U �l Propagated.

tl��r the auroral zone, t�is bsnm..,idth is not ticcurately

};tlowrt; back-sc�tte!" me8�l['e!!1'l�'nts indicate wide bandwidths,

where�ul fot"'...r$rd-ocatter leasurements at low latitudes exhibit

With the lJSe of a rflteiver 'With a very narrow, variable

'bandwidth. it 1s poseibll to study the !lignal bandwidth by
fey ,,,",):('<0 ,i

,

I
observin� tC$ effect of decre.!lsinz receiver banc1';.1idth on

..,' ' I
the OIltl'Ut

.ignal�t"-1l0!r
r"'tic_
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II. ,QUIPMENT

I
tondsted of a trans!llitter at Fort �fth

2.0: �nerBl

nIB equipment

N.W.T•• and a receiver at Saslmtoon. Sask. The transmitter was

,artiof: a previqus projett (Green, 1961); it and ita oper.a.titm,
I

vere not in any wsy changi?4. The. frequeney uaed was 40.L�9 Mel'S

e�� th� t.ra.n;:odUer outptt POHiH' was 50 \c1.,tta into a five.-element

Yag',(,. pointed to;4ard Saskatoon.
I

'rne t'i£c-aivlng sntantk ':lag identical to the tr.snsmitting one

and \lSS pointed t�<7,srd Part S"Ji the The receiver was follO".Jed

by a phQ,.,,-locl< d<tectorj
.

.

..

'IVa re-cordinr! milli�tneters (Baterline-An7.'.ls) \�ere ·used to
- I"

•

.'
-

I
record tlv� fr�q,ul?�cy 8�'1d sr.;;p1itude of the received eigtUll.
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2.1 Receiver
I

The �cli!iving kystero. was mede up of two cenv tiona 1

receivlrs. It consistedi of & Ferrlmti-Packard F-3 typel155VlW cryatal-eon'trollcd receiver fo,llolled by Ii morlLfied ilitary

B0-453 'c�hd' receive'r. 'l:ne BC..L�53 was modified by b[Onnectingita intermediate frequ�!'rihy output directly to the ptulse lock ,

4"tel:t1t. removl.ng .U atdio and "••""toted stages and epJacitlll

th.e vaFiable Loca I oOclllator with a crystal osc111�tor so that

it wa, tuned to the intem\2diate frequency of the. F-3 receiver.

Tlle phaae-lo\!l( detector w-an constructed to operate at the

inteI"Jlediate freq�.lency of the BC-453. The circuit used only

8�1-t.Jnduetors sa actlv,t elements.
A Iblock diagram of the rf!>cdving 8y:st� is sho-:,m if Figure

2.0 and ,Plate I is a photo�raph of it (not showing the F-3

receiver).



Plate I Photograph of the recei.ving system

Figure 2.0 Block die�r&m of the receiving system
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1S.\
2.2 Phase-lock Detectori

.

I

.) . Dete.ctor Theory \
The'}PhaS�:-l?Ck detector consisted of a vol age.­

I
sensitive. variable. osci11ator (VSVO). The outV\lt of t 8

o'scillator along with thl reeeived signal 18 fed into a ph"ae-
Isensitive �etector giv,ing sn output proportional to the

,

I

differen�e in the ph.ases 11of the two inputs. This outpuf is
fl1tere.d and connected ti ;t,ho frequeney senaitive eiemeit in
the VSVO in such a manne� that the VSVO frequency will

lOllOWthe. frequency of the reC�ived signal.
I

This ·,type of 8ervo�9clumi5ill haa zero frequency

eJ!:1or;
the

errOl" being ,in the. integt�l of the frequency. i.e. the ,phase.

The ��mse�,�rror �e a meQ8�re of how grest a frequency ,c��mge
I

bas occurred 1n the VSVO �rem its centre frequency. 'Thus

measurentent of the phase irror is measurement of the 1n.s1tantaneous
I.. I

frequency of the.;'t'reCe!Ved\8igll,al.
I

The lOY-pass filter between the phase-sensitivedet¢ctor and
i

the. VSVO 1s a :�ery lmporta.nt part of the ·systeat. since ·it
I

detemines the effec'tive bandwidth of the receiver •. It·also Me
I

I

an. cf�ect on the 'lOCk-ont\ range of the eyst�; tha.t 1s, t'he

f;:rn'�ncy range over :hidi. the VSVO will stay locked-on to the"'-

I
' I

reee1vtad aipual, .and the t!csptlotret- range; that is, the f:tl'equency
I

range over which the VSVO Pill lock-on to the received signal·
I i

having once been perturbedll·frca. it. I

Til. phase-lock d,etect\ 1;' has bean extensively analyzed in the

literature (Preston Bl'ld Terlier. 1953; Gruen. 1953: and �cAleer.
1959) alons with �he effec� of the. lCM-pass filter. It c:�n 'be

\
I

\



IIhewn th!\t Vit.� no filter' the bandwidth is solely depe�dent
.

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

range. Introducing" fdter reduces the bandwidth, has no

et£eet Oil U.eloo!<-cn r.�. but also r�duou the ""ptUl'f reng.,
For an RC filter. the capture range is reduced ill the. same

proportion as that of thl bandwidth. For McAleer' II opt�mum.

filter. t�e cepture rangl ie reduced 8S the square-root i o.f the

b<lMwtdth rC!d"C1l1on.· I
I

b) Phase-s�nsitive.�etector
Th.e pruule;..a�nsitiv� detector used produces, an

output '\;ihich 1s iridependent of the input amplitudes en.d which

I.. .....

I

l,s lin�r with /pMse difjerence. In this latter respect, i.t

should be noted that it conforms with the simplifying assumption
. . 1

i:n Gruen' a theory. Jlig11lte 2.1 .howe; a hloek dia gr-Stl1 of the

�Be-S•.
nsn1v" det

•.
otor �lOl1g wt.th

th

...
waveforms Ob••rv

.•
ed at

wdmurrlM>ints. The out�t sawtooth waveform has a Wl�ttu�e
which is, .dir.ectly proportional to the phase d1'fferenc'e lletween

the inputs. �trlctly spriking, this operation is unnec�sl:lry

.ince waveform A when filtered produces II voltege with all the

nece:ssary information reJuired to control the VSVO. Bowevar.

ttl1as .consid�rably eaaiJr in practice to operate the equipment
by observing the sawtoot,J ,waveform on an oscilloscope. I

\

The \,Clctual eirC'Ult� used is sllnple and is shown in Pi,gure

16.

2.2. Only the: integratoJ tfr;�unconventional; it

Qf the e:<tr'ilmaly ,high coJlector impe<bince of 8
,,' I•..•. ".:.......

I
gt'ounded';'bsse



Figure 2.1

I

Block diagram of phase-sensitive detector and
a drawing of associated waveforms.

. i
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Figure 2.2 Circuit diagram of ;the phase-sensitive detector

ctrcuit dJsgrs!l1 of the voltage-sensitive variable
oscillator
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trana�stoX' to produce goo4 1in4"a.rlt� in the output.

c) Fl1ter'

Th� filtetll mre constructed aceordina to MeAle_er'a,ti

c:!eaiin criteria fQf' an optbu",T.1. lag neu;ork as '�Qm in F1S'lre

2.3. Tne tundimt.entQlfJ of th� theory involved are. outlined fn
A�v<i4'ldix 11.

el) 'VoU..,e.-SenelU.ve Variable O�dnstor

.

This 1s tllG.tely en oocillator which baa " volta�e-
I

.ens1tiV<! Cl'Ip'S'l!ity in the tune.d circuit. '!'he oecl1lstor· 'clteult

IUe1f WAS Uaken from thtl t'i�ndbook of Sel�cted � ..eondu{!�or
Circui.t."*.. The volt��c�E',rud.tiv� c:Jpadtance La • tvad.-<:bp';
a sell junction diode with" larze 'baek-bia,s capaeity v1'P.cb; t.

I

• ncn-lineat' f.unction of th� biasing voltiili�. 'Ille olrcult

c!isgT:'atlt or this osdllator is sh� in Figure 2.4.
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,
2.3 Comments end ExperinientQl Details

a) Cf;rcuit

'nle complete circuit diagram of the phase-lock
I

detector 1s shown in 'Figure 2.5. It is essentially digital

in nature to r�..mO'Ve as much as possible any amplitude

�engit;iv.f.ty. The signal ·frC!U the receiver is 'clipped' top

and bQU()lll Bnd used to trigger a monostable multi-vibrator.

The VSVO output also triggers a monoatab Ie 'IIlulti-vibratcj>r.
The. actual, 'Circuitry used could ufldoubtedly be ll.UPJf9ved.

Tne circuit 'grew' with the project end no overall consideration

wIre given t'O rigorous design.

MOOification of the BC-453 ,vas simple. A Pierce oscillator

using a S'l�O kc/s crystal WQ5 b\lilt udng one of the tube sockets

formerly \ls�d in the audio section.
I
I

The existing local I

oscillator w.as diS'ebleditjr.d the 540 k<:/s signal was injected

at the gd.d.·(of the mixer.. The radi.o frequency emplifiell- stae;e

was tuned to 455 kc/s 8n� the tuning knob removed. The

intermediate. fcequencyampUfier section was 'broad-baMed'

using a sweep frequency signal generaeer ,

The VSVO op.erated at a frequency of 170 kc/s whic.h �8.8

halved by the monosteble Ulultivibrator following it, prciducing

• signal at the. int�rmedi8te frequency of the BC453 receiver.

nil was done for simplicity since the desired tuning talnee
could then be ob�slned using standard 2.S 1.1lhy. RF chokeia in the

tuned circuIt of''''th� VSVO. A previous attempt to C::Oi1.strjuct a

I

I'



Figure 2.5

.' : -c , • ..J.. ,.,_. ',:""
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-

Circuit diagram of phase-lock detector
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I

si¢lar oscillator at 8 frequency of 85 kc/a resulted in a

I
poQr ()s�Uhtor when ud.�g reaclUy Bvaililble components.i

I

The lOt"..pass fil'ten ware constructed in a 'mini-boht'

separate from the reat of the circuit ,and connected to it by

a ceble. This was done to isolate the circuitry from tb�

mecl'.ani·cal shocks resulting fran. si-litcning the filters.

By varying the si�e of 'the .coupling condensers froml the
I

'varl-cB.pS' to the tuned;;,cir.cuit in the VSVO. the lock-oh

range of the VSVO W$fS adjusted to about 300 cIs.

The filter bandwidths were probably only within +lCQ%.
of the I

-S�l\stated va Iue for the bit> tultTowest bandwidths due to the

use of eleetrol'Y1;ic condensers in th� filters and to the

uncertainty in the lock-on range of the VSVO.

I
'11le VSVO frequency v,arlation \Jas approximately line.�r

with the voltsgf! appUed t ..O the ·vari-caps t
over the .range

used. Figure 2.6 is 41 graph of the frequency VB. the in�lcated

cu�PUt �urrent of the char,t recorder.

The major problem. encounteved in the experiment wasl tb.at",

. of temperature stabi li ty.
I

The envirol1t'1ent at the receivtng

site was far frcm. ideal since all the winoows face south. The

o
daily temperature variation vas of the order of 40 F.. III

converting from the transmitting frequency to the phase-loek
I

c3etectol; frequency t,,;ithree separate crystal oscillators were

used;and 8S well, a tmechanical filter' WDS used in the F-3
I

receiver. All these controlling elements shOo"" SOI.l!e freqUency



Figure 2.6

)

Graph of the VSVO frequency versus the outPut
chart recorder current
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drift the enviromuant at the. transaU.tter"wsa .. not known b.ut

it ia (Ukely that th,� transmitter frequency a1,s.0 drifted.

'Th� w.Jljor sourc� 'of frequency inotability hQ".nver was 'the VSVO.

'Basically. in �ny oscilliltor ea=e of frequency ch.1n\ge must ·be

tr�d�d for stab�l�ty "no this coupled with the poor t,emperature

which "'8S ·not a·table with temperature changes ,

It. was origi'na 11y 1;hought that it would be worthwhile to

bury the VSVo·'icbout ten feet in the earth to reduce the'

instability and to this end the VSVO \ome constructed in a

'Illini�box' at"t�c;end of thirty-five feet of cable. ·However.

it 800n bec.eme apparent that the other frequency dri'fts were

not as insignificant as origin,glly suppcssd , It was obvious

.t,hat c.ontinuGus recc.r.ds coul>d not be made without maj-or

mOdif1.eatlons to t·ne receiver!) and the transmitter. The VSVO

was left '.' unburi-ed and a· manus! frequency control added 10

that ',the VSVO could be retuned to the signal frequency when

b) Proeedure

The procedure for aHgning the equipment waa fairly

straight forwa,rd. .An auxiliary. highly steble o8cilu.tor (BC-221)

was tuned to the centre of the b�nd.pas3 of the 455 kc/s output

of'the 11-3 recei,:ver. 'rbis output was temporarily. "is'connected

fran t.he input of the modified l\C453 receiver • to which 8

I'mall piece of wire. WIll connected to act as an antenna, 80 that

�

;
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the BC-453 received the output"s1gnal frees the; BC-22l signal

gencnltor. The vsvo �1aa th.m tuned 80 that the BC-221 aigI'U41

was 'at t'he VSVO centre. frequency. The. short pil!ce of wire

was removed frcm· the 13C-453 and the F-3 output was reconnected.

The fine tuning control of the 11...3 was then varied until the

s!.gn.al waR detected on the tfrequency' Esterline ..Angua meter.

'rne V.SVO centre frc:Q.1;l�n(!y \il�ii! fegarded as being t:hat
.

frelluency to which the VS,{O would go when the input to t.he

F-3 Has white noise; or when the antenna ·W.lllS' disconnect�d.
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III. RES U L T S

It '918:e found that the tr:ansmitter vaded in fre<ruen� in

e cnaracterist1.c mmmer; 'during' the thirte,en minutes tbJtt the

transmitter was keyed, the frecp,.icncy increased appro:cllJUlte1y

30 cIs in Iii rou{1;hly exponential, lll.'Snner, then t\et,urne(1 to' the

.tertiug fr�quency dud.ng the two minutei of u$1keyed. time.

This typical beh£lviour is illulJtrated in Figure 3.0 which is

• record of tt;e frequency during an enhsnceaent of the fONard­

scattered �ign�l. .It is very unlikely that the small

irreglllarities in the frequency are caused by the transmitter

'because they do not recur in every cycle.

ContinUQUD records Were 'lUa{le t'rOOl the beginning of .1uly

to the migdle of Septc:r.ber 1961, but these records are largely

tmU,Sell})le becauae of the tert,perllture. in�tmbility of the
I

equi�ent. l!m".ever I up t o a few hour$ useful inform.ation

(:o\lld b� gleaned fran a daY'$ recorde tllthough mOBt of the,

data was accumulated during periods when the euth"l:' was at

the t7eceiving ai te Q·nd could manually reset the equi�ent.

l1le bandwidth."of the receiver was v�ried fra.u tlmce to

time and the equipment allC1cted to run. It would be expected

that at narrc.w bancuidths' the rec�iver would loclt-on over

grester periode of time th:ln at wider biSndt,;idths if the. received

.ignat htld a spectrDl bandwidth narrower than the Mrroueat

, receiver bandwidth. With the equipment used hwever, thin.

would not be the case since with narr�er receiver b�n��-ie,th8.

there is a correaponding reductio!l in the c.spture range of the



Figure. 3.0 Tracing of frequ�ncy record during a period of

high level enhancement eh",.,ing typical
transmitter frequincy characteristic
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detector. Consequently, 1ilOSt of �he continuous recorde

obts:4;r'le.d ,we�e of little interest except w.hen the l"eceived
. :

I

sigp.al f��qugey wal within the capture �ange of the' detector

during tllli inte.reating event.

Perb;apa the best expression of the result$ can be

obtBi�·o by ccmmenting on the different fonmrd-suttared
I

signal ,�mplitu�� ��t.8 eru:�n�ered.
.

I
1) ,Enha,neementi!,,� A or'S t.y'p,a; . ch..n·rlict�rized by an abs,ence.

ct! meteor 'spikes' Iolr..d,a signal level 30 - 60 db. g�eater than

the background nQise with l<1'w ""m:plitude, slow fading.
I

During these p,edoda, the 31.gnal could be 'loclte�-on on all

receiver Iban�wi(ithl! although sometimes, aOtll<a difficult� ,�a.. &'Hj
,

"'.��'. II' ':'0/" ... I
in using Ithe narrowest 'bandwidths (five or ten c/s)'� aa'Pid

, I

i.·� ..."/
•

't ...

fr4equen.qr e.xcu.rsicn,i'/J of the,order of 100 c/.".�hich 1$.'tJ��1

I

were too ifsst, .to be. reproduced on the�moving· chart records.

Th;ese �(mrsi.GllB were ,noticed tQ be particularly frequent. du·ring

times �i\e.D diffieul ty \oras experienced in loeklng..:on the narrcv

band'-..ddths. 8nd I1re undou'btedly the reason for the difficulty.

It. tiPi<ial frequency record of this type is reproducedlin
Figure '3.1 'along with····the corrcl')ponding atllpU,tud'e recora!. I As

I

well. plotted on the .sama record ia the trnee obtained tvh� •

. ,
I

liZI'al generator \:Sa connected to the receiver input. The
1 .

am.plitude of the signal generator output was roughly the same

a. tha.t of the received forward-scattered sigllal.

I



Figure 3.1 Tracings of frequency an� amplitude records

duttng a period of high level enhancement,
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2) En'hhn.cement - S or AS type.; Il lower level enhFlnce'Jlent

than thai described ebeve but charocterhed by a 811' d'e.� fading.

Thh t� of eignal could -be locked-on on all bandwidths.

'the"f:r.�onel' aoo .",pUt"�. records "f a typicd e""",ble o� tMs
;

type of �ignal are shown in Figure 3.2. I

3) !-jo EmMnce.oell� - the reeeive� sign&l cc:>nshtI' GOlll!)"
of

�..... a:
'

..... ..".>t_-w;....

meteor 'spikea' with: no-or vel")" little incrense in th

lar/CIIof the b�c�ground noUe.

This signal could be locked-on on the. very Mrrowest

1bandvlidt�s (five or ten cIa). CQuld be detect�d en thrl. b$n,�ddth
.

. r
of 40 cIs, but could not bs d�tected at all or very e tatieally

. .

l I
en the bl(ndwidth of 100 ./_. 'l'be ."'plitu4e .l1li

frequl"el' reCOrdS
of a typical example of this type of propagation are ,ho;.m in

Figure 3.,3 .•

4) A'b'tlO!?tio� - the d�l recei.ved eppesrs to hi the same';·

,

'. I I
aa the al)ove type except thst it 1a lCi'<1cr in: amt>1itud.e. nrere
is a dec)U�li'<l in the b.ackgrouM noise �evel and the nlter and

atl1plitudei of meteor 'spikes.' is le&B than normal.
s

This t� of signal could only be locked-on on r na�rowest
bandt<;idthis (five or ten c/:;) but not at all on the otters rcapt
during '\I beteor 'spike'. Figure 3.4 shows the 'frequency and

I .

I
this type. From mateor counts

it is posdble eo e.tu.otl that
I

the Signall amplitude. is more th.atf 10 ab. belw it! 'norl ieve1
under c0nlditiona of no enllancement. This represents at decrease

'�

amplitud� record� of an event of
I

on the ni'ghts of .July 10 tmd 11,



pi re 3.2 Trlicings of freqt:lency and amplitude records

'during B. period of lew level enhancement

I
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Figure 3.3 Tr�cing of frequency snd amplitude recorda
during a parLod of no enhancement
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Figure 3.4 Tracings of frequency and amplitude records
during a period of absorption
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in the input signal-to-noise ra'io of at least 6 db.

35.
,

In 8!1l of the above results. a signal "faa considered

to be locked-on if the full tranBnlitter f'\requency deviatiol) .

could be seen. If the pre.sence of a signal could be. detecJed.

e&tegories and plotted against the number of hours in that

category for the various bandwidths. Due to the dgOUrou.!
selectionl,. record�l of only 249 hours were used and these aje.hewn in Fisure 3.5 and Table. I.

I

For several days. an attenuator was connected betwee.n I ....

the

anten�a .

and the receiver and set to 10 db. atten�tfon.1
ru. atten'UStf.on can be considered to have lQWered the· inpUt

•
-

I
·.igrual-t<»-noise. ratio by at least 6 db. during periods of

,0
enllancement. It made no noticeable difference in the ease

;''''"

but the full deviation was not noticed. the signal vss

corisidere6 to be detected.

The frequency records tor the months of July and August

Iwere enndned and those houn for which the signal was

de�ected or locked-on for at least a contin\lOUB hour were

eounted. The ampU tude r�corda frq,n the F-3 receiver I

(WhiC1h
had It bandwidth of 1 kc/s) \le.re also examined for these 8·mrl�

periods and an estimate of the eignal-to-noise ratios ttere

'mad�. nibse aignal-to-noise ratios were. divided into tour

with�which the signal could be locked-on on the mt.rrower

I
bandwidths during these periods.

During one of theae afternoons when there �8 no



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

Pig\\re 3.5 The vatues in Table I shown graphically

I
.

I
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eth'Uan(!en1enf. the attenuator ":S8 varied to find the maximum

value of attf!nuation which could be inserted before no si. 1

could be <leteQted on the various band�tidtl>.8. This exp¢riment

Was necessarily rough since there are sl\1ays slow frequency

vjlria�loM Imd it ves blposdble to teU whether iI specific

observed movement on the 'frequ�ncy' meter was clue. to t"Uch a

variation or whether the sigr.al bad just been 'lost'. At fill'
rllte�> it s!emaed that .there -·"15.f$ no differenc.e in the .amount if'.
attenuation which could 00 sdde� for the tvo Mrrower band�Jdthl
and tl'-.at this amount of at tenuation was about five db.' more than'

could 'be �ddced ·for· a �n�'l)lfidth ·of. 100 cis. Although th-eae values
.

i 1 i
.

1
. I

are not prec sa there was c:le..q_r Of an mprovement n the

S:('Si/& .

•ensitivity at the narrow bandwidtbs over the sensitivity oitained

with the �andwidth of 40 cIa.

The firequency ex<!uI'sio.ns of the reeeive4 signal can be

cUvid� i"t�,\two broad eat�gor1esl those VhiCh.appeere� on

lhaeM"t't I'e-c�rd 'and those which only l\este.d milliseconds. Bot

t7l>"" oc""rr�d onlll' rately and not l>1leh can be said al><rdt t+
lett.r type sinee they were only noticed occasionally .nd ni
effort l.m·�i{made to ey-tlmine them any further. The slow fre�ency
excursions I (which lasted up to lIU

.•
m:tes) 'were only recorded 11 roundthe period of .1uly 12-14�i: C--enerelly. these excursions Iwere evenly

I.

diatrlbuted between those that· caused a frequency increaoe -and

those Whic� cauaed a decrease. Their magnitude seemed' to l,e.
roughly Ggussian distribution (as'well 8S can be determined on 80



Severe 1 of the$� frequency' excurs�on8

in Figure 3.1.

S8�

......J.n
The results mey be ,c\.!!nIIl.adzed 8S follows; it was PO'Hiirl.�·

to detect 11 signal on the narrowest bandwidths exce.pt on rEi e

eeeaaLons ; These rare occasions occurred solely during

e:ntulllcemc�t and not during Bl1 enhancement e , end it was

po8d'ble to l.o,ck'"'�n with th� 'brood 1;>sndwidths. During tb�
I

••..

.

•
.' I

periods \-'hen the lltgnal level wac'ilCM, the llllttow bandw1dthr
prov.1ded a better Ilnd more coneeane output tl'.an did the larger

bBndld.dtna.



I. 39"

IV. D t S c U SSt 0 N

I

1he re.ceivl'a.r slgn31 and noii'l.e bandwidths are not tha. e

receiver':fbf\ndwidth about a <ii&crete signal in white noise will

"not nece��frily increaata th.e output signal-1:o-nolse ratio 1J
the same proportion. This eff'i!!Ct t however. is only 81gttifilant
for th;e"twp narrOlJest bandwidths used; five and ten e/a.

I

I
Althpugn tp.e bantbddth is bere reduc� by a faetor of· two. the

maxi�tml, PO,,'�.
sibl�

1,
ncreaae of

th,,;e signd_to"_n,
0184 ratio

i,
S

0ll,Yabout l ..a.,
I

At al� tim.�s that the ·recatv�r was being operated manu. lly.

it �as posfSible to detect a signnl when using the narrowest

receiver b�ndwidthfJ of five and ten cIs. even at tiees when no

signal could be, detected on the other bandwidths. This bup iea

Figur;e 3.51 confima this inference. The proportion of. time

that the .alignsl �18= detect.ed on the receiver band:wiath of 110
cIs i� 1;;:8 for low'smplitude signals than for the other bS1dwt'dthS
Uf!l�. From thiS graph, it is posatble to say that, a bandwilth
of <40 e../e lis suffi·cient to 131waya detect a signal during times

of 1\0 ",o.aneelSent. Il<>Wever. the actual frequent:}' records 4trl.nS
::-::et::J:'::r·��-:::! ::':°t::: :::�:::lt:i::::�::_::I::
ratio on the narrcwer bondwidthsd.!! higher. This implies tht.

the received si�l epeetJ;sl sprend is less than 40 cIs but that

1

used; 40 cIs.

I
. I



the tranmaitte.r power i8 sufficiently high

. I
4().

to.permit detect10n

between the antenna and the rece.iver nt�de. no appreciable.

di.fference in the ability to detect a signal on the narrOW
i

"i�re. 3.5 a180 .t.e.mts to show another characteristic 0

the stgna1 (luring ·ertl',;;alie�ents that 1;;"tl8 noticed before; tha

excut"$iOMl too fast for the det�ctor to tollow.

1

was detected during enhaneem�nt8 on the Mrr�1-er bs:ndlddths

From these fects, it. is poasible to state generally t.

in the al:u3�'nca of high level enl".aneun.e.nts. the lIi.gnat speet

spread is s�ller than. 40 cIs and is probably about 10-20

I>uri:ng high level a.1'L.'ulnc��nt8, the spectral spre£ld

known but whatever it is, there ere sometimes grOBs

.h.i.fts prese.nt at a rate �enter than ten e/s.

There seems to be little doubt that during periods Cif

absorpdon , if the present observations are typical, the ·sp ctral

spresd is a'bout ten cIa.

It is; not. i;nconeeiva'bl'e that' the slr7!."1 frequency excurs ees

enhaneenu:mt, conditions are partic.\:S1.arly favorable tor the

reeepd.on of s!�ls frail dis.tant tranamittera. However, 11\ at of



�1.

tbe.sa e..'I(cursions were notic� in a .period which was the occ sion

Mcli&lwra (loe. cit.) often Saltl 'flat t spectra and sugZ $ted

ot;·twc. msgnitu4e 3 .' solar flares and the ionosphere was und

dhtutcbed.

. that, they �y .be �u� to a large gross dopple� frequency sM, t
.. -:., _,- .

of the e.ignal with & long frequency tail which extende.d tnt the.

bandpass ot the receiver. Some of the frequency excursions las,ted

up to several Minutes end m,ay haveproouce.dspeetra of this type.

011' the �sis of the seventy-odd instances of frequency

whicb appeared on the recolll�s. it is possible to e8tim�te t t

their average.,.(rt:le) �gnitude "las sbout 20 cIs. nccauJJe of the

cos, factor, tl'd.s iwpUes a velocity of about 250 m./s. A
.

,.�.-., :,,:
.

with a doppler shift correapo!\ding to this velocity would

certeiAly hmve been"tithin the bandpass of Nc!�Wlr8's rece!

Of the very Eeo:", rea�ly Itlt'ge frequency excursions Seen (60- 0 cIa),

Althougb.,.'.!�Na!ll8r� did find rr.any instances of wia� band ldths

in hie pulse-IS. radnr<echoos corresponding to high t"GlS scattc ar

velocities, ,lla often found echo bandwidths corre.sponding to an

me velocity of about 50 m/'s. For this value. acoording to Appendix

II the forward"'ac,"tter spectral apr�..ad would l;>e ten cIs or ' ess ,

.re i.

',inFerut,in,g.. to, not,e.,
that later studies

,made
,.at

th.e. l�ritute.
of Upper 4\tmosph.eric:: Physics. UniVersity of SfJskatchc'mln, '1

G.

Lyon (private cOmmuru.�tion) show lin extrEmlely good c::orrelation

between times of forward-sutter enMncement and the cccuer nee of



pulsed radar echoes at nearly the SDme frequency. It is not

unreasonable to .�pp08e that the extremely high velocities fo

by HcNamara occur only during times of forw8rd-sc&tt�r enhanc cnt.

Thb hypothesis is supported by the large velocities deduced frqn

the msgni tude of the frequency excursions recorded during one f

these enhancements.

A possible e¥plsnation for the 'flat' spectra seen by

Bowles (Lce , cit.) end Hc!�amar8 is that there ere several freq ancy

peaks separated from each other in frequency because of differe t

gross velocities of bodies of scatterers in different regions f

eratthe scattering volume. If the relative importance of

peaks changed fran time to time. this would also be II

e)..-planation for the observed slow frequency variations of the

received signal.

In Table II, 8 cexnparison is made of the received signal

a.mplitudes observed by Bailey et al (1955) on their VHF link

between Churchcil1, t:!anitoba and Fargo, North Dakota, and this

experiment. The value cited for the 'aignal-to-noise. ratio

exceeded 99.9% of the time' for this experiment wss that obtai ed

during 8 period of absorption. It is only estimated; the si 1

eould be detected but not we.ll (see Figure 3.4).

Since the amplitudes received in both experiments are

comparable and since BaUey d 81 used more directive antennae
I

it seem� likely that scattering takes place over a relatively

nall vol'U!lle. 8ecause of this directional effect, it does not

,

seem likely that meteor trails are the major scattering booies



Item.

Transmitter power 50 y. + 28 db.

Ant�nnae gain 36 db

Path length 1243 m.

2ll· db. + 12 db.

940 km. - 2 db.

Bandwidth 2 kc/s 10 cIa - 23 db.

SIN ratio exceeded
99.9% of the tim.e

15 db,

TOTAL • 3 r'
===============-=-=-===.=.=-�=.====='=··==��=-=--==_===II=.=.===================

'fABLE II. Ccmparison of Results of Bailey et a1 (1955)
and This Ey.p�rilUent at Comparable Latitudes

SIN ratio f(db.) 7 13 173 10o

Error Proo.abiUty 25% 17$ 7.5% 4.5% 2.3% 1.7$ O.5� 0.3%

TABLE 'Ill. CO\'P.pnrhon of SIN Ratio and Probability of

Brr�r For a Binary Coded, Narrow Bandwidth

Ireque.ncy;}loCulated Cooml.'Unications System
,in ��'hlch the Carrier is Subject to Rayleigh
Fading



The inhomogeneities which. do cause s�attering may h.owever be 1 rgely.

The evidence of 8 $rui1l scattering volume tends to suppo

the assumptions made in Appendix I. From Appendix I, a

signa} boilnqwidth of less .than about 10 cIs (as was found in

eondltions of no enhancement or absorption) impliea an rma

velocity'of 8catterers of less than about 50 mls. It!118Y be t

in auroral latitudes, during 'quiet' periods, the ionosphere i flo

It is �nt(!res:ting .to speculate that the inh<:mogeneitit!s a e

.tratifie<l ill hdght. This "0014 explain both the _11 ....ttllringvol\Jll;�:� 4nd elso would result in a fo·rward-scattered signal of

I
ery

narro-w bandwidth even if the ImS velocity of the scstterers we

more/turbulent than at lower latitudeil.

very high.

Assl."r.aing that s.cme type of frequency modulation 'Would be sed

in a low power VHF forward-scatter comm�micationl system, the ype

of d�tector ueed in this experiment see!:lS to be idea 1. It pr ides

8 Mrrow btmg'tori.dth \ihieh 'Will 'follow' the transmitter frequen v .

OVer fr:equel,ley vadations much vider than the bandwidth provid Id
these variations are at a frequency which is inside the deteet r

signal bandwidth.

It is p�iii'l8i.ble to evaluate the."perfo-rmanea of a ett\'ImUuiea - ions -

link of this type. Montgomery (l95�) has eslculated

eignsl-to-noise ratio on the probability of error in a binacy oded ,

narrow bandwidth,. frequ�mey modulated- eommunications system in the

presence of Rayleigh fading of the carrier. 'the results of th se



OVer a 1000 km. communi fions
link 'through the auroral zone, using a 100 'Ultt transuli.tter a d 18
receiver with a ban�idth o·f 10 cIs, and antennae"similar to

. h�se
used in this experiment, the received signal-to-noise rat1o'W uld

I

would have to be at a different· level i;.,r,Qm, the other 1>its an4 thl
system would not truly be binary. The number of different leveis\

I
j\lhi�h can be distinguished is also a function of the signal-to- ohe

0·£ 1,-,·-;··,e:"·.... ·W·i 1'1' bel.ratio. Shannon (1949) �_as sh.own that the nu::nber ...�",\1oQo

I

.ligq�ly higher-i�'han / I ... Shit Taking into account the slower I
information rate ceapared �o the theoretical tllll:dmum, it a,ppe",r I

45.

calculations are shown in Table III.

be 7 db. or more 99.910 of the time. The error probability of

binary bit would thus be about 8%. The tbeoretical capacity

the channel 'Would be 20 bits/sec.; in practice, it is difficu t Ito
I

e.chieve ,half this rate. It 't:O".lld be a·afe to assu:ne an opernti gj
I

eapse<ity/of 5 bits/sec. Thh ccrrespends to an English lang\lB<!.el
I

I
letter average word, s five bit letter, end a oneblt space ma,kl
between let te rs • Because of j the M tura 1 redundancy of the Eng i�,h

•

j

language, an error rate of a% would pr?bably not be t,OQ large I
"

I
for satisfactory c<r..ml\.\nications. Also. the use of an

infOrmBt10r.rate only one-quarter th.9t of the c.,"1snnelts theoretical fi..J.6x1md \

text info1:'llretion ret'e of about 10 'Woros/min •• assuming 11 five

will tend to reduce the inci4ence of errors.

In thh eVDluation of the'systemi it WBS assumed that ''one

bit would suffice to ta..ark D. space between lette.rs. 1'0 do so. t

that the use of three levels will just be possible.

This evaluation wan made on the besis of the lcwest sienal



amplitude .een during two months of observation. Most of the icia

I
•

the: eignal-to-noise ratio would be considerably higher.

In 8u��a com:nunications system, it wou1db8 necessary �o 1keprovidon for the disruptions caused by acme enMncements. Fo
I
1

, I
thh purpose, an auxiliary low power AM or wide band PM trBrurpl Uer

I
(whiC!h could be: the $ame transmitter as usnd in tlte narrow ban

W�I!dthaystem) and, e conventional receiver would be sufficient due to

the extr�ely high recebred power lavele which would be preSel\ • I
The receivet' could be the one used in the narrow bandwidth 8)'a 'i;:d
ain.e _ pl!i'.....lbek deteetGr eonneceed to Bny receiver with I
.tbi�radly 'Wide bandwidth ,'till pt'Q'llides 8: narrow bandwi<lth.

There is no doubt that this experiment would have yielded

considerably more information. if the frequeneiea employed had

.table to temperature change.' The statistical results obtaine.

of transistors, it might be buried and a buried oscillator eeu

, ,

are not reliable and cen give only en indieation of the signal

behavior. Since the pluua.-lo(k detector was constructed wboll

be \lsed at the transmitter •

. 1. .ore aecurate detertaination of the output aignal-to-noise I

ratio could be obtained with a tranS111itter which is frequency I
.odulate<1 over .. Mrrow bandwidth at SOlle modub'tion frequency

lower than the Mrrcwest receiver bsndwidtl\. t41th the. \liSe ee

suitable Mgh"�"!1 tilters at the puse-lock detectot' output, th..

output sign&l-to-noise t'4t10 could then be determined directly.
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v. S U l1 MAR Y

Ouring periods of high level enhancement, the signal

I

I

11

I
1)-.ud.ng peric(l� of abfJorption, no �nhancenlent

<�nhaneflJnent. tht'3 ·forward-scattered VHF signal frem. Port

It.w.T. to Saskat.oon. Sask•• had spectral 'bandwidths not

than about 10 e/«,

1"1
l
-I

wtllth. wa.s not �!;etermin'i?d but there was some evidence '.to BUgs t I
• wi,f!er bandwidth than n.v�ntiO!led above. As well. gros,s frequ nf
.hitt' of the o1.�der of 30 e/» Y"ere observed in the received

I
I

The.se frequJerU!1 sh fu
• I,

lasted fran milliaecol''':}s up to minutes and oceurred rarely.

e:o:tt'f:ll),,:? reliability for use in eurorsl latitudes ap�a1"s to b

I
I



48

APPENDIX 1

'the follMt}'g aSSUlnpt1.ons were made to fac:Uitate ,the.

caleulatf.,on of the. spectral distribution of the received eigNl

1) The inh�geneitieQ�r cauSing .scatterIng are moving· rand

with a Gaus8ian�,;yelocitT distribution.

a) The entire volume in which seattering takes place is

.wenty''Illuminated 1>)" the t ransmi tter •
I

3) 'rhe decr�,se. in a1p$1 strength due to longer path len tl;\s
I

off to the. .ide of' the tr&r.mnitter-rece,iver path t. neglected.

,4) Th:e. scattering b.odies &�ttet:' isott;'opieally.

5) $,eatte.ring tiil.'ke:s place ,only en a line 10,0 l<n\. abcve th

earth which biseets the Fo'rt Sinith. - Saskatoon path.

6) All points beyond about +i�Oo from the. direction to the
-

tranmaitter as Geen frm the ,eceiver eite on the ab�/e line

• negligible contribution to Iha received sipal.

A....... tho following ve1itT di�tr1butl"":f ...,2 11) N(�)dr
:l

2 [2" Vo eXPl2voZ J
I

Wherei Yo • .,... ",,100ft)'

'!.'he received signal doppler shift frau any scattering body i�
�';�n 'bi:

-

,

'I I
2) f • f \ (l + 2v eos ') �,

-

Sillee the ai_f' receivedrfr� th: individual sCI)ttere.. " 11

'be of nndaa ph's.se. the rel3'UltJnt recei.ved power may be e'b\id.ned .�"

", ,I I
adding tha,individual contribu,ions .resulting in (Ratcliffe, I S�:

-
I
1

1

I
l.



3) W(f)df •

where '+ : ........._1__
,

IW(f)df
o

I

Assuming an antetma gain pattern G(�)t then the contribut on

from any element d� will be:

4) W(f)dfd, "II A, e.xp
cosJ

where J.; II:

4 J 2.,; v0 �G(�)d.s
5)

can he integrated dil'ectly over' if:
I-

O{J1> a 1cslnfJ
.. r""-eo,2_

Equa t1on 4)

I

Figura 5.0 compares the actual G{�) obtained � �he baais of

8uumptions 3, 5 and 6, and a five-element Yegi receiving ant n18,
with the equation 5). It �y be- seen that at lesst over the nge

of • shown, the spproximation is "adequate. Integrating 4)

6) W(f)df .1;:'2Ao" exp {-c,
2

}]SlC2 coa2, g2

�ere C � - X(f - fol2
-

8Vocos2�
'1 • , dJrect 117 over the transmitter-rece ver

patti

'2 • semi limiting � as stated in essumpt o� 6.

Evaluating this integra, by means of the values in Table I I

pr<Xiuces:



Table IV

Figure. S.O

-. . IThe relationship between.' the relative antenna gain
and S. the scattering h811If-angle. \-> • the antenna

beam angle end k sin )J
2 t1

'O� P

r
A grdph shOW1.ng the actual relative antenna gain
as a function of 't the scattering half-angle
and k sin e

coa2 ,

)
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produces finally: I
W(f)df\ a -12B {erpC-17C2) - ezp <-2.3c2)}d:,r
where B III lk

7)

trequeflt�y of I�O lllC/S:

This function is plotted', n.Figure 5.1. The half power p 1nt

occurs at about C II 0.28. Thus. for the received signal at a

8) A f • 0.22
vo

where �f. half p��er band��dth

The> extent to which this result represents the physical

.�tuaticn will dep�nd upon th,
vs lidity of the IUI5UUl.ptions.

Assumptions 2. 3 and 4 tend t . make the 'bandwidth bJ"oade.r than

it is likely to be in realitYi assumption 6. however. will t

to m.oke it nsrr�r. Assumption 5 will probably affect the

ban.dwidth slightly but it$' main effect will be on the received

pcw.er magnitude. From

th�$ i1
seems likely that the. e.xpressi

predicts bandwidths which' are rqual to,
or greater than, those.

to be expected in the eX'p�ri;<;t�tal situation.

I

.
"

51.
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Figure 5.1 A graph shooing the received signal pO"wer spectrum
on the basia of the ca1lculationa in Appendix I.

)
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"lPBNDU 11*

I

A 8ervo'block diagram o! the phase-locked oscillator is

ahown in Figure 6.0.
' jThe frequency nolae con dbuted by the source 18 reprefJe

111111; intemsl 1l9�$e c"','tr1,uted by phase detector circuit

represented by N2• The lIS r�� represents the 1ntcgraUcn c

frequency difference to PhaSj difference 'Which occurs 1n the

detector. The gain of th& PfBe detector i8 represented, by

volt.(�r r&iI�.n�' n'�fr.qu1ney""b_eterbtl,•.ot tbe I_po •

filte�; is indieate.d b'1 F(8), alld the, gain of the voltage lens

I
capaetiqance .in the oScillat1t' 1s represented by K2 radians p r

.,8eccna per volt • .n. includes both the detuning of the oecill tor
"'J""" ,< ,.

'

',' I '
and frequency noise in its output. '

For a U.n�r reactance JodUlator and a linUlr pha80 dote or

operating over •• range of '1\ jradians, ,the lock range, woul<! e 1

I
11' K1K2' radians per second. For any given lock range, it 1s b t

to have a large K1 ,me • sma' 1 K2 to reduce the effe�t of

internal noise.

,F1SUie 6.1 '��8 a plot of the open-loop gain of the 'Y8 em

i_n decibels versus logarithmiC frequency. Because of the lIS'

int-egration term, the loop g,in decreases with frequency.at,. rate

of ees, per octave, inter•.

el'ting
the unity ga'p lin� at. a

frequenc;,Lot Vc m �lt2' '!'he I_pas. fUt•• h· •• ''''!led -to be.

__
*Thts appendix is 8 precia,lof }lcAleer'. t� (1959). M:cAle r',

paper is largely a summary o� previous 'lnJ9th�tical work don� on,_
the subject .and 1s put in a ntore practical fOi7Q than these ot er

papera.



Figure 6.0

I.

Figure 6.1

Figure 6.2

I
A servo block diagram of the phase-lock detee�pr

I
The frequency characteristic of the phase-loci

',

detector 'With a I,M-pres filter

Circuit (U;agr�m of a lag netuork

(
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5 •

• i_pIe RC 8elction with. e t-off frequency 'of wf (shcr..tn greater
I

th4n Ve). I /
.

.

.
. I!

The lccllt range is equ11 to 1'( Kl�,�e eapture!�ge -:�".t1t----
equal to tli:e l�;.._����e. em! the cut-off frequency we is e 1

c--�.-'--.-.-.--_.�_."- ... _

'< ...-

\ I
to 't�. With a 8imple RC filter reducing we ' the,lle8pture
range is reduced by approx1r�telY the same factor.. IW1th 81l

optbdze4 'lag' networ� redrCing wei the capture ra;ge
18 lre ueed

by approxiJl.'!ately the square root of the b..md-'.ddth r�duetiou. .

il

!l181t�is. of the Low...Pess Filter Effect

In,Fli;gure 6.0, let the transmission of the low..!pas8. f1.1 er be:

F(S) ;: 1 + 129

1 + tIs
I

This correspoll(1s to the use,; of a lag network BhF"..m in F

6.2, where: I
tl • (R.l + R no • the time conatant o� the I.e brea�f'"

t2 • �C • 4e .tim" constant of the l:"'d br..

the transfer function of the'system can be cal�lated t 'be:

W2(8) Il .1 K(l_+ tz,!.)
;'lUi tl [r

+ o(1/tl • Kt2/til + <fltl>]
where I: &\ K1102 11

d _I
.

i
I 0

•

1 f
. . 2 2lpil ,..The en�nator 8 of tlle genera. ora "

. + .) '(ns + \in" wuet'e

Wn ·"the natural resonant f'requency IlilJiltl
'f • the datnplng ratio • 1 + !tt2

2wntl



The noise bandwidth of the systeta can be shown to be:

2
Fn. � It � + Ktl

where 2" .1,::Ktl
Por the minimum noise [.ndwidth. 1t ean be shown that

the foll'1"111;! oondit1"". Sh�Uld be •• tief�od'

)' · !Ji + �K/wn)2'
2

or. in terllts of .ttJ(. •

I

,J. • 1 + J .11 + Ittl

These e(l�ti.ons may be manipulated to show that, in a
-"'; .... ',. ,

'

�- v:

.ystem with min:Lmum noise bandwidth and for the usual ease

l >(1/tl). the resonant frerency "n = Kltl equall' wo.
open-loop crossover frequ�niY.
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