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ABSTRACT 

the possibility,of asking use of 

ferrt*.*netic reaon.flce Sn yttrium tron gsrnet tn destgRing resonators 

for (Tirrowave filters which are electronically tunable o^er aide bsnawidths 

lhe resulta of sorre fcrnmagnetic-r? senator unioaded-^ meaaurements are 

discussed.V The high Q of ferrimsgnetic resonance in single crystal garnets 
at rr i r r«w»¥e\^f squenc iea, plus the wide tuning range obtainable bv varying 

the LÇ /7-fieid\a/« seen to »fke tms effect appear quite attract i<- tor 

use m electronjfcVlly tunable microwave filter spplications. further worK 

remains to be done', however, on the practical circuitry aspects of obtain- 

in* wideband, inicrawaviv coupling to ferrimognetic reaoannce in garnet 

crystals . The important oblew* in the design of ferriffiugnetic resonacor- 

are outlined. 
X 

^ design equations are presented for a number 

of different type, of «icrc.ave, band-pas. filters These types include! 

filters with quarter-wavelength, parallel coupled section» with their 

unterminated conductors epen circuited; the dual of this type of filte 

filter* composed of shunt, quarter-wavelength short circuited stubs sepa¬ 

rated by quarter-wavelength connecting lines; and the dual of this latter 

type of filter aagtiv-..** *- trier*****-** -tfrwf-trf trit mid Wwi 

fre^rnsntyrr ITTiTrereiS nr»t « fitter Of *«y OT55 of these four types 

c**._&*-.**«*«to *%«y of- the «t-h®r thw«« by the wee of dtralUy and by the 

s^g- ce » m i’n ' gqtrn^wrgrr^^ - 
i» " Some additional type, of filters involving both 

quarter wavelength lines and half wavelength lines are grin» treated. 

TV design exthod used represent» a bl\nd between the synthesis ier- 

prescri^d-insertion-loss point and ^ image-tbeory point of view 

Ths nat.«r\of the hendías characÉHariatic is determined fey d^kgt.xn^ from 

a low pass,jumped-eie»«^ prototype V>ich has ®n analogous lew pags trsna 

mission charahteriatic. TKough the design procedure is approximate and 

computationally very »imple, -good ac—y '> strained in designs having 

ll 



¿HNM^rnig« wlawwwHhrrj^ Vappinga »re presented for pre¬ 

dicting the band pass responses of these filters from the responses of 

their low pass prototypes. Response# of typicei filter designs as 

determined with * digitsl computer sre shown, snd prccticsl design con¬ 

sideration? are dis cursed, 
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L‘t;,S!‘JN CSÍTESIÂ FOB NICSOfÄVE FILTERS 
and coupling strictures 

ï iNnwmcnoN 

One of the objectives of this project has been to study possible ways 

for designing microwave filters that are electronically tunable Some 

itudy was made of the us* of ferrites biased by a DC field for tuning of 

cavity resonators. 1,2* This technique appears to be usable at microwave 
fromiwnci** f«»- f,.r4«.; 4». k* 0f in m r»-f «"V mi.tb T*«n 

r.ator unloaded (¿ a of around 500 to 1000. Some study was siso made of the 

vise of variable cepacitanee diodes 3 Ihey appear to have promise for ise- 

quer.ciey- in the I'HI band or below, but the presently «vailable diodes have 

too much loar, at microwave frequencies to be very useful for electronically 

tunable microwave filters An up converting filter technique is presently 

being investigated which utilizes a variable reactance diode along with a 

variable' frequency pump signal which, among other things, reduces the trans 

mission power loss and achieves the tuninw Computations suggest that this 

technique may be useful up to around L baud, but at higher microwave fee 

quencies, the diode losses again become » serious problem 

The use of resonators whose selectivity is derived from ferrimegnetic 

resonance in single crystal, yttrium iron garnet crystals is also currently 

being investigated Fortunately the loss characteristics of such ciystals 

are roughly the inverse of those for variable reactance diodes, i.e., the 

loaaes in diodes gencrslly increase with frequency, while those oi garnet 

ervr *’ .corease with frequency Unloaded & of the order of several 

thou.' d are possible at S-band or above Also, since the resonance within 

the crystal is controlled by the DC W* field, wide band tuning is feasible 

if s stiaf atf ory wide band coupling is maintained Although there are 

ora - ’ difficulties in the design of ferr »magnetic resonators which ere 

* »I t M • «<j of t b* r « o c- r t 

i 



*^5?ÄSl*.-«-•»< 

tunable over wide bandwidth», such resonators appear te oí ter promise 

Section il of this report discuss.'» the results of some preliminary 

studies and experiments 

Section III of this report discusses further applications of a 

method for design of wide band band pass filters which wee discussed 

in Technical Report 6 on this contract 4 In the past, filters of these 

forms have usually been designed by image theory design methods Although 

such method» are conceptually simple in order to achieve precision 

designs with them a designer must usually use a good deal of trial and 

error unless he ia very experienced with their use *he method8 

described herein the designer can obtain precision deigns by simple 

calculations involving no trial and error, by virtue of a blending of the 

synthesis for prescribed insertion less point of view with the i».ge theory 

ooint of view 

2 



fl ELECTRON IT ALI V TUNABLE FILTERS L^OVIs^.i 

FEBH ïMAGNETIC RESONANCE 

A GE.NFHA L 

A study has been started f the application of fert unagnetic resonance 

tu the de-ign of magnetical ïy_tunable , band pass microwave filters This 

prim i pi e is hem. studied Jot application to electronically tunable filters 

thron,., ut the microwave range making use of both transmission line and 

waveguide technic]U‘ 

fluently, witn the discovery of the f e r r i rr^r--1 , c yttrium iron garnet 

(YUil it became apparent that h.gS equivalent resonator </s could be 

realised bv usine sUGU crystals of this material thus avoiding the 

relatively large loase* encountered with polycrystalline materials due to 

anisotropy and porosity 5 DeGrasse* has constructed a .trip line filter 

gyrator based on this principle The internal (J of a g. magnetic 

resonator can be shown tc be given by 

2 8(Ai?) 
Ul 1) 

'.VC- 
m 

¿i 

where 

y resonant frequency in megacycles 

àH resonance line width in oersteds, measured 

between attenuation points 3 db above the 

minimum insertion loss point in the limit 

ing case of ¿ero external loading 

Thus, on the basis of this simple theory e line width of around one 

oersted gives a value of V approximately *q»al to 3000 at ¿'-band 

It is possible to make very small spherical garnet resonators of the 

order of 0.010 to *1.100 inch in diameter It therefore ~,ay be possible 

to construct filters of small dimensions requiring *-niy a «mall electro¬ 

magnet A small electromagnet is desirable in order to achieve rapid 

tuning, i > ? • rapid variation of the biassing magnetic lieid 

'à 



B. EXPERIMENTAL STUDIES 

Our experimental program to date has consisted of the measurement of 

the Q's of various spherical OG gyromeglsetic resonators a». A-bsnd » t e 

quenciea. The experiment*! arrangement consists of two guides which 

intersect at right angle», shown in Fig, II-1 Two of the arm* at right 

angles to each other are short-circuited at planes which are exactly * 

multiple of ona-haif wavelength from the »xi» of intersection. This 

eliminates ail coupling from one guide to the other, end ®akas the junction 

a point of maximum /5 -field for the .incident signal, the garnet sphere 

1« placed at the axis of intersection of the puides and is magnetised by 

a DC field »long the axis of intersection Ihen the DC field is adjusted 

to give ferriaagnetic resonance, magnetic coupling fro® one guide to the 

other occur© as a result of an HF magnetic dipole moment produced in the 

resonant garnet at right angles to both the incident Hr magnetic iieia 

and the DC. magnetic field The coupled wave amplitude will then very 

with frequency similarly to a conventional single resonator circuit. She 

loaded Q of the resonator is obtained by the usual half-power-bandwidth 

method. The unloaded Q of the resonator is obtained by calculation from 

FiG, Ü-1 

TEST SETUP FOR MEASUREMENT Of Q ‘Of GARNET RESONATORS 

4 
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the measured value oí the transmission coefficient of the coupler at 

resonance, and the previously measured value of the loaded y Using this 

method, the following results were obtained for a highly polished 

0 050 inch - di ame ter YIG sphere 

/ - 8924 

Q = 2180 (.unloaded) 

From these results, a linewidth áti * 1.46 oersteds is obtained. This is 

greater than the lowest value (0 52 oersted) which has been measured 

recently by LeCra«. Spencer and Porter but is oí the same order ot 

magnitude It is interesting to noie that when our 0.050-inch sphere was 

first machined to shape and was not polished it yielded in unloaded Q of 

around 400 Tp.,«. j that obtaining » good surface polish is very 

important Several factors are important when » ing 1 e - c ry s t a í garnets arc- 

used which are not usually significant, with pol y cry a t al 1 ine materials 

These are 

(1) Effect ox the surface polish on (J 

(2) The effect oí the magnetocrystalline anisotropy on 
the resonant frequency 

(3) Possible presence of higher order magnetostatic 
modes (other than free precession) 

The effect of surface polish has been investigated in some detail by LeCrsw 

et ai,'’ who showed that by using finer pol * shing grits narrower line widths 

could be achieved Their results indicate that a line width even smaller 

than 0.52 oersted could be achieved with better polishing techniques 

The second lector magnetocrystslline anisotropy refers to the 

dependence of resonant field (or frequency) on the orientation of the 

crystal axes with respect to the DC field Ihis effect can be ascribed 

to the presence of an equivalent internal field which adds to the external 

applied field to produce a total effective field The magni :de of the 

total effective field depends on the orientation of thá equivalent field 

relative to the applied field In practice this effect cen produce a 

variation in single garnet crystals of 100 .200 oersteds in the external 

field required m->s resonant« s In addition, the equivalent internal 

anisotropy field varies strongly with temperature s This anisotropy must 

then be taker, into account in the design of filters If the same DC 
« V ’ t f * » ! ' * -. ï ï ». 1. --- . . ^ fc- -■> I ~ » *• .-1 ! . i -~i 1 T' m r». rw 
fj - t J r i 44 10 LU U «s CB|jp & A VU «a A J. V il O VA j ¿y V a a Cr . s « . m a v a v. m ‘ 
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resonators in multiple-resonator filters rr.ust have their crystal exes 

aligned to ^ive the proper tuning throughout the filter. It is possible 

that some temperature control must be used in designing n fliter for 

application where considerable temperature variation is expecteu 

Lastly, there is the possibility of magnetostatic resonant modes 

other than free preces si on si modes These other modes have been pomtea 

out and analyzed by talker fl and by White and Soit * TSie possibility of 

exciting these unwanted modes places sn upper limit ort the size of the 

sphere and the inU^Ofencity of both the DC and BF fields «ïthin the 

sphere For example an earner Q measurement using « 0. 1-inch garnet 

sphere yielded several resonance» scattered over a band of 300 Me or so 

at X-bartd This result appears to have been due to the fact that the 

larger sphere encountered a larger variation in RF magnetic lield »hich 

excited unwanted magnetostatic modes 

Importent circuit objectives which must bs realized in the design 

of wideband ferriaagnetic resonators are 

(1) High isolation between the input and output circuit» 
when the signal frequency differs from the ferri- 
magnctic resonance fre juency 

(2) Adequate coupling between the input and output 
circuits when the signal is at the frequency oi 

resonance 

3) A satisfactory degree of uniformity of both the DC 
and RF fie ide throughout the volume of the garnet. 

(4) A minimum amount of frequency sensitivity in the 
circuitry external to the garnet 

(55 Design for reasonable temperature insensitivity or 
inclusion of temperature control 

Study his been made of possible ways for achieving the above objectives 

in both TEM mode and waveguide structures and quantitative analysts of 

the coupling mechanism has been undertaken Two trist designs aie pres¬ 

ently being fabricated for laboratory experiments In addition to test¬ 

ing circuit design ucheaea it is expected that these experiments will 

also yield additional practical information as to the basic characteriatics 

of typical garnet crystals 



Ill DESIGN Of' Wim-BAND (AND NARROW -BAND) 

BAMS*ASS MICBOfAVE f l LIEES 

A. GENERAL 

In Technical Report 6 (Hef 4) a ^enerel method for design of wide¬ 

band, nucvowave filters was presented and, as an example, applied to the 

case of filters consisting of lengths of transmission line coupled by 

series capacitors The design method used mixes the image impedance end 

insertion - loss points of view the individual sections of the filter are 

dfníM ¡»wed Hv c c * ' e t - c—c derived free imesre c f ,,.1.:1,, » 1.» 

proper choice of the image parameters for the various sections of the 

filter is determined from a lumped element prototype designed u»ing the 

insertion loss method. In this manner the simplicity of the image point 

of view is obtained along with the precision typical of insert ion - loss 

design method* The methods used are most accurate for band-pass filters 

with narro» pass bands, but still have good accuracy for band-edge ratios 

of two to one. 

The type® of bandpass filters to be treated in this report are shown 

in Figs, UI-1, III 2, and III 3 The filter in Ftg Ili-lla) is of the 

pars! ici-coupled type for which Cohn hes presented approximate design 

equations accurate for fiite’s of narrow or moderate bandwidth, the filter 

form shown in Fig III 1(d) was previously treated by Jones'- on an exact 

basis. it can be shown that exact design procedures based on Richard’s 

transformât ion18 can be derived for all of these filters for either re-row 

or wide bandwidth® Examples of the use of these procedures will be found 

in the literature 16 However the paper by jonesU which treats the form 

of filter in fig III 1(d) is the only one of these -efercnces waicb deals 

specifically with any of the filters in Figs III 1(a) to III 3 on an 

exact, insertion - ios» design basis. A serious practical disadvantage of 

exact methods for designing these particular filter structures ts that 

the synthesis of special transfer functions is required at the outset of 

?fc*«k*r or wot »pa«twi tr*»*fer lawetiow« »r« r«q*ir«4 »a tit* loewttow* of lb* fr*- 
i a * a e - t < ef ? b S i a i, í ®t5.s»a«tios to 16«. <S«»ir*d filial siraetar«, . íív ebooaíñg 
e«rt«i« Îïiï*r êt»tït«r«». lb* «ois e«wt»«B tr*a«f«r f «sttiosi s*« b« Wkad. **• ” Suck «traen,?«* 
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PÀRALLEL-CGUPLED, STRÍP-IRANSMtSSiON-UNE F!ITER WITH OPEN-CIRCUhiO StuTIO^. 
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RG. m-2 

BANDPASS FILTER with half-wavelength shunt stubs and 
QUARTER-WAVE LENGTH CONNECTING LINES 

(¡he Ferenc? wavelength is the propagation wavelength 
d the nsidfcand frequency. 

FIG. ffi-3 

(The reference wavelength is that at the midband freguency, ^0J 
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the design process,u aad, ail m sil. £ çreftt deni of computational Uboc 

is needed. Even though the design procedures described herein are compu¬ 

tationally -'ery simóle and only approximate ; the result*, as the examples 

show, are satisfactory for most practical precision design problems 

In Part B, the use of the design equations and the result» of design 

examples will be discussed To mske routine use of the design equations 

mote convenient, their derivation will be treated separately in hart C. 

Some of the resulta of Tech Report 6 (Ref. 4> will be briefly summarized 

during the following discussions to provide continuity 

C. PRACTICAL APPLICATION OF THE DESIGN EOLATIONS 

1. ECU! VALEXCr OF TUB NETWORKS IX F ï C, ä . Ïll-Ka) TO 1 II -1 < d ) 

The filter in Fig. Ill HE) is simply the dual oí that sn Hg, III Ha) 

It can be obtained directly from the circuit in Fig III 1(a) by replacing 

the open circuit® by short circuits end by replacing each even- or odd-mode 

impedance (2,,)^ and (2,,) respectively, by corresponding odd- end 

äve'ä'fcode sdmittance.» 

{K, o' St,M ^ 0 K*1 

^ J h,i&l yKz„J so- kM 

U I M ) 

where Fa 1/Z8 *■& the charac-erietic admittance of the input and output 

lilies. By use of the equivalences shown in Fig. 111-4, i . is seen that 

the circuit ir. Fig IIÎ-Kc) is exactly equivalent to that irt Fig. Ill-Ha), 

while the circuit in Fig III 1U) is exsctly equivalent to that in 

Fig in 1ÍL) Thus, aav of these four circuit* can be derived from any 

other, by use of duality and the équivalence® in Fig 10-1-. when derived 

from one another in this manner, all will yield exactly the same ' is 

mission characteristic. 

Foi simplicity, the design equations applicable for tF*r,e four filter 

structures [Fig. Ill-Kb) to ill 1(d)] will be expressed iu lK »pacific 

form for the structure in Fig III- H») Any ot th* other fora.» »sy then 

* -fft# eci-rveiaai* »Í «ai*»!**«;** fe» »its t*» ».«i oi U* a«¿ 
i**c* M».r*t** Í0¡ {.«.raiUI easM*<S «t*-?* t‘*«w ky Job*«*1 «r ««»«« Huí**« * i r »#»«*«»» »v« 
t« mitp tfc» F A Sq«¿*«U»t r»t<« t» l’l »»«i <*> of Tab] f 1! o¡ (n*k í-nú Itk-, t * «ork ¡»mile 

C Qï ï * BP&iad fl ifÄKa-iw i Eft« ï Üî & 
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FiG. OI-4 

LOUS VALENCE BETWEEN PARÂILEI-COUPLED STRIP-LINE SECHONS AUD SECTIONS 
COK Si STING Of STUBS WITH CONNECTING LINES 

be obtfiined by duality and Fig Hi 4. In converting fro» the form in 

fig HI' Ka) to, say, the form in Fig lll-Ud), it should be noted (.hat 

the characteristic admittance of the shunt stub st each end ia determined 

solely by the end sections of the filter to Fig. I * I 1L ® Î > howeve*, too 

characteristic adnaittsuce of each of the shunt stubs in the interior ûi 

the i i Iter in Fig. ill-Hd) is determined by the corresponding two adjacent 

sectiorss in Fig. Ill H«) so that 

yf 
1 H> 

y* 
7 4,ifO- 

Yil?’ 2* ! * LHS J Yl L U, Hk* ¢. •’ ■ (111-2} 



where Ff. 1 ¡Zü is again the characteristic admittance of tha mput and 

output li .0, and the and 2 are defined in Fig. 1H-4 H 

is he ip X ul to note that in the cass of Fig III Hd), the characteristic 

admittances of the connecting Hoes arc given by 

* „ 1 

(Z ) ~ (Z ) 
0 * ’ t,4 +1 0 ° i ; 4 + i 

■ d*,. 4*1 (III 3) 

L 

«here the Kh are impedance inverter parametens to be discussed later 

( they are defined numerically in Tables III-I and 1*1 9. >. 

The filler structures in Figs. III-2 and III-3 are r.ot e<rûvnient bo 

those in Figs. HI 1(a) to Fig III Hd). However,, they are closely 

re!eted structures which can readily be trested using many of the same 

concepts and equations. 

2. Ui of Mapping Fuwctioiss, ako Selectîoki or Appropriate Loüípsíí- 
Elekest 0rotûtïpes 

In the design procedure described herein, the band-pass microwave 

filter derives characteristic properties o£ its response from a lumped 

element prototype filter having analogous low-pass filter response prop¬ 

erties. Figure III-5 shows a typical low-pass prototype snd defines the 

prototype parameters g0, g1, ..., gft, g„+i- The design equations in 

Tables III-I to III-3 aa»ur-c that the prototype filter is either symmetric 

or snt¿metrica—a condition satisfied by the common maximally fiat or 

Ichebysehe f f lossless iHter designs (which have one or more frequencies 

nt which aero reflection occurs) VSeinberg® arid Technical I'epor^ 4 of this 

project® give tables of element values for such filters (Bef 19 alao 

includes tables for filters which are not symmetric or ant¿metric) The 

use of aywnetric or antimetric prototypes along with equal terminations 

¿tt the final microw&ve filter (as depicted in Figs. ÏIÏ-1 to 111-3) is 

usually desirable, and so h«« been made implicit in the equations in 

Tables 1II-1 to III-3 However, these conditions are not necessary, and 

equations for other cases may be derived by the theory in part C. 

Figure in 6 shows » typical, loasiesa, low paes-iiIter, maximally 

flat response along with the equation for this response she frequency j‘¡ 

establishes the pass-band edge while Af is the db attenuation which is 

permissible within the jifiss band. The frequency cH i« a inquency at which 

n 
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fl G. IIi-5 

OfRNliiON OF THE 101¾-P AS S PROTOTYPE PARAMETERS aeí Q,, , «„.Sn*, 
iThf symmetry ¿tout the micfeííe oT the filter indicated in the equations of Tables HI-I 
to III *3 results from the use of symmetric or anti metric prototypes. The common 
maximally fiat or Tehebyscheff prototype:», which haw one or more frequencies where 

rere reflection occurs, always satisfy this symmetry or antimetfy condition.! 
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i ABLE Uli 

Dssigw Eqüatioss Especially Suited fop 
Filters of the Eofia in Fmo. Ill 1(a) ano Til 1 (s. ) 

Lse flapping Eq ( 111 - 4s ) or ( 111 - 4b ) and Fig IH-b or IíI-7 to select 

prototype having required value of n Equations be i o» ara for filters 
m the forr> of Fig, Ílí-l(a) There ar® n + 1 parallel-coupled sections 

for ®n n-react ive■e1ement prototype when using the design procedure below. 

(a) Sections 50 j and vSfl n+¡ 

'u i 1 

Vf, oêi^'î 

‘ rt , B ♦ 1 rra>, i 

2îa;, 

V - cot j f I} 
V " L” ? \ K ! ’/ : 

'“01 ' '■ 0 ' 

s =4 

¡F sin öj U- 

Aa * / Z »> ^ o ï ■ o / 

0 1 (Z_) Zn V1 + P sir. &,) 

(Z ) 
00 o i 

*■ 2 3 ( 1 P sin &.) (Z ) - *qKÎ r al.. W.J, 
i», n ♦ 1 

(b) Sections S12 to 5,,-¾ H 

lK , ít* l 
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TABLE III 2 

Be s i g « Equatio&s fop. Fïltîbs Rspecsallt Sgsted fop 
RcaliratinX in riu Fop.« in Figs. Hi-He) and III-Hd 

Us<? capping Eq (ill-4a) or ( IJ Î - 4b ) and Figs ííl-ó or 1/Í-T to select 
prototype Equations below are for filters us the form of Fig. ïli-l(e), 
but they are resaily converted to the form in Fig 111 1(c) or III-Kd) 
by use of Fig 111-4 Using these equations, sections Sei and cn b+j are 
omitted and there will be n * 1, paral lei coupled sections for en 
n-reactive-element prototype 

Sections S¡, to S 
*4 tt i , K 

& 
4 ? 2 r J JS l v « 

/1,, „ 

«î«î 
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k , k* \ n ' k , ä “■ è 1 
7 ? N .h*I 

' k , k * I 
*7 L i 

^'¿ ) V & ft * k , k+\ , 1 * I 
lA , * 1 

where k ~ l, 2, 
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TABLE ï M 3 

Design Equations eoh Filters or tme Fors in Fig IiI-3 

Use mapping Fq. di 1-5) and F ig ÎÏI-6 nr ÏII-7 to select ptototype 

â, 
77CÜ - 

H -¾ » '■'w 
2-w - 

where is a frequency of infinite attenuation as indicated i r. example 
in Fig III-11 Beferring to Fig ÏII-3 

>t3en 
[a (tan &x) 2 ~ i]cj',g0g. 

a « cot"??,,, , /-. 
Y0(a + ï ) t an t*. 

Z\ * Z1 ^ aZ, ¿n i 
f* o ^ _ c-a * 

where ci ^ 1 is a constant (typicelly one-half or somewhat larger) which 
may be chosen to give a desired impedance level in the interior of the filter 
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ft stated attenuation, -1 ; db, ï« required An anaiogoua, majamally fiat, 

bandpass response such as might be obtained by the filters in Figs. II!-1(a) 

to 111-1(d> is also shown. Note that this response has arithmetic symmetry 

about o»0 so th*t the essential parameters of the response may be specified 

simply as t^/Wg, A#, ^oi end ugM. The response of the bandpass filter may be 

predicted directly from that of the low peas filter by mapping the u' 

frequency scale of the low-pass filter to the co fraqueiuy sole of the 

bàndpas» filter, as indicated in the figure For the circuita m fig ill Ha) 

la Ilï-l(d) and the design equations in Table ÏII-1 and 1II-2, the proper 

function F Cw/cu. ) to use xs 

co«! 

(III 4a) 
«/i . l ^ \ 

For narrow or moderate bandwidtha the simpler iunction 

Í™ F ■ 
\ w. 

O) 
1 (Ill 4b) 

xwo 

will also gi good accuracy.œ As will be shown, the accurar of 

Eq ( 1.1 ï - 4b ) is fair even for wide bandwidth*. For tue err eu x in 

■ig. Ill-3 *nd the equations in Table ITÍ-3, the proper Í’.met., on to use is 

cos 

V^o / 

Triu ! 
2m.^ / 

'rr \ 
T, 

’ .e) 
sxn 

L 

„ ( O) 
sir 

ÂUç 

ÙJ, 

^ } 

(1IÎ-5) 

where c»»_ xs a frequency of infinite attenuation, to be specified. Ah 

accurate, general mapping for the circuit in Fig. HI-2 bas not been 

determined. 

FiKUre HI•? shows corresponding curves and equation* for the case 

of filters having Tchebyscheff responses Since the choice of mappings 

determined by the type of filter structure rather then by the type of 1 & 
t* ** * rm n¡ ft 4* th** functions in Ea® (III“4} and (III*-5} apply before# 

■ -fi 
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For both the rrasitnüliv flat and Tchebyscheff cases, the number of reactive 

elements required in the low-pass prototype, n, as fixed by the parameters 

^ 1, * 
/^fll and 4 In Figs IIÏ 6 and II1-Î equations are given 

for solving for n in terms of these parameters Since the t hv /; ra d' Ö 

Eqs. i 111 - 4a j and (III 5) are also functions of n, one must estimate a 

i n 

vsiue of ft to uz-t in these functions, solve for n to get an improved value, 

arid then repeat the procesa However, since the f ^ 9 /<+> 0 ) are on.y weak 

functions of n, the process will converge very quickly In the case of 

Eqs ( 111 -4a ) and {III-4b) the latter equation may be ea;ily used to 

obtain ft accurately for narrow-band cases and this equation will also 

give a fairly accurate value of ft in wide hand cases In wide band cases 

the value of n obtained using Eq (III-4b) can be inserted in Eq (III-4a), 

and the equation for n can then be used again to obtain a more accurate 

verification of the n value. 

A Desig» Procedure Especially Suited to Filters Realized ih tse 
Forms in Figs III-l(s) and III 

Table ITÎ-1 summarizes a design procedure which gives good impedance 

levels for filter structures such as those in Figs, Ill-Ha) and III-Kb). 

After an appropriate prototype is selected, as described above, the 

parameters g0, g , . g,. «B+l, «d from the low pass prototype are 

used along with the bandpass-f¿Iter lower-band - edge ratio. a; . /a> $ » ta 

obtain the filter design in a straightforward manner as outlined 

Figures IÎI-8U) to ÍII-8(c/ show the results of some trial designs 

obtained using a Tchebyscheff prototype having 0 10-db pass-band ripple 

and n = 6 reactive elements The curves show the response computed by a 

digital computer from the circuit element values For Fig ill-Sta), 

co,/üK 0.975 was used, which calls for a 5-perc.ent bandwidth As is seen 
X ■ y 

from the figure, there is no noticeable deviation from the design objective, 

and points mapped from the low-pass prototype response by use of Eq. (¿II 4s) 

«nd also by Eq (iil-ib) are all in excellent agreement with the computed 

response Figure III-8(b) shows the computed response for a design obtained 

using coj/co, - 0.850, which calls for a 30-percent bandwidth in this cese 

there ia a very slight deviation from perfect Tchebyscheff character, 

inasmuch as two of the peaks of the pass band npr«!«*s do not quite reach 

the 0.10-db level in this case points mapped from the prototype response 

using Eq. (III-4a) are in practically perfect agreement with the fsîter 

responae, while points mapped using Eq (III-4b) show some noticeable error 
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at the higher attenuation levels. Figure lil-Blc) .ho*, the computed 

response for a design obtained using ^x/^ü “ 0-650* *^ií;h c*:li£ ® 

band-edge r.tio oí * 2.07T. In this case the deviation fro, « 

perfect response is more noticeable, the most important deviation being 

that the frequency ratio of the 0.10-db band-edge points is «bout 

a,/- . 1.96 instead of 2.077. All of the ejected pass-! and ripples are 

»resent, although in thia case t*o of the ripple peaks reduced to 

half sire Points mapped from the prototype response b/ tse of hq -111 Aai 

appsar to fall almost exactly «here the response curve would have been if 

the slight shrinkage, m the pas-band width had not occurred. Points 

mapped by use of Eq (111-46} aeave »cross the computed response some, 

but follow it surprisingly closely. 

FIG, III~8«â} 

COMPUTED RESPONSE ÜF ffITERS DESiGMcD ÂS IN ÏA8Ü 10-1 
TO HAVE 5-PESÖN1 BanÜWÍ&TH 

(Ossiqn value ^ Q m- h3d °‘19 f, 
ícheôyjcheíf jwis-ynd ripple wiîn n » 6 reactive elements. 

■á Àf 
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FiG. iH"8(b) 

COMPUTED RESPONSE OF FILTERS DESIGNED AS IN TABLE HM 
TO HAVE 3Ü-PERCFNT 3ANDWÍDÍH 
ÍDesign value ofw. /wg was 0,8¾. 
Prototype same as for fig. Hl-Sfa) 

Table OI - 4 gives the odd- asá «ten-ssode impedances tor these filters 

reaíised in the for» in Fig. IIl~l(a). Using construction methods to be 

outlined later, all tare» oí these designs should be g-aite practical. 

Filters designed by ate tsi Is&ie Ill"I sind ripsiised in the íoíSü in 

fig IJI - Î. {* ) or IíM(b) are of special prscticsi interest for appli¬ 

cation« «hete band*»dthe of perhaps 50 percent or less *re desired. Al¬ 

though the for ass in Figs. Ill - lía} and 111-1(1») ai ?» »Iso p r s c... i. si for 

larger bandwidth*, filters de&igned by Tabla 10-2 «nd realised m the 

forR Xto Fig. ni- Kd) will ha'*., . *.* «sable eleaent value» for large band- 

«idth design* and kecone attractive becfiuae they require two less section* 

to achieve a given response. 



At
«#

s,
as
 »

m
m

jâ
T

îO
*»

 

FtC. fü-Std 

COWPüTtD RESPONSE OF R ITERS DESIGNED ASJN ÏA8U ãl \ 
TO HAVE APPROXIMATELY 2 TO i BANDWIDTH 

(Design value for /w0 was 0.S50f which calls lor^lw, 3 2,01/. 
Prototype same as lor Fig. ill'Sia] 

TABU III-4 

m,mAm <w evö« aw» zm-wjm immmx vauües fcp -ne filters 
OF FIGS, in ■§(*> TO m~au> S3£Sia®tÖ BY use OF TABUS m-î 

Mm mhium m m fcäi 11¾ fig. ni-sca) 
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A corresponding filter designed by Cohn's «quêtions 1 wa* compared 

with the 5-percent-bandwidth filter described herein, in order to compare 

the two design methods The designs were found to be basically sisr.iisr, 

except that Cohn's equations yielded slightly different end sections and 

« 7- percent higher impedance level in the interior sections of the filter. 

For filters of about 10 percent bandwidth or less, either method should 

give good díssgnS, but Cohn’s design üiïjthod has *n advantage of being 

computationally even simpler than that described herein. For bandeiiths 

greater than about 10 or i5 percent, the accuracy of Cohn'« equations 

begins to deteriorate noticeably and the design equations described herein 

are recommended 

4 A DgsiQtt Frock dub 8 Especiais. * Suited to Fiítíss Rsaiized 
! K Fos»s is Figs. ÏII - He) a«d iïl'lid2 

In the design procedure of Table III-1, the end sections and 

5 ittl ere, in a sense, primarily impedance-transforming sections. lifting 

that design procedure moderate impedance level« are maintained in the 

interior section* of filters realised in the forme® in Figs, Hí-liaj or 

in-l(b) regardless of the bandwidth of the filter, but this is achieved 

by not making full use of all of the natural »odes of oscillation of «hieb 

the circuit is capable Using the design procedure in Table ÎÏI-4, the 

end sections u'ö, and Sn a*, are eliminated, snd the remaining network 

makes full use of ail possible naturel modes. Fable IÎX-2 \s thus sern 

to call for n - 1 bandpass filter sections to realise a response mapped 

from an n-reactive-element prototype, while the design method in Table 1II•1 

calls for ri + 1 bandpass filter -‘sections to achieve the same response. 

Designs obtained by Table ill-2 will usually yield impractical impedance 

levais for filters of the form* in Figa Ili-Ma) *»d lîî-l(b), but the 

impedance levels *re »oderete for wide band filter* of the forma in 

Figs. Ill- 1(c) and III-Hd) The form in Fig. Ill-lid), vhich is quite 

practical for wide-be:»d designs, becomes less prsctic .<1 for narrow band 

design* since the characteristic admittances of the shunt stubs then 

become quite large. 

Figure 111*9 shows the response of a filter designed using Table 1II-2 

from a Cl.lO db ripple, n « 8, Ichebyscheff prototype with oí1/wç « 0.6S6 

Table m-S «how» the element values for a reals.tation as in Fig Ill-Kd). 

In this cm# the pass-band ripples are more uneven then in the previous 

e.xempiea; however, the b-idwiith suffered leas shrinkage than sn the 
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CO^FUTtO RESPONSE Of A FILTER DESIGNED ÂS IN TABU 01*2 TO HAVE 
APPROXIMATELY 2 TO \ BANDWIDTH 

iDesign value lor ‘<*-0 was 0,6¾. Prototype had 0,.10 dfe Tcfie&yscheff 
pass-band ripple with n *8 reactive elementsJ 

TABLE JU S 

ELEMENT VALUES FOR IT* FîLTEFi OF FIG. HI-9 
REAU2SD AS Sî»?i 11¾ FIG. HI-Há) 

(filter de»igB@4 «sing Table i ï \ ■■ ¿ fr»« « 0 iO db ripple, 
ri r S, T’chebyschef f protoiyp« u*iag * 0. è SO ) 
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previous 2 to-1 bandwidth design whose response was shown in Fig ÏÎÎ B(c) 

in both the case of Fig ÎII-8(c) and the case of Fig IIi-9, the filter 

has 7 sections; however, it should be noted that the latter response has 

« steeper cut-off, since it was designed from an n = 8 instead of an n = 6 

prototype it is thus seen that points mapped from the prototype response 

by use oi Eq (III 4a) are again, quite accurate, but those using Eq (lil 4b) 

show appreciable error at high attenuation levels 

If filters in the form of Fig, III-Hc) or ill 1(d) sre desired, but 

with a somewhat different impedance level for their interior sections, this 

can be accomplished by using a modified form of the calculation procedure 

m Table 1IÏ-3 as is described in part C 4. 

5. Design or Fîltehs in the Fo»m in Fïg. Ill 2 

Filters in the form shown in Fig. 111-2 can be readily designed by a 

modified use of Table HI-2 The design is carried out to first give a 

filter in the form in Fig III 1(d) with the desired passband characteristic 

and bandwidth. Then each shunt, quarter'wavelength, short-circuited stub 

of characteristic admittance 'f\ is replaced as shown in Fig. Ill 2 by « 

shunt, haif-wavelength, open-circuited stub having «a inner quarter-wavelength 

portion with a character!at1' admittance 

(a tan2- 1,,* 
Y[ - *--—-—• , (111*6) 

(a + 1) tan2#j 

snd an outer quarter wavelength portion with a characteristic admittance 

aï: 

The parameter a is fixed by 

J ® 
cot i\—~ 

V 2o) .l 
](fe's>/wc)<(4>1/w0) 

(III - 7) 

an 8) 

mi 
: 

Tltt reí#r*ftc© s* tn »*4 f e *%*,**(: y uj^. 
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where * ?/u,ä,'2^e, and a>w is a frequency *t which the shunt lines present 

short circuits to the main line and cause infinite attenuation ihe 

principle upon which the above substitution is made is that Fqs (III 6) 

to (IÏI-8) constrained to yield half wavelength open-circuited stubs 

which have exactly the same susceptances at the band-edge frequency as 

did the quarter-wavelength short-circuited stubs that they replace, while 

both kinds of stubs have tero admittance at u>Q, 

To teat out this procedure & filter was designed as m Table III-2 

to give 30 percent bandwidth (io./co0 « 0.850) using a 0. 10-db Tchebyscheff 

prototype with n * 8. Then, choosing íum/ú>6 * 0.500, which giv«-! a * 1, 

the quarter wavelength stubs »ere replaced by half-wwveîength stubs a* 

described shove, and the resulting computed response i« she- in big ill-10 

rt/' m.in 
> ÍV>. J.ll 

COMPUTED RESPONSE A 30-PERŒ.NT“8ÂNDWÍÛTH 8AN0PASS HUIR 
DESIGNED IN THE FORM IN flG. IO-2 

(Design value for ^^*0.^1 Prototype nsd 9.IS # Tchefeyscheff 
ripple with n ® 8 reactive elements. I 

. 

2i 



[■,0te 1 the pa«» band is almost exsctly ss prest; ribed, and trat there 

«re 1 . tenustion regions in the vicinity of » 0 and ^ *hicl 

are to be expected- The alenient vs lues for this filter are shown in 

Table III - 6, 

TABUS Iil-6 

KUEMENT VALUES FOR THE FILTER OT FIG, HI-10 
REALIZED AS mm IN FIG. Ml-2 

IFiiter Craæ a Õ.1Õ db rippi«.- 
» * 8, ïcfe*by*cb*£f prototype «»»isg 

«»l/w0 * 0.850 and ^*/«0 * 0.500. 
This, then, calis for e - 1 so 

that Fj. ” r5 throughout.) 

All reiaet «orasiiscó as that *> i. 

The 2-to-1 - bandwidth filter design (Fig lil-^ ®nd Table 111-5) wa& 

.ao converted to this fortr using ñ. 500, and its response was 

computed The features of t he pass band looi-'e,; r net the set e es tf-osc 

in the expanded plot in Fig. III-9, while the stop bands consiste' of 

very sharp attenuation spikes surrounding co/ío0 = 0.500, in a manner 

similar to that in Fig III-10. -xcept that the attenuation ban-Ts «ere 

much narrower. 

Filter* of the íonr¡ in Figs ÎÎ1-2 should be particularly useful 

where the p**3 bands around <*) = G and a) >• 2ojy sre not objectionable, and 

where there is a relatively narrow band of signals to fc-e rejected, By 

the proper choice of cu*, the infinite attenuation point can fas so placed 

as to give- aaximusR effectiveness against the unwanted signais Although 

uaisg the same for ail of the stubs should give the beat pasaband 

response, it may be permissible to stagger fcne -¾ points of the stubs 

slightly to achieve broader regions of high attenuation Filters of the. 

form in Fig. IIÍ-2 are practical for narrower bandwidth# than are those 

in the form in Fig III 1(d) because of the larger susceptance slope of 

helf wavelength stubs for « given characteristic admittance. For example, 

in the case o£ Fig HI-10, the shunt «tuba for this filter as shown in 



Fl(, in 2 have charac teri 8t ic admittances ^ ^ *hich Sr" 

the characteristic adtrittances of the ssh«nt stabs of the analogous 

in tHP for, in Fi§ UI-Hd) f*o* -iich it wa. de.i^ THua narro.ee 

banfiwxdtha can be achieved wxthout having the cha » at.. e , i c 

o£ the shunt stubs become exces >ive 

6 Desic* op I« t«k hftBa if*’ Fift ÏH-3 

For filters in the form of Fig 111-3. the mapping function in 

Eq (111-5) should be used along with the equations *n lahie lii 

•his c.»« m. is th* OequMicy «i infinite .U«»».»»on 're»tfi hy H,e h. . 

set.»» .»ob» U*« Ti'« * ”** be ° , 
iiu,t i'h. ioped.nte* of the inter.«» of the filter to . con,««— 1-- 

•ms type Of filter eieo. » o«** between the type of te.pen.r «ht wined 

„in, » filter .» in H* HMU). .«Ó »b.« obt.i.ed by * «-*'•« “* *" 

Fl, ’ ln.2 At first , de.ifn of the fr.« « H* Ht-lU) *» ».ed. bet 

,uh the end stub, (only) repUced with ••>«»*■. h.H-..« length. open- 
Í1 •»« <4 <t). ft R < 

s t UU is ; ' * ’-r' ‘ * . 

circuited stub. This »... i»H™< *«•»••“ ' “ “ ' ^ ^ ^ ** 

but yielded . point of .or, l« »tte.e.t.on (.round W *»> >•'<•...« ' 

two frequencies Í.nd between other corresponding freqoenttes) It ««» 

then found »hot by using ». .Hofed <*«•.»» pretedure ehirh yie » 

hsl Í- *e re length .h.e»-oircuii.d .tub. « the th' ^ 

response could be obt.tned without once..... drop « “tenu.tion between 

O) * 0 and cu^. 

Figure Ul-U show» the computed response of . filter deigned using 

» 1.., 9 t } bandwidth The prototype- ageio. 
T.ble I1I-3 to give «pprowim.te. y 2 to . -end 

bed 0.10-db Teh.by ache f f ripple, end . 8 The re».«!», design per.set 

0.650, CO^/C'Jq 0.500. and d 0 500 In this case the pass- 
were ït 
band ripple, .re not a. well dc.elop.d a. « the previous — ! - j _ 

h«5 been found th.t the design theory used herein w«r«s best >■ » ■ 
.sections ere of the .... basic for. nine, the end section, .re di ferent 

from the other sections in this esse the larger de»».t.on tro» » 

equ.l-ripple response ., not. surpn.ing (Fror, . or.cticsi «.»..point. 

»hi» devi»tion me, be good .1... the ripple, are »»all <• ' --.» 

«here inr.dentol dis.ipution .ill tend ». increa.e the pur.-band .«.. »■»- 

Pointa rapped from the pr obt'r'i P' «»P«»*' '‘3,n<' E<1 ' ! 11 ’ 3 ' 

come fairly close to the computed re.ponae, although not •» ^!««' *® 

F.q mi Ui did where it we» applicable Both ros UI1-A») »no ' 1 

-ie 
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fig. ni-a 

COMPUPD ífSPOf^ Of S FILIER AS IN FIG, 111-5, WITH APPROXIMATELY 2 TO 1 BANDWIDTH 
So «au, ior «;,•», MX 0.6». ProMype h* 0.10 « TcHePyschplf tvgm n - » «*•<* 

elements. Parameters Û ami u^/oí0 \¥ere chosen ds 0,.00.. 

were derived on the same basis 

anti should profoahiy yield 

similar accuracy. The larger 

deviations in this case are 

probably due et leent in part 

to the fact that the paasbssnd 

response itself deviates ¡nott 

from the design objective. 

The element values for this, 

filter design are given in 

Table III 7 

TABLE IÏI-7 

ELEMENT VALUES PGR THE FILTER OF FIG, Hl-li 

REALIZED AS SIK»?» ÎN FIG, UI-3 

(Filter designed using Istia- 01-3 fro* * 

O.IO-db ripple, N. = 8. Tcheb-yschirff 
prototype using = 0.650 »nd 

0,500.) 

I1 * if5 a 0.606 

z', * Zg = 0.606 

y? = = i.779 

= bf,, - O.H5^ 

t& * 3 235 

”,H 

r. *= 
1 56 

0.119 

Y$ = 1.258 

0.T7Ö 

31 



7 Suggesteo *ats fob Fabricate the Futehs L'noeb Cohsidebation 

to: b®ná«i dths of perhaps around 20 percent or less, lUtera of the 

form î.n Fig ÏII-H») readilv reaii^d in printed-circuit form by use 

of Cohn's data for sero-thickness, parallel-coupled stripsjaee Refs .. 

ena 10) Larger bandwrdths are difficult using .his construction because 

the gaps between the conductors must become extremely arralK A suggested 

way for getting around this problem while still using printed circuit 

construction is shown in Fig 111-12 I^ead of just two slabs of 

dielectric, four slabs «re used, two of which are relativ«i? J.m 

alternate conductors are printed to form a double -, aye* as shown :r 

croí.8 seccionai view so that the adjacent conductor can be interleave 

This aWes a relatively Urge odd-mode capacitance without the need ior 

ext reas«! y close aoacings. The croes section of the conductors xs no 

-a-A' 

oiELEcrmc 
C f A Si . ? SLASS^. 

COPPER POU GROUND PLANES 

y/TX 

" ROIL CONDUCTORS 

St'CriON A-A’ 

FSG. 111-12 

P0SSI8L£ AÏANS FOR fABPiCATiNG WIOE-BAND FILTERS OF M TYPE IN FIG, IIMla) 
U SI MG PRINTED CIRCUIT TECHNIQUES 

i ! n offer to achieve fight couphng with reasonaiily large conductor spaa ngs. alternate 
""Ü0 ^r«U (Ote W » th* contiuCor straps can * ,n.erle*v«U 
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longer balanced geometrically; however, by proper design, the even- and 

odd-mode impedances for both the single- and double layer conductors can 

be made the same. 

Figure ÏU-13 shows a suggested way for realizing filters of the type 

m Fig. 111 - 1(b). In this case the conductors are rectangular bars sup 

ported mechanically by the short circuit» at their ends. This construction 

can be used for either narrow-or wide-band filters and has the advantages 

that it does not require dielectric materiel (hence it has no dielectric 

lost-i, and that, with rounded corners on the conductors, it should heve 

relatively high power-handling capability. 

metal ground planes 

short-circuit' 
AND SUPPORT BLOCK 

BAR CONDUCTORS 

SECTION A-A' 

fig. m-B 
POSSIBLE IVIEAMS FOR FABRICATING WiDE-BAND FILTERS OF THE TYPE 

IN FIG. ÏÏ.IUW IN BAR-TRANSMISSION-UNE CONSTRUCTION 
(The short-circuitir.g Mocks support the bar conductors so that no 

dielectric material is required,! 
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FIG, ra-14 

POSSIBLE WAV FOR FABRICATING WlK-BANO FILTERS Of THE TYPE IN RG, HT-5 
IN SPÜÏ-8LOCK CONSTRUCTION 

(The shunt, quarter "waveiength, short “Circuited stubs are realized in paral iei pairs 
so that the characteristic admittance oí each stub Mil be cut in half, and so that 
the structure will be self-support'ng. The series, hail-wavelength, short-circuited 

stubs are inside the center conductorJ 

The filter type in Fig, III- 1(c) is not very attractive because of 

the difficuities involved in buiJdi.ig series, open-ci rc u i ted stubs How¬ 

ever. the types in Figs 111- 1(d1, III-2, and III-3 can all be built 

readily irs either printed-circuit construction, or coaxial, split-block 

construction, and probably also in waveguide. Figure III-Î4 shows the 

filter type in Fig. IÎI-3 in split block construction. The shunt, quarter- 

wave 1 ertgih , short-circuited stubs are realiged in parallel pairs, so that 

* ÏH«» «fti $)$ tircsit tu&ti tuzK t the dst* in R« Í 2 íor cofrsetio» 0 f ¿«actAo« «ffeets 

fe« fclßlpföi 

<9» * 
HÎ*« 



their characteristic admittances will be cut in half, and so t.ia* the 

structure will be self supoorting. ï he series, he. if-wave length, short- 

circuited stubs sre inside the center conductor and may he supported by 

the »hort-ri ’•''«s t connection at thsinner end. By using a two - layer 

center conductor, a similar effect could be achieved in printed-circuit 

construction by locating the series stub between the two center-conductor 

layers The dual of the circuit in Fi*. 111*2 would have series, half- 

wavelength, short-circuited stubs, which would be quite practical when 

reslixed in waveguide The circuit m Fig, III - 3 could probably be -juiit 

m waveguide using series and shunt stubs protruding at right angles to 

the main waveguide. 

C THEORETICAL BASIS FOR THE FILTER EOLATIONS AND 
MAPPING FUNCTIONS 

1. Mopi?! SO PaOTOTTFES AS A BASIS FOR OtSIG» 

The first step in deriving the design equations used herein i* to 

convert the low-pass prototype (Fig 10-5) to a modified form that in 

volves impedtuce inverters or admittance inverters. The concept of 

impedance inverters has previously been discussed in detail by Cohn, 

admittance inverters are simply the dual representations of impedance 

inverters, und are introduced only for convenience. Figure 01-15 sum 

m«rixes the basic properties of these two types of inverters. 

Using methods similar to those of Cohn,2" any circuit like that in 

fig, Ifi-5 may be converted into either of the dual forms in Fig IH-16 

In for® at (a), in the figure which uses impedance inverters, ail of the 

elements Rf/ ial £ s2 .... be chosen arbitrarily the inverter 

parameters are then computed as indicated 

Analogous conditions hold for the dual circuit at lb; in Fig III-2b. 

In the discussion to follow, the irpedance lor admittance) inverters will 

be assumed to be idesli*cd so that their electrical behavior is exactly 

as indicated sn Fig, III-Î5 They will be used merely as an aid to 

mathematical reasoning and no direct attempt will be made to fino a 

circuit which approximates their idealised performance. Instead, as 

indicated below, the approximations will be based upon the impedance 

inverters plus part of each adjacent element. 

* I» tfe* ,*a*ri* Oi ?i*. Hi a Hi-< U. wouli k.»« b,#» b.tt.r to h.*t «.*<( >. I »rg*, 
val*# e! é s© %kz aà®ifcîÂiic«5 5Î the f a6«rs<v? largtf s»q kn&tt 

côeíwttgMí* sgüIú Ur$#r ï» Thiê «#ouiá t*tc- the iebriteiiaK l“4 

a«?**# etsl«. 
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FIG. ÍÍÍ-16 

LOW-PASS PROTOTYPES MODIFIED TO INCLUDE IMPEDANCE INVERTERS 
OR* ADMITTANCE inverters 

^ %• <•- f %, 90+,are obtened from the original prototype as 
in Fig. ÜI-5f while the lQi.L^, and Rt or the Gg.. Coi, 

• •• * Cj,,,, and Gl may be chosen as desired.) 
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2 Pbocidürr fob Debiviíig the Equations in Table III-1 

The design equations in TcMe IÍI-1 are based on the modified proto¬ 

type shown st (a) in Fig HI-16, while Fig 111-1/ shows uhe ¡raimei in 

which the element values are specified, and the manner sn which the proto¬ 

type is broken into sect ions The image impedance, ■¡ W ), and phase, 

ßh i+1, (in the pass band) tor each of the prototy-e interior sections 

(S', to S' , ) are readily shown to he 

^ k , k * 

oy'B 

k , k+l) 
(111-9) 

and 

A, 

ùj'H 
= sin .-2 

rr 

' < 2!Si!,krliJJl 
-T 

K^k. 
(Ill 10) 

* +1. 

where, as before, ay is the cut off frequency for the low-pass prototype 

The choice of ± n/2 in Eq. (III-10) depends on whether the inverter is 

taken to have t90 degrees phase shift The work of Jones and BolIjahn 

shows17 that the image impedance and pass band image phase for a parallel 

coupled section as shown at (s) in Fig I ! I - 4 are given by 

v~~ 

K, 23 

T 

S’; 23 

'a* « tfl ï «/w, *\/w| 

h s lt2, «Ä- ÏÂ8-9 T?>{ ?!S 

FIG. Ill”17 

MOOÍFÍEO PROTOTYPE FOR DERIVING frit DESIGN EQUATIONS IN ÍA8LE 01-1 
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3 (III U) 

and 

ß ~ cos -1 cos 6 (111-12) 

where 6 = rto>/2u>., and where Z and 2 are the even- and odd-mode line 
V Q t 0 0 

impedances, respectively, The parameters of the par al le 1 -coupled sections 

5,, to S , in Fitt. Ill- 1(a) are related to the prototype sections 5', 2 

to 5'_, of the prototype by forcing the following correspondences between 

the two structures 

(1) The image phase of the paral lei-coupled sections 
when Co = 6.Ç must be the same as the image phase 
of the prototype sections when <u, - 0 

(2) The image imnedances of the para 1 le 1 - coup led 
sections when a) ~ a), must be the same (within * V > , 
a scale factor s) as the image impedances of 
the corresponding prototype sections when <v‘ - 0 

(3) The image im!»dance of the para)1e1-coupled 
sections when « - cu, must be the same (within a * J 
scale factor s) as the image impedances of the 
corresponding prototype sections when a;' * osj. 

Correspondence (1) is fulfilled in this case by choosing the + sign 

in Eq (TII-10). Equating Eqs (Ill 9) and (111-11) and evaluating each 

side at the appropriate frequencies indicated above, two equations are 

obtained from which the equations in part (b) of Fable IÏÏ-1 may be 

derived (with the help cf the information in figs 111*16 and III-l?) by 

solving for Z and Z 
** $ « 0 0 

The end sections, 50j and 5^ n+1, must be treated as a special case 

Defining 2 {]<*■) a® the impedance seen looking in the right end of the 

parallel-coupled section 5C j in Fig. II1-1U), with the left end connected 

to the input line of impedance 20, the following correspondences are forced 

with respect to Z‘. (jw) indicated in Fig ÍÍÍ-17 
ï 8 

* Tainng It^ - Kl -- Z6. 



(I) b {-^c ) ' for the pera 1 le 1 - coupled 

terminating circuit, just as RcZ‘y ^(j o) * ReZ^ a(-j<u'1) 

for the terminating circuit of the prototype 

(2) JmZ^ ^(jcûj )/ReZi Bija>¡ ) must equal Â" /fí' 
(111-14) 

t m , * f ■ • 
I*2 £ b (-jo> j ) /ReZi B ( ~ju>[ ) computed from the prototype 

Defining 

P 
(2 ) “ (2 ) 
' ft Í ' - . an' 

0 1 0 1 

R g 2 sin j 
( II í 15) 

and 

(2. 1 
G i 

(2 ) 
o i 

R 2 tan 6, 
5 * 

(III 16) 

it can be shown that Correspondence (1) in Eqs, (III-14) will be obtained if 

cot 8 (III-17) 

is satisfied, where 8 = n¿>Further, Correspondence (2) requires that 

i/ * /1 - p*) 
A" „ 
—~ p2 
R' 

0 (in- is) 

be satisfied Substituting Eq (111-17) in Eq. (111-18), and solving for 

(20f)oi Bn^ ^oo^6l results in part (a) of Table XII-1 Even 

Rg ° ^O’ t^e sbove conditions will generally result in an impedance 

level (or Z^iju)) of the band-pass filter which is different then that of 

^or prototype. The impedances of the interior sections must 

therefore be corrected by multiplying by the scale factor s indicated in 

Table ÎII-Î. 

3, PWOCEOtRE FOS DeRÍVIRG THE EQUATIONS ¡S lABtE IÍ1-2 

Figure III-18 shows the manner in which the modified prototype at (a) 

in Fig. Ill-16 is broken into sections and the elements epeciiied for 

deriving' the equations in Tabla 111-2, Note that in this case, the end 

impedance inverters, , and 2^ .+ j, are both made equal to the terminating 

resistances R * R . For the end inductances, L . - L 
* a l i Rgëoë~> however, 
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MG. Ill-18 

MODIFIED PROTOTYPE FOR DERIVING THE EQUATIONS IN TABU 111--2 

i 2 = Lai - ... - La n,, are made equal to 2Lal so that the structure can 

be broken ' sytrmetrical sections without need for end sections Using 

the indicated values for the the K ^ ^ 3 «re obtained by use of 

Fig III -16, Then all of the sections are designed by use of Eqs (III-9) 

to (Iîi-12) and the correspondences given in (III-I3). 

4. Phoceduhe fob Ds b í V i no the Equations jk Tas!è III-3 

Figure III-19 shows the modified prototype used for deriving the 

equations in Table III-3, In this case most of the structure is in the 

form shown at lb) in Fig III 16 However, inverters Tgj. ^*-1,»’ 

and J ,, have been omitted. Here, t, and C, have the same values that 

they had in their original prototype form in Fig 111-5. Capacitor C2 is 

FIG. IIMI 

MODIFIED PROTOTYPE FOR DERIVING THE EQUATIONS IN TABLE ffl-3 
»Parameter d may be used to adjust hie impedance level in ’he center 
part ol the filter, in the example of Fig. ÎXH3, ö was chosen as 

one-half, to split C2 * C2 *■ C2 in half.) 
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.piu into two P.rt., C¡ .nd CJ, .nd the P*r.».t.r » -nwd » _ 

.h.t fraction of C, baco... CJ. H..n the capacitanc. wain.» C„ ■ t.„ 
, C , ar. eatablished ao that all of th. int.rior .action, can b. 

broken U« .r-.tru.l .action., Tho int.rior .action, ar. than ra.nt.d 

to parallel-coupled .action, a. at (b, in Fig, HI-» b, du. P-cedur« 

to thoaa u.ad for the tntaricr .action, for T.bla. IIM and 11-2. ^ 

parallel-coupled .action, era than converted to .tub tor* bv tbe 'I“"'- 

lance at (b) in Fig. 111-4. Ht. and .action, are de.tgn.o by rorctng t a 

.tub. to har. reactanca. at to . ^ and Co . co, (on a noro.H.ad b.at. -htc 

ara th. a. thoaa of tba corra.pondtng prototypa elantanta, l, and b,, 

*t - 0 and «' * . respectively. 

Thi. ganara) vi.wpoint ahould b. u.aful for d.atgning filtara 

in th. ferm in Fig, IIl-Hd) [al.o aa in Fig. Ill-Uci] to give .0». 

deaired inpad.nca l.rel in tb. interior part of tb. fritar. To acconpitah 

thi., tb. prototype in Fig, 111-18 ahould b. converted to it. dual .or* 

analogou. to that aho.-n at (a) in Fig. Ill-16. Than th. ca, atltor C, >• 

eplit. juat a. C, i. eplit > Fig. 111-19. Fh. ra.ulting d.atgn aquatton. 

ers 

2dg, 
i í n - 1 , « *0 

S. it 1 êoc« 

1¡«Í n-ï 

. it 1 
'j.,„.y ^ (t^c- g-y 

y s 
- i , i + t 

4*1 4 o «“ 1 

4,4+ 1 

gay0^(l - d)fil tan 6l V 

è*î to n-1 
yk-1.i * ,4tl 

j Is a 1 te « * 1 
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•»’TV? -'"‘«mr 

I 1 Sí) rt i i Mthougi' t h j >* technique has been used successfully ior achievmg 

adjustments in impedance level mithin a filter, the f,iter-response 

accuracy resulting when tins technique is used to achieve larKe changes 

in impedance level haf« not tie en tested 

5. Sflt'TJoy OF S AH’1*10 H *<CT 10*s 

, , i- / i u t „ i ^» i,,, , ! r»i « ■iresented herein, shu* that Previous work ol Cohn an* also tht. oiOts presence 

when the function in Fq. UH 4b) is used us indicated in Fig. HI-6 or 

j H. 7 to trap the response oí a lo* pasa prototvpe, it wi5i predict <]iite 

accurately the response of bandpass filters of the lorm m Fig. Í1I-1U) 

having narrow or moderate bandwidth Although the function in Fq. (!U-4b> 

is very useful, it should not be expected to .five high accuracy tor side¬ 

band cases because it is not periodic (which the filter response is), nor 

does it go to infinity for o- 0, 4a,# etc., which is necesssrv in 

order to predict the infinite attenuation frequencies in the response of 

the bandpass filter structure It .right at first seem that the f-nctton 

cot ;_i 

\ o ^ 

un-1? ; 

wouH solve this problem nicely since it is periodic as desired, it varies 

sirilarly to Fq. (Ill 4b) m the vicinity of n0, and it has poles at the 

desire! frequencies n - 0 2.,, etc However, if the structures in 
n tt 51 i *, f ',1 * * V » { 51 * * i V * T ■ ’ - tj u 

I,.», in-1 ,r. .n«l»««d. It -ill 1.« »«■> O», no -.«ter *k*« vsl« of 
. .. w . ..., - a. * 

n is used the poles of attenuation at a d 2c0, -V- „. etc., are alitayj 

first-order poles ~ Veanwhiie, an n reactive-element prototype as in 

Fig 111 - 5 (which will have an nth order pole at .c' * a> will rrap so as 

to give nth order poles at 0 <! « etc . vi the function in Fq. (111*18) 

is used. This import art source of error is corrected in the c&se of 

Fo (111*4«) by replacing cot (-,.'2un) by * os (m*./ ) / ( *» n '’f -‘0^, 

snd then taking the nth root of the enomnator In this manner the poles 

generated by the teros oí -sir, (^,^)1 become of 1/n order, which causes 

the nth-order pole at ' x for the prototype response to m«p into f.rst- 

order poles of the bandpass filter response at the desired frequencies. 

. f i,. J , ^ _ t ¡ i lid) »Mu, ■* Ö sh«* «({•'Ci & $ * n oi tb« #i«b% 

: •‘o fe**»^** » **i»w*t. 
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In the case o£ the circuit in Fig. XII-3, the poles of attenuation 

at ui * Ö, 2o'0, 4^0, etc., will again always be of fir»t order regardless 

of the value «f n used. However, the series stubs at each end produce 

second-order poles at the frequency and at other corresponding points 

in the periodic response Thus, the 

/| sin (m0/2¿üg) I 

factor in the denominator of Eq. (Hi-5) assures that the nth-order poles 

at cj' = 03 in the prototype response will always map tc first-order poles 

at o> * 0, 2cus, etc , for the bandpass filter response. In addition, the 

factor 

is introduced to cause the nth-order pole at infinity in the prototype 

response to map to second-order poles at (and other periodic points) 

for the bandpass filter response. In this manner, «11 of the proper polea 

of attenuation are introduced with their proper order 

These principles can also be epplied to the structure in big 111-2, 

but this structure presents some new fficultíes. It can be seen that 

this stiucture will develop nth-order poles of attenuation at and 

corresponding periodic points, but the hslf-wave length stub* also introduce 

additi nal natural modes of oscillation which create, in addition to the 

desired pass band, a low-pasa pass band (end corresponding periodic pass 

bands) as nhown in the response in Fig IH-ift. This additional low pass 

pass band approaches cjœ quite closely, with the result, that, although the 

pole at Wjj, is of relatively high order, its effectiveness s weakened by 

the close proximity of tb-r iow-pais pass band. Ihe function 

(in-20) 

* THs « «»a i* »**■ as folio»»: For to « t^_, *»ch a f tS» *»rie» itïka r«pre»**t» «a 
**ri*i braacfc if -r ifes* «i *g i* Í f * s» « ts <r > ih* i»t*r»(tr ?»r l oí tbs íiítar í** » 

rrgiaeas by •« aqaivtUat f »seriös wirb * iinit« »baut mp«S*»e« Tba*. »h» atraetar« r•» b* 
riHïrad (for ? h« froqaesry a. f > e t»o **h#b, t «f > att«- i*¡»«S«*e» broacfc** »o$>*r»t»4 by » 
fjait.« ovad - lapOvAkc» bvaicb. Tbt » «¡ta b* *«*s to raasit j » s setaaS • ordar oí «ttaa« 
tlioa (li »6» s»pefi*a£« of tfco «<jnj»«iaal »basl kraasb k*< b«*» sota, 5 fcs pol* «f lau 
«tiaiá ter* be** rsiseá to tkirá or^er.) 
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for the ce:« of « 0.50 would map the prototype response to g.;ve e 

iûw-^ a past band, an nth-crder pole at u)m, and the desired pass band 

centered at However, it would not properly predict ho» cluse the low- 

pass pass band comes to o>r, nor could it account for the oversiie attenu¬ 

ation ripples which occur in this band (see Fig Ill-lfl) As a result, 

the function in Eq. (III-20) predicts an >verly optimistic rate of cut-off 

at the edges of the pass band centered at It is probable that a uteful 

approximation could be obtained by using a mapping function such as cha¬ 

in E; ÍÍ1I-20) with additional factors added which creste aero» in 

F n ( oj/iiig ) , close to, but somewhat off of, the jw axis (regarded from the 

complex-frequency point of view) Proper location of these teros could 

then be used to extend the low pass pass band upwards toward :>jx, which 

¡ give the proper effect 



IV CONCLUSIONS 

A F LFXTRONICALLY UNABLE FILTEHS EMPLOYING FERRI MAGNET 1C 
RESONANCE 

The high Q *nd wide tuning range of ferrimagnetic resonence in single 

crystal yttrium-iron garnet make» it appear to offer attractive posaibili 

ties for use in construction of nacrowave filters which are electronically 

tunable over a wide range of frequencies. Although the experimental work 

done to date (both the work we have done and that done by others) looks 

promising, considerably more work is needed on the practical circuitry 

aspects of obtaining efficient, uniform, wide band microwave coupling to 

the myriad electron resonators within a garnet crystal 

B, V, ILF - BAND (AND NARRO* - BAND ) BANDPASS FILTERS 

The application of the wide band filter design method described in 

Techni' ul Report 6 to the filter typei treated in this report gsve very 

encouraging design accuracy and simplicity. It appear» that similar 

accuracy and simplicity can probably be obtained for additional type» of 

bandpass filter structures that are of practical interest. 
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PROGRAM FOB THE NEXT INTERVAL 

U is anticipated that the program for the next interval will include 

(1) Further work on electronically tunable filters 
using feirimagnetic resonance to achieve their 

selectivity 

(2) Further work on electro«.' ■ -iiy tunable, frequency 

up converting filters 

(3) Wk on two diplexing filter pairs requested by 

the Signal Corps. 
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