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Introduction '

Iram the olascical work ol Rayleigh, we kmow that a statlionary wvave process -
in acoustic and electromagnetic wave guides may dbe regardisd as a superposition
of trains of various natural wavee, each with 1ts own phase velocity and fromtal
amplitude distribution.

8ince, starting with Stura ], algebraic expressions in the form of chaina
and petworks ﬂ consisting of discrete elements bave furnished one of tho main
mothods uf svalying *khe distridution syatems, it is natural to uee them ju .o-
search on wave guides.”

The firet experimsntal offarts along this line were made by Awerirans /5]
*ut, in our opinion, without thecretical consideretisn or discovery of natural
waves, :

Vo decided to use as modsls of wave guides the so-called chain 2N-palar
filters with compartments having N-inlets and B-outlots, which male generalized
netwark modsls.

The theory of wvave processes in chain multipolar filters was introdnced by
P. E. Krasnushkin in 1943, The purpose of thie article is to confirm his theo-
retical conclusions, especially with reference to the wxistence of different
types of waves, the ptonamenon of disperesion, looking, tand filtration, spece-
pulsating pheacmena and other effects descrided below, '

Theoretically, a symeetrical 2 (N4-1)-polar filter aimits the existence of
N different types of waves, being algetraic expressions for the first N types
of nataral waves ii & wave guide.
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S As the sapiest system attainable by experiment we choss a chain f-polar fil-
o . ter {Figure 1), which would imitate the properties of the first two wave types of
i [ an accustic wvave guide.

A, Main Aspects of the Theory

The equations describing stationary wave mocessee in such & multipolar £11-

ter are:
Lvi CGhk—1)—v, (K J—p1 () —v, (k+1)]=1, C/%*ﬁ; i : Va
: [\é_(k"’)“‘ V_;_U{)]'—E/z (k)—Vz (k"l'*i)]:Lg_Cg_%tx%-thj-ya"ﬁ‘T"Vl.(l)

The gemeral solution of these equations gives two diffurent natural waves:
= Ae’ MO Bt lutgin) o C eHlut+aun) 4o Db —ari
va==k, Aeilwt+an) +k, Bellwt-gm) . ko Cellwt+amak, Dei (W?v"ﬂ.")(z)
=, L, 2...,
which may also be.called normal if we carry out the spacs-time anslogy between
waves and csoilistions of comecied pendulwms (see C) £37 : ’

/]

.In expresaion (2) asch normal wave is dsscribed by two expresasions, as it
can be radiated in two directions.

The ndﬁl ware numbers ky and k» are found according to gensral formmla
(10}, (see ) /37,

&3in* !i...?.» =(Sin-§'~i—$ln%”) *V(’Sin & — S/'n.%:)":;..«nlP A (3)

and Iy and ky are the coefficients of the emplitude distribution of normal waves;
they are found by

ka=(Y"),_ =z Fing —si £ ,{sin 2~ sing” ,‘...«7;,1\'%‘}._(&)

1 o= g,
Here the follozi-nf"notatione are introduced:

£ 4
Z Ly sip @i N YR L L
llaz.”_; ZET':/ 5/ﬂ_£_L/C/LJ1 Zﬁs,”iﬂ—L‘C‘mz_l_j'

If the above system be considered as two chainas ar;'anged in paraliel and
, consisting of the usual. four-polar filtere interaciing on each other through the .
N 1nd.nofgnco Iy, then y)'an'd p*w be called wave nunbers of parallel systems >
(see B) [37.

The system obtained from our chains of mltipolar filters by grounding one
of them is a parallel system in this case. This definition of a parallel system
permits a ccncept of coupling of the systems by analogy with Manlel'shtan's co-
officient of conpli.

3————4—-";4'—&_—_
r
Lo¥sin®’ @72 (5)
n.l. .
7 —sing’)
. The coupling M ia determined by the disturbance ~f the wvave numbers. When
4 M is emall, the systems do not interact; vhen it 1s great, @ =¢;' then they
e interact even with a very weak conmection ).
-~ Assigning tho amplitude distribution in the firet campartesnt (n=0), 1n
accordance vineh the ratios ’
va 4 .
V—,-k, or ‘T,f""k;_ L] (€)
-2 -
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ve excite, respectively, waves of the first and secord type, which are distin-

guished by the dependence of wave mmbers 4;?, and @; on frequency and forms of -

amplitude distribution. In accordance with (4), in a wave of the firat type

both slements of the compartment oucillate in phase; and in the second wave type, '

in anfiphase; hence we shall call them "symphese” and "antiphasé.” ‘The phase N
velooity of propagation 1s lese in symphase than in antirhase waves. )

If we take a symmetrical Pilter with pa.rmters"cl =0Cp and Iy == Ip, these
wave types will appear as algetraic expressions of the first and sscond wave of
an acoustic wave guide.

B, E_xp_.erimgntal Installation

Figure 2 [photograph not reproduced/ ehows the multipolar filter, made of
honeycomb induction coils and varisbdle condensers, adjusted with a precision
correct to 0,5 psrcent. It wvas used in this experiment.

A constant electramotive force wes maintained &t the input of the chain by
: moane of 2 push-pull generator, connected with the filter on the same principle 2
i 83 a steplown antotransformer. A double-track generator outlet was used to sx- '
g cite antirbase waves. .

... A basic experimental diffioulty consisted in attaining rmoning vave in & it
real ten-link: chain in & wide-frequency ramge siumltanecusly for both wvave types. :
-This was doms by applying voltage vy and v, foom & high-frequendy generator to
the first sompartment (n= 0}, in adcordanSe with ratio (6), and the capscities
“‘of the following 5 or ‘6 filter 1inks were shunted by a series of resistances,
decreasing monotenically irom hundreds of thousands to hundréds of olms at the
free terminal of the chain., (Fignre 3). This "wodge" of resistances resesbles
6 wedivk ¥ith an attemmation witk smoothly varying properties, dus tc which there
N is no reflewctiion and the wvave ia campletely abmorbed., Its effest is cimilar %o
S the oflect of a wedge applied in prasti’al wave guides. With the help of this
" weldge a run of the arder of 95 to 97 percent waa obtained in a wide freguenoy
. range for both wave types and the existencs of running symphase and antiphase
wvaves was corroborated through the phase and amplitude distribution alomg the
chains,

Figure 4 shows the phase distribution elong the filter links for a rurning
wave recorded by an oecillograph for a fixed frequency @), and the amplitude
. distridution of voltages measured in the links of the filter by a VEB-type cath-
! ode wcltameter. Measures were taken for a filter with parameters N=3Ip= 1&5,«3;
Ci=Co== 1654 ¥; L,=300uH. .

" : : ot lee pest wocondy T 4

. ) . 7:‘. . “‘ _10; _—rw
B As may be seen from Figurs 4, the change in phase of a wave in moving 8long

the filter, as determined oscillographically from Lissajous' figures, may serve
a5 a rough measurs of the dependence of phase velocity nn freguency.

C. Dispersion of Rormml Waves. Locking Phenamencn

In studying the dispersic> that is, the dependence of tf on w , the ver-
tical wave method gave more exact measurements than the Lissajoue-figure asthod,

) To receive vertictl wavey the multipolar filter was loaded witl. reactive
resistances.

The experiment was conducted in the following vay. The gsnerator freqaency *
wag varisd until the coupling vas adjusted to resonance as registered by a cath- -
ode voltamecer conrected with any filtsr.

-3 -
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If the terminals of the links were loaded with considerably lers resistance ‘
than the wave resisiance, when thers was rescnance in its lsngth, an integral nwm~
ber of half-waves wes piled up.

- was determined by plotiing the curves of Yoltage distributicn {n he
link for rescmance frequencies against intermedal distance. From these data a
graph of @ (w) vas made., As nay be asen from Figure 5, the resulte ohtained in
& filter with the belovw-mentioned parameters corroborated the theoretical calsu-
lations given by formula (3), - - -

Tharks to the discreteness of the chain, both types of waves had threshold
frequoncies of w fhrescm , 2 &0d wo thres A=4/4 , 2, above vhioh no wave pro-
cess exists. Yic VLC Lc

bresk in its propegation &t frequencies lower than the critical .. =
Ui, 1s. 8 epocific chapracteristic of the antiphase wave, This phendamsncn .
1s apslogous to the effsct of "locking" i» vave guldes [3] and in sconetic tubes

© 30y wave Uype Ii. Tnis pronomenon does not occur in symphage waves. ‘

T D, Spmce Puleatiouns
; : Another interesting fact which requires sXperimental o>t was the appear-
ance of space pulsations, If both typea of running vaves are excited, as & re-
‘sult of tueir superposition and thanke to the differsmoe in phase valocity, apace
' pulsations are generated anulogonsly to the time pulsations of two comnected

In fact, on the basis of formula (2), provided that ¢’= Sa" » 1t follows
fram solution (1) that:
vy==Fcos @nez(wf‘-—am),

V.‘EFJM enei(w‘i'-o‘h)‘ )
where : (1)

La=Vip,] +VIg] *
28=Vial —Vigd *
It my, therefore, bs considered that oms wave travels in a chain, the
energy of vhick svings pericdically #rom ono partial system tc another.

To receive space pulsatiions, one of the capacities of the first oomparteset
n= 0, for instance Cp, 1s grounded and a second cepacity has impfessed & sinus- <
0.dal’ voltage, At the outlev of the mmltipclar filter a vadgy ie placsed to pro- : .
vide & run for both types of vaves . If the coupling between the filters through
the inductance L, tends to vanish, a wave would be propagated only in the first
fractional 4-pole catensry, .

Bevause of the coupling Lo & ewing in the energy was cbserved with the spece
frequenoy cqual to the normml wave frequency ¢,_ —f’ + Palsatiocns wers deter-
mined by plotiing the voltage distridution curves in ‘ho filter,

In the ‘dentical fractional filtsrs Cjme Cp and I1== Igya complete ewing
of energy occwrred.

The table zhows the theorstical and experimental dependence of spaco-pulss.. k
tion oyclos om frequency plotted for a filter of 26 links with the paremsters -
previously givea.

g
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Table of Depcndence of Spece-Pulsation Cycles on Frequency

(A atage is expressed by the number of compartments)

= Stage
Frequency \
in miertz :
(1,000 cycles/aec) Theoretical Experimental
e B , 1.1 9. 10
< 1,2 10 11 .
1.32 ’ 11.5 13 .
1.5 i2 1
1.7 12 14
1.86 10.5 12
1.95 8 _ 10

R, Unsymmetricsl Filters ‘ o v 7

Since the chain, Ij== L, and C,= o, i characterized by a coherence limited
in forde, both waves will occur in %oth systems rith idsntiocal Amplitudés., A
crein in which C)amk=C2 and Lymk 1, is of course more general,

‘Hérs the method of measuring the dependsnce of the coefficients k on fre-
quency consigts of selecting, at a given frequenoy w , &n amplitude distribution
at the input¥i euch that space pilsations vanish in it, In accordance with (),
this relatior 'is equal to the distribution coefficient k. Figure 6, a shows the
zesult of meeswring k (e} for a filter consisting of 10 links with parameters C)=x
100 4p F, Co mm200 MM F, Ljwm 145 M E, Ip==3004 B, Ly==30C M E. Figure 5 gives
tvo frequency arras G -= 1,2 Megacycles per sscond and 1,93 =« 2.7 megasycles per
seccnd; in area I thy symphase vave does not fade, but the antiphawe wave fades, -
and vice versa in aroe II. Consequently, regardless of the sxoitation force in
the chain, odly symphase waves will osouwr in area I azd only antlphase waves in
area II in the cass repreaented by Figurs 6. The experimental oarves @ (w) for
toth waves are shown In b of Figure 6.

‘ fhe case vhen cl is consideradbly greater or less than Co differs from the
case vhere C1z=m= Cp and Ig== i, also in that its coupling coefficient M{(5) has
emall valued and normel wave numbers close to the corresponding fractiooal oues
(shova 1n b of Piguro 6 by the dctted line (see B) [3/. " :r

I L SIS - .y _e oL 4

ver By,solpc'tt‘?e the par=metete of & h.‘.tar and the coupling co . , it 18
posaible to diviae tie frcquency c.es: for spmphass and antiphase waves, meking <
the "locking” irequency for antiphase waves highor than the limited frequoncy of
a symphase wave.

In this case, rogardless of the excitation force, the chain of a wmmltisolar
filter appears to be & band filter for every type of normal wave (ees B} 73/.
This phencmonon was discorered in the ten-compariment filter desoribed atete.

. The measuremenis demonstrated that, in the firequency interval 0080 kilo-

W oyoles per second < symphaso wave ocvurred, an antiphage wave from 1.6 to 2.8

: mogaoyoles per second and that wave processes were absent in the interval from
980 kilosysles pe: sescond to 1.6 megacyoles per second vhich coimcides within
5 peroent with the caloulated data,

We take the opportunity %o express our thanks to Professor P. K. Krasnush-
kin for his guidance ard aid in our work.
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Figure 1. Diegram of a chain filter made of eix poles with
capacitlies C; and C, and inductances Ly, I«,, 1.

Figure 3. ™Wedge" o resistance R >Ry> Ry >Rh>?5
decreasing towards the }roe terminal of the chain.

v ~

L

Y g

Figure 4. Fhase {I, JI, III) and amplitude (IV) atstridution

curves at filter links for a running wave.

. I: v=h10 ktlocycles per second; II: vmihs
kilocycles per second; III: Ve 720 kilocycles
per second,

————
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Figure 5, Curves shovwing the depsndence of no¥mal wave numbers
%, andp, on frequency ¢y for symphase (P (w) -
and antiphase y (u) weves; the experimental curve
413 shown. by unbroken lines, the thecretical by dashes.

Figure 6. "a" is the experimental curve of the dependence of
the coefficients of amplitude dictribution of normal
waves k3 (w) and ko (w) on frequency;

"b* gives curves ¢ () and @4 (w); I 18 the area of
antiphese vave drmping; II is the arsa of symphase
wvave demping.
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