
Tn rarlio engirccrnrg and in oLher hrancltcs of

elcctroLcchnologr it is the prr'itice Lo gi\"n1!its

specilietl frequ cnc \ -del,cnd enL (ihara(r''ristics b\

..i,'g ,,"pu"lr.n." and coil" T}cse t$o cirr!it €l''

menf ha!. prolertics that {r' to a (erlarn €\Lenr

opposer i  to onc anoth{:r .  Shen an 
' l t ' rnat ing 

vol l '

. ' * "  
' -  "p1'r .a.  

rhe urrrrr  f l "Bt ' rg i r r  ' r  ' ipr ' i tor

leinls tl,c volrage in phase, wherca'' irr a rrril thc

cdrent lags in l ,hase. lgain.  in a (afaci to '  rhe rc-

actance dccrca'res $'itl' dsin,a fr'quenr\, sltrers

i , ,  a coiL i t  in.re!scs

Anrong r.he passivr: elecLric n'taorhs codPosed of

codbirrtionr of (apariitors aDd eoils. the cl'ctr''

(ilters. wl,nrh atu uni n'r Beparatiq Bignrl3 {iLh

.erlain lrcque,!.ies iion signals aiLh oth'r lie'luen-

rics. lir.m a" tupotatL srrbgturrl lo' rhis Puryosc

fte trse ol .apa.,itor. dnd coils is not stri'rlr ne'e!

satr'. A lilter cln be built uing onll one of thesc

. lenrents i , ' .ombinal ioD with rcsistr ' 's  B\  
'oml ' iD-

ing coils aml raparitors. Iio$cver. it i3 easv to pro-

dee { nruc}' -.ha rler s.l,.ratioD h't$e€n w'nL'd and

un$anted signals.

One ofthe siml,lcst lnd most {ddtiliar passiro lllt'r

net$orks is th. prralel resonart cimit (here re-

ta.fed ro aB ao trC .iroLdt) vhicl 
'an 

Le 
'onsidered

as lb.med Iron the parallcl arrangement of a capac-

itor, a coil (boLh loss-frm) and a rcsistor (se lg l)

tr su.h a circuit the nodulN of the ;nPedance i3

nra\irnun! .t thc rcsonmt tre'ldencv

I'HILII',S TECII_\IIj{L REVI}j\! \'ot',{ \lf i'

SOME SIMPLE ACTIVE FILTERS FOR LOW FREQUENCIES

br t ; .  KI-EIN -)  and J. J.  Z' \ r \LB!IRG \- !n ZLLST .) '

6ll.t?2,i41-:

Th. erouine int.rc! slnln 'ldi! 
r!:nl \nrt h "thrnnl 

nk^ut"nrnts uI 1rr! tor Jr''

, . , ; ; , , , : ; ' , ' . ' : ;  
"  "  "  " ,  " ' ,  

t ' t  r ' "  " t  
t " '  t ' tu t "  nh t  s t  i . ' I  L '  h t ' '1 '1--"1." . /

' ,n 
ntr , ,  t  "  

t ' ; th,  t ,q"  "  
;  hr"  t t t i r ' l ; 'd e/ '  t '  l t  t i '  tL r '  E t  t  r ' t  nt t  r  rn"

-'h-";^-ir. --" 
d'-n" in r6irn r[. rv 

'f"ils 
is d'oid"l

rf lo ql is snall roml)ared $ith 
''o, 

$e c'r sdr'

. 2t, oo)

lur l ' i - i , - , - rh", ' ,  r ' r$r"r l !  rc ldr i l  der ' rnr l r

tn equatioi (2) Q is thc frsure of me'it,I're g'\'r

I 'y,

a- , \  
: , " 'cn.  r l

The uorlulus ol the imv:darrce Z, plotrRl i' :

funcr. iou ol  f requcnq, h!"  the fon of  Ihe l lnrr l t : :

\h3 l r '  lh '  ur \ '  r '  r '  r r r"her '  i  '

the L(l circuiL nrore sel.ctivc. the l'igher thc l nlr'

o lU.Th'di{T.r , , , .  l r rs-rr  I I '  r "o f lqu"rr ' '

* l , i "b l l i r -  '  
| ; '  ru,  n l  ,  :1 '  n 

'  
J  t  I  P r  I  h i  n I  b P n '  I  \  i  |  |  I  

|  |  |

ulue is ronnallr referied lo .s the liandwnhh'

\zt

1

a" : t it'tc . (,) I':;l;,i:i:f:.;tii;'l,fillllTx'iliii.i Tl ;!Xllfi:"^::.
lorr,' 'sil€nvlroeoof the{reqocnc\'.1hc,n'*" :;lltl;l.l}1ru;Iil !l:ii l};.:il,"1::.,:il#;ll '"':..
arr i . . r  l "  $r i r lcr '  r r r  th" iorm: ' i  -h -J '  

cL ' '  6rL ' ' ' r  
'n ' i r r  

(

zar -:ifo' " (2) 
Filters {or very tow rr€quencieB

$her. IJ is rn abbrevi!ted noLation ior 
')i'ro 

@0i')' lrr rertnt tears a growirtg inlcre6t has been slnr':

ir elecrrical neasurcnedLs al \er! low tre'ltren'rc

In the frelds of plrsics and 
'he'distrv, 

tor Dsrin 
'-!) Ihilips ll.scarch Ld}orato.i€r. Enrdho\et'



dreasxrr imerr lsr tuIr fq!( ! t l \  crrr ied ont \ ' i rh nrr ' r_

n, iLtenL l i  g l t t : , i ranr l les

- ' , ' r lucr i r i r r  
drrd ol  l jght  

' r |or l ) l ion 
in l iqDid '  rdd

crrstals.  l  lF tcnodic idterrupr ior  of t lc  J ight  r r r rker

,r  1, , - . ' l , l  r ' , , , '  \ r  : r r Ip l ' r ' ' r '  i l r  r l ' i '  l " r r ln ' ' ' '

' , r ' ' , . f ,  
, - ,  

'  
* '  r , '  l " r r l  l  

" rd 
r"  "1"r ' ' r '  r l " r '  L 'L

. , r r r1, l r l r r r . .  \ l  ' ' r r r r rn ' r r r '  ' r  ' r r '  
lur  t r ' ' l r r ' r r ' i '

are alvr  inportrot  i r I  
' r r ious ' l " t r ( !  

c( l ra l  a l l l i -

car ions,  l ,ar tn,ohrtr  io rarr l r rguphr" encelhr l r

craphr nr rnvogra|hr.
'  r .  

" ' . "  " r ' i r , "*  ""*rs.  
l i l r ' r !  

' r '  
rer lu i r 'n \ \h ic l l

rcthrt  rcr lercnrI  to tbe In in i rnrrm rL thc lo\L 
' r*

qrerr ies inrol t r l .  SoDel iD'r '  1( 'o l i l teF Nn'n*d-
jA tu ' , "u. .ur lnc s ignals ol  d i { ierot  !cr \  l ' \ \  1r( !

, ,de, , . ip. .  11' i '  r ' r " ' r ' ' l ' l  r l ' '  r*  i r r  "n " l ' l " ln-

. ' . '1f ' ' . " r , "" | |  i - , " '  , ' inr" l l \  r """ ' r '  r " l r r l  "

, , r ' " """""  " . . ' r . . ' - " ,  ' t , " . ,Pl  
t ' l \ ' l r  's ' '  rhFl ' rF--

cn( or ab$nce of  t 'o l ra les ol  
'erratn 

l rcqudr(  r t

h. \nrg a } t r i r ing ort  th '  d iaqnosj '  of  cpi l tp:1 To

gi te.otnu i l lc i  o l  thr i  resohirrg lo$cr r 'q!rrcd 
'D

$h .  .a$.  i t  rnar be ment ioncd tbr l  h l lcrr  are

n'drer ime. refded $hidr la\e r  ban{ l$ 1h ol  1 r ' rs

at  | .enlre l iequcno ol  { r rde Lcns 01 
' r ( l 's  

fcr

To br i td l i l rers for  los I r1!  equetoe'  Lt  t "  net 'cssIr  '

a"  ean he t lc ihrcr l  l iom eq 0) ro ule cal , ' i rors oi

highcr upaciranrc ardlor 
'o i ls  

o l 'h ig lcr  i r r ' lnfrr t r 'c '

- \ "  . "s." i .  rh" 
""p. , , i tur t .  

th i r  r locs nor r '  a rde pre-

""ut  
i r . ,p" . .H" dj{{ i 'u lL ics:  t |e crpacn'nrc ol  r

.apa( i l ( ) r  . , [ t r ; red nr n gi tcn lo l r rd ie 
"r  

b '  n ' '

( .ca*t l  Lr  e ' , largir ie rhe turh 'e rrer ol  1he l l r r ( i '

aDd l , r  n, ;k i , Is t  hc ( l idecr ' r j (  Lhrrrne'  l l ru 'otr ' ' t ru ' -

tnr  o i  r :o i ls  hnr i rg a t ' r ]  h igh i ( lu ' t rn 'e nr\( ' l 'es

con' iderabte" ind ; lkn i r rha' t ' l ' lc  l robl"m' Coi ls

of  r .h is k i r r l  r l {ar"  conr ' i in r  c( ' re '  $hich nr l r  
'o ' -

s i r t  of  i ror  . l1o\  hmcl l& or o1 fcvrorube l l i '

maLcs higl 'nrr luctnnce 
'o i ls  

teLnt i \ 'h hnl l !  aDd

1,,*r . .  
" '  

,1" '  c lor : r  thc Jarger nrrrber of  tuns re-

oui id tu pr, ,dr ," :  r  h igh'r  indu'ranf ' '
'  

- \pa.L 1."m rhe i l r r$brrk!  of  l "ge hi lk and'or

seight.  thcr.  arc var ious othcr distnlrnl t 'g ' rs 
' r -

\LTl \  l i  I  l l ,T l  l l :  rnR I  l r \ \  Fl l f  r ) l  I  \ r  IL i

ra" ie i l  r .o thc usc ol  l i ig l i - indtrc1anclr  coih A! i  ru lc

ther are. \pensi ! . ,  l )c.rrr 'c  o l  th '  l ' rg '  
' ( ror t r r  

o l

trr,tudll r!ed. rnd il tal(.-' nrnch nnrc ttnte r'o p}

dr.e rhenr. SrLch a roil, on(i nr!'1e' is rrot vifl

" l ler ib le ' ' ,  that  is  to sar r ts f ro l 'cr tnr !  Nft ' r l i l l i {u l l

tu, ' ,o, l i l . .  In , ' ,u r  ' , ' "  i r r ' l ' 'd  r r  r_ rror | ' r ' " r i_

, ,ahle lo (h.ngc thc indu(ran( r i  t r lue l  h is togr iLher

with tlrr: unaioidabLe r adar'ion iloring tnan!lait!n:'

(atr nake iL dillicrlt ro lrodun: a toil $ itb an a'r'u-

ratelv sr l :c i f i  c i l i r r i lur tarr 'c  Anot l ' rd 'a$ba'k is thr l

the Dror)cr t  iN of  coi ls of  t |  i '  k ind terrd to r  arv nrore

'iarie.ih 
t'iLli lcnrPcrrture thrn those of rdost

othcr . i ro i r  e lenrcnrs.  l i i ru l l t '  I roblcnr!  'arr  
Nl 'o

."r-"  r r , , , ,  lh"r" ' "_ ' r r '  " r '  r ' " r r r r r"_ ' r l 'P 'an_rc ' i r ' l

i t ra! ,d.gnct i .  l i | lds.  Lt  lo(  l requen' ies icrr(" t r rg-

n.r i ; ,  . rns h.1, i  ro bc n ' r {  l i ' '  t | i i  pu+r0ie '  l 'os" ibh

.o 'nhint i  t i r  h onc or Inrotu crni  nr 'd.  of  !  mrrer ia l

1u.-e-.rrr r  e,ol  '1" ' r r i  
: ' l  " r rdu' l ' \ r r \ '  

l l r ' '  rerrn

r ' t r ts up th.  f . ig l l  and thc prr 'e

1h. 
"bor,-me"rnr ' , : r l  

objer: t iorrs to tht  rL ie of

ldrge.oi l "  harc resdl te( l  in tbe de\clol)dienr or f r r -

rn i r . r  r rh i r :h contair  no coi l t  l ) r r t  Iave Ibe ianr '  f ro l_

err . i .s  r .  . i rd i t '  t l  l  do - \  l 'atr iL i r r  errrnplr  i '  the

lel lbrc l  an1' l i f ier  i rcotporar ing io Lhe leedl l lL

1,o1,. '  r* i r r - |  h l r ' r . " t r r l "* ' ' l  " l ' '1  '  
r t  ' r ' ' r " l  

t ' -

- i . r " , ' -  r .  I  l ' .  , l '  r r ' "  r - r i ' r r '  '  " r  ' '  r ' ' rsor l  " t  t l ' r '

k i r rd r  ore.ponr l  to rLo" olan LC ci(  r i r  '  l l ignmerr '

l ,o*.ve. .  is  
"D."L"r  

l rhorn'G Ir ' r r ' i (u lar f  $hcre

-errr , ' l  r r ' ,11i ' r '  r '  I ' r r r" ' l  ru l i f l  rPr ' r  rFq'r""  i '  '  ' r '

to Lre corrnerr t l  in ca"cadr '

l  he ohie. l  o l  Lhi"  ar t i ' te is to dr! \ '  n lLenr io l  to a

r\ De of fih (ir l ith $ hn h tlc srdre or 
"en 

hel lcr ft'

" , , i t '  " - '  " i t ,  "  
t , , ,  . " r , i " rcd.  and wlr i r l i  is  s inrplcr  to

i l igD rhaD rhe aho\ c-nr cr t  ioner l  fer i l tk  anr| l i l iu '

Ih,-  l \  f ' - . i  l i l lPr l r ' '_  r r r  l  
"  

I  l " r '  r  l ' '  x  I  I 'os rr '  l '  r_ '

I  
'  
u \  "  \  - r  

.  .  
'  
l  r  '  r  F r  \  r  r  r  u '  

l ' r  ie l  ur l r r"  ' f  
r r  '  t ' r i r "  i t l  '

*c shal l  rors i r lcr  ronrc o( Lhe Less frnr j l iar  r ' l { r - ts

tD |ar t i .u l t r  i t  $ i t l  b.  s l 'o$rr  thr t  lar  u i  ' ier{r ' r i

" , , '  
t ,e r .ahe" to achicve 

'orr ' i r l ' rahle 
Lrre| i i iorL $ 

' t l '
l iLtef .  o l  Lhis Iv l ) .  and l rme lcs{ i r  ktro$'  apl ' t r ( r -

ns $i l t  be tor .L ier l  o l 'on')

I'rinciple of rhe (ircuir

O!r  st^r l iug l io inL i r  a rcsisL'n 'e_'ouILed

l , '  r  - l : ' ! r '  J_ r ' !n "rr l ' l  h '  l l "  l r ' ' l r r r rn i r rl is.2

IiX. L AnrflilJng nrlc \ith rt'si:tinN 
'oul!r!

) \ r . , , ,  . ' tn. l , , ' l  J" '  ' -  \L l ' |  
' ' ' ' | , I I  

/ ' ' l

'1 . : ' , ]  . . ; . - ; ; , i t , "n- , ' . , i " ,  "" i r '  "  r" '
, r : . ' , . ,1"  

" ' , - . r ,  
{ ""- ' '  r ' ' ' i " :  PLi l  r "5 I ' r \ '

2 i .  i  r '  ,h o \n 
. l j  t ' ,  ,  i  ,  t  . , . r . i t ,  I

\  -uF 'J '  
t tJ '  

i r r "  J 'n ' i r " r  r i  r \ ' ' " , ' , ' " " ' , - , , , r

r ,L. ; . ,  "* ; :  I  l " l in.
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Conncctcd in pa.dllel $;lh tl'e resjstor ltr in thc
{node circuit ofthe tiodc 81 is a .al,afitor q, aDd
th. outl,ur. !,'ltrge I,-e: r) of the anodc is takd' oif
v i r  a (apaci tan.c-r .s istan.. .o, , t l ing Cr- I t , .  I t  can
r.adilr bc sl,o*n that the relation h.t.$..n lhe
anode alternating curcnt;a1 ol Rr rnd the voltagc

;ar r +j.,,(ftrc1 ft,Cr.* R,(lrr) o:It,ft,C,C1

. (1)

The sanc rclation li.rseen Irn" rnd ;", $ouJd
Lal c l,,rn {ound if $e Lad nr.oryonr.d in tl'e anode
ne|rork of B, ar L(l ciu,it cons;ting of a parallcl
ariargement oi a rcsistaD.c ji', ar inductance l,'
and a.apa.ira,,oe C' (seels. 3). These thr.e elen'enr.s

Fjq. 3, \nh rl,r'iiDriat. t.ltres 01I'. ai'ar,l n'thn cirfrir ij
.'T,riralent ro lig. i. TL. ngnre 01 mern is rl,ai (asc \er\

vould thcn }are to have thc fo l lo$nrg magi i r .xdcs:

ft,il,CL
-  f rL,  n|(  / t1 r '  

, '

L,:  RlRrCk, . . . . . . . .  (6)

C' :C' .  . . . .  (?)

'lhc rcsonatrt ft€qu.nel of this equi\alent crrcurt

11
- (u)

lL 'C' ,  ) tR.R"C,Ct

and the tigurc oI merit:

1|n",..
nlcr + RrCk - Ii,Ck

fhe quotient of I/". and io, car then be vnrrc'r rn

1I  th:  r ,$ is l r ' , , ie R1, in the, :at lode lead oi  B,  i -
large compared r.ith the rcciprocal of thc tanscon-
dtrcl.an(e, a,trl il, moreover, the amplific.tion factor
of B, is vcry high" th.. ;nl : l,;lifikj" and .q. (lll

n'
r  

-  
i tQ'

( r  r r

" i?r,(r jfa) t ,".  .  01r

Rl(C1+Ck)

R,Ck

f*:

h i.,JtlR,(ik fi,

This analogr $i lh LC circui ls is also lbund viLh
nonnal amplif_.;ing stagc-.. Is a mlc C1 is th.n rade
, ' I r  o l  Lhe rnode c.pdci tarce ol  the rahe and thr
ririn,i .ala.ila!... B! wa\ oI illusl.rit.iod it $ill bi
useiul here to iruert some conlentional walueB in t|e
e\ t ressiois (5) r '  (9) ,  i .e.

I i1 :  l0LO, i l j :  l  l r lQ"(11 :  l0pl  and ( lk:0.r  !F

\.e thcn lird:

n ' -9.99 kO, l '  103H, C'  10pF,,)o l0rrad -
and 0 10 3.

Tl,e vrlue ('i Q lbund lere is cxer:irlionallr srrall

'ornlar. ' l  \ i th tL i t  o l  'ob\pnt iouJl
(uits (l 0 to l 0il). Iurther" it is alrerrlr atparctrr. Lhlt
th" .  In 

' , i t  
i , ,  l |9.  2 h.har,  -  h l , .  i r  /  ( .  ,  in ui t  

'  
or , -

tainiDg a coil with a lery high walue of l. Beou..
oi thelov r  a lue olC,"  l ,ow€ve.,  o0 is nol  tar t i . ,d lar-
l_v snrall. ll lrc nakc C1 and C1 much larger, e.g.
Loth l pF, then ve lind fron (;) to (9):

R' , :9.98tO, L ' : t ) l  H1 ( : I  pF'  oo:10 rad -
and 0 : 9.8 )< r0 '9.
The resonant f requeno i i  noR ixLrcmcl) ' low, hut ?
is stitt !.rl shall.

Wc ma_v now ask vhether a higherQ might l,e ot'-

ta ined by rhoosing di i lc .cnl  rcsistancc and cap.,  r

tarcc valucs. This is indeed found to ]re t}e r a..:

for 0 it is possible to a(hiere d ma\nhu valu. 01 ..
alll'ough usuall! a somc ra r lowcr walue is accepte't.
thc rcason being that the signals are mote stronglr
attenuated il,e nearer (l apl roa.ho-. th. !alo. 1.

fo. lcronslralc Lhe laLtcr  poiDt,  ve con$ine ! i
and (9) to forn the follolins equrtion:

a:: . , - R4

' x'ft" f1; 
Lr:(e)

\Ll,(C. * Cr)

I n"cr
The right-hand eidehas an absolute na\nnun or 

-
3) rhe nordin,r ,; is nsed r,en: r,c.',Fc l.ter itr r.hc sricle

thn voltngc will bc allllied ro dr srnl ofanotlrr$,!c (scc
ft1(c;cr) 

1.
R,Ct



I

1963i61. \o l l r l2 {ltTt\ti, lill,rl]Rs foR I o\\ rR!IQI L\CInr

dL a ! .n 1. \ r  tahre of  R' ,  or  aL ler \  l ig}  \ ' lncs of

i t ,  andi ;  n, ,0 .an t l ,cre{ i ) rc approrr j l l  I  No{ R,

"ui l  
R, ra""ot  l ,c  g i r , , r  unl i l r i t rd l rh igh 

' r lucs 
\ i i rh-

m. 
"ff",,,ttg 

the (,peralion r)fthe l\to ralves' Lhesr:

rer isunr:cs l ,cbg included in rLl  anrxle rrrd grd

r i rcuir .srerpecr ivelr '  I fQ isto aPproa'h l  therelore '

n 'wi l l  har e to be rmal l "  {b i fh Denns th{L thc s ignr l

l.aninti-<si(n b! tbe lilter fiu lr' poor'

Sio@, nrrov{,  .0 of  j  i "  st iJ l  rc4 l rn,  i t  
' 'or l r l

ror  Le posr ib le iD this lar  to dcr ign 
'  

l r l r ' r  t l 'a t

sat i " l ic i  t r ratr ical  sclerrr ' iv i t \  rcquirenr 'Dt i  i f  i t

$er.  Dol  i r  lhe l i . t  thnt  thc f igrr"  o l  der i l  
'an 

bu

(onsi(l.rallv nr,,.c.sud L\ the usc ol liredhd'k 1'hi3

reserrbles the ef icct  o l  leedlacl  iD rn onr i l l l tor '

l l  r  r ' , . .  rh" l i . ' r r \ '  V " l  : '  ' i r ' t r i l  i_ i " ' r " ' "

.d br feer l i r . (L unr i l ,  . t  at  r l rnost  i r r l i r i t r t t  h igh Q'

(ircuil dsing fecdhacL

Iccr lhack can I 'c  obrained br r lphir lg to rhc 
'n-

t ,ur  ' , l  rL" l , l r " r  ' ' , ' r r renr "hr l '  i '  l ro l" ' r r inr" l  
ro

ih" , ' , ' , ,  u '  ' ,  
t ' . ' : ,  \  'u i r . r l ' l '  '  r '  u i r  l1 ' r  r l ' r '  fur-

rot  is  shoun i r r  / i3 1.  Tlrr :  onr l t r t  \o l t rgr  here is

ohr. ' , , , . ,1 l , \  : ' t , t , l \ " , i  r l r ,  \o l r  ' i '  
l  .  r "  l l 'P ! r rd of

r  r r ioJt  B,  
""" ' .  

r - t  . ' '  
'  

i r | r ' " lP l1 ' l l r t  '  
l l "

Iccdb.,:k o"cur" Lhrouiah Lhc re'irt'ucc Ri rhnnhd

bet{cen Ihe(dthor l .s TL.(n\  the 
' i ( r r ; l  

\ torks c 'n

br:  mrlerstood in r inrplc terr is L\  assuning I  h ' t  rhc

L$o rfio(lts futr.tion.s i(lc.l fat}rl'dc folLdrers (To

arrpror i rnatc to lh is i . lc . l  lhe rui istrn 'e i  RtL rrrd

i* .r-"rd U .rtninrel\ higl anrl 
'o 

roo slodld

the arnr, l i l icrLior iactorr  o{  rhc 1 ' l 'es )  h rhis cr* :

thc (rr hod,r cr r' dr'.rn.riDg \ olLrg$ ri artl l"t:

s'htuh arr: equal to the rcallulile alterrtatnrg grill-

voltagr:s l'o' and I'",. Calculating I'qu ( l't,) as a

ioncr.ion of I'5 ( - tLJ, \'e rhcn lirr'l:

t i - .  |  
' - , ' r .  ' l  n."  , l - " .  ,  '1 ""  

l l " l

t ' , r l ( . i r , r .h, , -  h. ' "  I ' i  .  lu ' . "  
' r  ' l ' r i 'cr \ - r ' r ' r i

A.  r i  a1rd,od.1ol l . r t r  !  r r l  N r f ! i 'nn! .  } i '  l r {xecr rh '  
'3 iu_

. ier  of  Lt te i { r  v ' l \s

,,uit NgaiD (orretloDd Lo tlo!. of rr l'l cinlit but

ror * i t i  a $gur.  o l  drer ' l

R,
t) '  U.
'  l l '  n '

Thus. br the rrsc ol  lcet lback, Ihe f igure ol  nrer ir  is

incrersed br a f l ( tor Rrl(nr f i ' )  Rai" ing tLis i i t i -

Lor 1( '  100 or nofc re!  ts i r  vr lucs ol  Q'  'oqr l tarrbtc
l i r . l i  th(Nc ol  r ( l  . i rcrr i ls  d. l iqnei l  for  h ig ler 1re-

'1 t renl l ' ! .
lh.  r" .on: , , , r  f r " , luer!  \  i -  r " ' r  ' r l r '  r 'J  l "  l '  

'p-
ol ic. t i (D ol '  rhe |ccr lbar:k l  Ihe indtrctrnce L.  l to{ '

e.e, .  is  i ' ,oe".cd bv a l i t .Lor (Rt Ff i t r ) rRtand tLe

faDa(ir .dDce { l  redoce, l  h1 thc snnrc { i ' lor '  Insterd

"f  
r l ,e re, isra"r ,c l l  fNn (r l )  $ 'e not '  hr \ '  in (1a)

tl'. resistanr. it'(Rr trlJi{ll, n ) 'r'ne use or

i iedl 'a.k thdB in.re!"cs th.  s ignal  t ' rsmissioD b\  a

l:r.tor (Rt j'kJi(Irr fi )

Circdt dc.en; .tabilitY

Deci( l i rg,) t r  tbe opt i t r rdm 
' r i rcr i l  

t ' lucs 1i ' r  
'  

t i l l ' r

uDdef girer con.liLions is usdall\ a (onLPlif ated f fob-

l"n,  o\ , , 's  r , '  l l ,P I ' rPP rruml ' ' r  u l  '  r r r  In l+ iu\ul ! '

" .1-  
lToft iorer t le.hoir i i  o l  l l te la lues ot  r r r r r r"ca

dnd .apr. i iLan.cs is rc i t r ic ted I r  rar ious pract ical

\c hal: seer tbrr t}e higlr v'}r' ol Q requned

ibr Eood sele. t i ' i l !  can be a'bic leJ b!  ' r "ns 
ot

l ier l iark.  l 'he ertcrr  ro $hich th is crr t  be done'

ho$.ver" is lin'ited bJ thc fn(L L}rL a filtcr is 
'lnrLs

r,1uir" , l  ru t ,n-  "" . . ,  r r . " r r  ' 'd i  i i i^  r l |1r  i ' . r r i  ' : ' r

its {hata(ilcristi.s ar. rcquired to hate a 
'erl 

am q}D-

slanc! uDi ler  v.r iat io ' r3 that  nr\ 'ocf  i r r  rhe 
'om-

DoDerLs n{ id In Lhis .cap( i r t  t l 'wr lvcs r 'c th.  gredL'

. - r  .1. ' , 'g, . .  l r  ,  hrpl ' l \  ' r ' ,bI"  '  in rr i r  r '  r "1 ' r i r 'J  r l " \

- . r  . r  l , , ,L i t  l  ,  rbF.\r" ' r l  l  '  s l ' i '  h t " 'dLrrL 
"n 

L

't'

1-
d,

I i

I

R, I rn.,
Io" , - 'nr , , {  

E it,
r  j t1,  

;q,A
.  ( r4)

The am.l..rrcri ol /i' ttld'l' thc utr 
'f 

rl!: corr'rrs in RLL

. ttrr I'r1 i"r'
. ,=f i ._ &

--  R t t  v tL,  r i .

' - , : r - r4\ f t , ,
d,nt, ca,ls. a{rcr sonr d.n\,ularioi. n' rqurtnnL (rr)'

Sir'.. tlc sittrdLion is enr'irclv aralogous to thrt

in f is .  l .  €\ .epr thr t  .q ( l ' l )  Dos appl ics in l tcad ot

" , t .  ( l l ) .  s"  - .F r l 'nr  r l , !  .b 
' t r ' .  

rPtr ' r i i  -  ' l  
r r ' '  

' r r



This c.D l)e understood b! (oDside ,g that equa_
tion (r4), .ppli(rbl. ro 1ig.4, r.pres.nts ont,r ar ap-
pmarmarrol Fnrce it lakes Lo a.jcounr oI thc iaft
r l , ' r  a , : ' rho, l "  t i r l lu" . r  h i -  . , , ,  i , , rpr , ,Jt  r . . i . r .n,r
whi .L can i ,e said to Le rought\  eq, , ivatent rd th.
re( ipro, i r l  o l  the l raDs.onductan.e of  thc relevaDt
rahe. lf $e take this into a..(,unt, we iinal thrt ii_
stead of th. resisruc. Rr sl,untNl birween the.ath-
odes oI the t$o vahes. ire shonld iDrroalu.ic iD l.le
" ,1, ." .1,-  , l  F_rcrdl i? nr / r .  I  sr  I  S.
\  npr.  . \ r  . I i  t  5:  ar ' ,  r  b.  t r : rn. ,  und ,  r  a r , ,  F.  , , f  Ar , r  uJ
lJ, re,.pc.t.i1eh. \o$" for a stajrte circuir with srrong
ieedback i r  is  nost impor lant thar th.  ,atue ol
li'' shornd be highh r:onsLant. Jro. if rne ra,.ror
Rr ' i (Rr '  R') ,  l , \  nhich rhe f igtrre of  heir  is  nrut_
r i tnrF, l .  

' .  
r^  lF I rd, tF -  t f i ,  i "nr t \  t . , rs.  f r  - t r , ,utd

nol  , l i f l i r  r t r ' i l i , . ,nt l \  f ' . , , ,  i l  .  C .ma t , . r ,  " r r ree,1, : ,bc" i r  Rr r} . r r ior .  h. , -  : , ,n, , . ,d,  r . ,Lt . rbr l , rpD,e
oh the flctor in qu.,stior, an,t th.refore allo oa thc
hguJe ofn'erit ult.imareh obta ed. Stiglt vaflattuns
tr, tlrc Lrans.onitu.l.rnc. oftlie valves (aD rhus (iause
., 'h-r . ' r ' r i . , l  \dr i . , r io, , .  ib rbc ? ot  rhp t , t rpr

To ninimizc Lhis .itect;t is ec.ssah to use tor
fir a higl,l\ sral,lehs;stance *hich islarge romparcd
nitL lrsl + ]i"S). This ui,ans rhat rhe ci,cu,t ilould
lxi dsigned so * lo gire Jt,a Ligh valej als,,. and
thNi a(codilg to (S), .rn onlv be d.,re lrv u,.nH
rarge vrlucs for Rr a,,(l.R,. \\'e ha\e alreadt n,,ted
r l ' . , r  r l ' . r  dr  l i ' , , , r -  r , ,  rh,  \dt , ,c.  $c,dn Frt .  ru
t.hesc resisrjDccs, aDd this in lact heans a hnitation
oI tLe degreo ofii,elbr k ltat .jan b,, adoptcri vl,en
ngorotrs stalltrrl requireD.nts rr. irrposcd, tn
n'ost .ir3es rhe .ir(uil vitj thcrefore bc so ,lesigned
: ' -  r , ,  ubrd,n r l , -  L i ! t ,e- t  t ,u. . , t , lc  Lp,rr-  ! t  m.,1r . \ r t r
r i thout l iedbar:k,  i . . .  a 0 rs ( . tos.  to ]  as a r , , !son_
able s ignr l  r r !m,nission p(:rDr i r .s.  I t  $.  c loosc n1,
n, ,  {11and Cr so {s r i '  sar; f ,  ( t3) ,  th.n iD rc.o ar{ je
\ i r r i  (e)  aDd ( ; )  \ !e ha\e:

an, l  R, :  j f i r .

ns i TlcclirrftsnLrhe dortecto,it ol ,r rxi in d!,1. , , , i ,or  B.hd,, , t  .o, , r r 'n. .  t r ,o".r  t . , i i . - . . . .  , . .
_o\ . . ' ,  t t '  n l .p, , , , , ,an t r  , , . , \  ,h.r  r ,  .  ,  .  .

rL,  ,  n, l -  , i i  / i  .  ,  I  t , ,  A i !  , , t  / j
rJ l rnN. 

^n 
^ 

,"d h, i .

t.his t(,o sets a l;nit to lhe p.rmissible value (,i /t
\  In" . r .  uf  r . i l ' , ,  rbp rhc i , , f l , r . , , , -  or  rL.  , , , , - rdt , . .
rnpuL capacitanro of B, is to (onlcct a suflieientl.
lJrsc d, ' ,1 . r , i ,h ,  atu,  i ro,  In t . , r : ,  . t  k i r t ,  f  .

l ,  r l : - . i - ,  r t , .  L r , r  pr , , r , r .  .  t { .nru t , \  , ! , ,  F. , . r  . , . .
tlrr.. caFr.iror! ( fis. 6). From dr equarioo gi,iis rhe rrl,.
Lm bdh!.cn ,i: and i", $e lind rtut f.r dlis cilr,, rFr i,
,,rn drnn nn cquir.lcrr ciretrn as rep0serrcd nL fiE. 3. $ tr .
.nL soins.dr ftrihr nlro rtis sul,i.rt. ir *,ill L{, nsetui i. ! !:
,h"  - t r .  r iu '  .  \ t  i ,  L h,  

' ,  
rJh.  r ' , -  t i ' , , . -  i , f t : r , , i  ,u,

^ F, l i , r  L
^ t r , ' , ,  , ,  4. , ,
t, : iirR:ck 

"

c' : ,]'. ic,r;. - r; ri .i:ci). ,

I
-' t'R-,lr(t c,cl +.tt
o '+*-'i!..j4t,'.tll

PHILII ' \  TEI H\I '1L AP \  IN\\ ' \ .OL{. \rr_ l l

r riller {riur ir mr lurrndd br rltlr rornl walu$ o{nr d I
n,. \rlilc oxlt parts of Ll.se rhGt.tu.s areiDcorror.reilnr jl
lnodc.irrrii oI t nxd rhe grjd cirnril olnr,

Tvo ot l rer  l ;n i tat i { ,ns oI  the,nagniruale ol  thc resi . t -
u(s nE! be menr.ioDcd, thc Iirst benrg the 1a, r
t l , ! t  lerv h;gh r .s istan(eB p, ,6 iessing Lieh FrrLi l j t \
(D.tal liln tlfes) are dillieult Lo producc. The ortrer
I,oint is tlr{t parall.l' \rith Ri is the inpul. (apa,,.
rarrcc o{ thc vahe t , .  I t  n,  is  h igL or the &rquenf\
lbr  }hnh thc relewa,, t  f i tLer Nas,tesisnei l  is  not  \ fn
lo$ {- .s.  d rp\  t , , , ' , , tn, t  ,  - r  i r  r , , " .  ; .  l .  , t , , r  r t , .
D,pedance oi  rhe i l tut  .  apa cir .a nce ot  B,  is not r , )  l , r
d isregarded, al . l  s in.e a.apacirance. l  t t r is  k ind j !
a lwals a rather unstal) te quant i t r ,  i t  can hare rr
adveNc elTecl ('n thc srabit;t! oI ltre litrer. I he e1te.r
is rrore pfonouD(ed tlLe higtrer thr: value of 1t.. anri

11,  for  crarr l , lc"  ue ror r .akc( j l : iC1(tos. tNr1 (r3)
r ._rnl . t  rh.r ,  r"dkp R. .1Rrr.  t t , "n ( . ,  I  l ;  -' . ' . ,  . ' t l , ,  ,1.  mi\ ihun, \ . , r  .ufR r-"quj , t  rur i l

'  : .  " 1'. ' .  1., |  ,- tdrs., , ,o,r,. ,r. ,1 k irt ,  /r, , .  I  L)
_ . .  

rn,  - rn ' r . , t  l r . rn-mi-- iun . r r  I  L r . ,  . r r , , l  / t .
; f i1 is s l i l l ;Ut l , ,  ot  thr t  oJ thc marinun r . t rar .  car be
aclicvd at a givo, ,atue ol It,. TIis can be rr:garrt_
cd .s a reasoDatJle compronise.

ld l k m+r. ro er.ue ihar tle lilre.i, snrirfa{Jor rsrr sm uun ,r i , , '  R , ' " r  / l :  n, i r  t , .  \ .  u t r  L e. , - r , t , .  ,  , .  , r .  . , r "h,r
nl  \ r r  , , ,  r t .  \ . , r . , .  \ \h. .  r t " . .hLr, , ,  r<.qu.mstr! xre noL ioo rlierscnr. [ort c.n sodr.tin.s r. u.r

l i  i : , , , - :  : ,_ 
r .  "  , . , r .  o,  , ,  1". '  o,  ,ne. ,1,r . i ,  / ,  ,o , .  , ,  { , , . .

n'  
^ 'nJ ^- ,"- t - , , : rpt .  

t -p", !  : , .  t .  .  , ,  . , , . , , r  t r  .cp, ,  LJL

] 'ck
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rocal walues of 1he transconductances of B, and

B3 comparcd a'ith -Rk, and Il!3, thc more accunteh-

is this approxination satisfied, atrd !;'ce the latter

resistances can rcadily be made l'igher thatr Rt in

frg. 4, variations in the transconductance of the

valves can easily bc made to have less .frect on the

strength ol the feedback in the cir.dit of fig. ? than

iD that of fig.4i thc ? of the circuit in fig.7 can

thcrcfore be dore stabl€.

f iq.  " .  
$ h. ' ,  r l ,p l i r . lu"n. !  " r rL.  

icnal" i .n"r  ' " r )  
lor  r"d o

rhe r .nrsncr R! i .  k ' )  l "eh.  tb.  'apJ' i rsf i r  
r ;  ma) L ' \e ro

bc taken irro ac(,unt.

ln this casc 1oo, a! ndy bc deiltrccil Irom thesd equrriom' thc

naxin,M, ralue of Q L €qud h +. h this rcsped. tltf!'tLe

i rodNiion o{ c: makcs no difencc'

Cireuib of high srability

As has been shown, the P nciPal objection to high

stability of a frlter designed along thc lines descdled

abo!e,  ar ised hom lhe rdr ia l ion'  lhal  ms\ tuTUr in

th€ hansconductdnce ofthe valwes. Substantial im-

prowements can be achieved ir this respect bv en-

plorine circuits in &hich the feedblck is brought

"t -. 
i" u aiS*"". 

-.nner. 
l'or exanple, a marked

improvcment can be obtained bt using lor the feed-

back a separate valwe, on the Principle illustrated

in the diagram inr8. 7. \.alves B' and B' h'we thc

same functions herc as itr 6g.4. The lrode cjrcuit of

B. nos 'nnl i i r ' '  
n rc ' iqtdrr 'c  f .? The Jl l ' rn i l ing

anode voltage of B, is applied to thc grid ol 8.,

$hose anode is conn€ctcd to the anode of Br' (The

DC biasing of re walves willnot be dealt Iith here )

Sften the rcsistaoces Rlr and 1t6 are ve.Y large

comparerl rith rhe reeiprocal of rhe transnondrrt-

ance ofthe relevaDt valve"",

the .lternating anode cur'

R-.;",=. /e,H;ft.

This curent, together

nilh the altcmating cur-

rent trom the anode of

BI is fed to the in'

put of the actual lilter.

Here agai4 then, tl,e

slrcDgth of the feedback

is determined primalil"w

ba- a number ol r€sist-

ances, i.e. R,,, Il1. and

nk. The smallerthcrccip-

!iq. ?. TLe stabilty of rLe lili€r can !c improv€d b,v using a
seiarnL€ v.lv€ ]]. for LLe leedbacl.

An cven greater improwement can be nade by

uring yet anotho valve, denoted Ba in fg. 8. Thc

operation of this oircuit can aglin be unde tood by

assuming that B, functions as an irleal cathode fol-

lover, and B. like*ise. fhc alternatirg voltlge-' on

both the gid anrl cathode ol B, are thcn cqual to

/g:iiaiRl, If Ie now choose the walues of fir

aDd R3 such that R, : .lis ._ Rkz : -lia' then th. poitrt

\utz

1

I

I

I

I ic .8.  l l r r l ' " r . rshi l i r1 .Jn h.  "Lrr iJ 'cd b!  u ' 'uts i  tor ib 'JhP 
A. "bi 'h 

mat '_ r l r

. -"" , , , " r - t ""ar*r t" ' ia.n. . , l . . ro. 'o." i i ' . inrh"rrrr ' .ond" ' rb ' rP'orn ' r 'd" ' '
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P will eaty no altemating voltage airh reslcct to
eartL! and th.iefore no altcnal.ing anode-cuncnr.
vilt 1lo$ itr ,r. Thc operation ofthe .ircuit ir fig. 8
is then idcnli.al Nith thar ii lig. ?. (The o v rlil-
| .  r . , , .c i .  rh. t  bs. ;  ,unl : ' in.  th.  n.- ' - rur  I l1,  for
altenatirg current in the cathode lcad ol Br,
uhereas frg. 8 cort.ains RLj and Xr h par.llel.) Int
chaDgc h tl'is situatiod produces an alr.c'nauq
\oltage at poirrt. P. This giwcs rise in i}a to aD arror-
udl i r 'g i , , r rpI t  vhi .b l ' . r -  r  .orre. t i \ .  

" lT", l .  uhiug
to the aDodc 

" l  
11beiDg.o," ,ected I i th LhaL ol  Rz.

ln this aaw. thcn, r.l'e voltagcs anil rurrents al$a,vs
adjust thcrnselres so thar there is 

'irrualh 
,'o !1-

tdnrting loltage rt point 1,, and it can easilw b.

-pcr r l ,nr  In rhi .  ,  a- .  t l , "  r r r io of  rb" . , l r . rnJr ius
.trrrent ia! and tl'e dternatirg v,,ltrge I/g, i-c gor.rfl-
ed solelv Ly the rcsisr.ances ft,,ll,and Rg. O$ingto

flat ald broad top can bc obranred by this method.
using threc tuned circuits, the frgum of ncrit of one
of tl€n being half aL of tl,€ tro others, and rhe
latter tlro being tuneil to specili. ti.quen(ies rhich
are higher and lowo rhan tl'e resotrant frequcler of
the firsL one. This principle caD also tre applied br
xsing, instead of 7,C circuits, active liltos on th.
pfir.iple des(ribed abovci Lhc alignment ofthe neF
worhs, horsevr:r. is ruther laborious as it is *ith par.

,{Dothcr metl,od of obtanrnrg a Ilat tkque!(\
.haructeristic vith passive /,C circuits is to ..upl.
circuil-" $hnil, are all tuncd to Lhc sane frequen.\.
This principlc ean also be appliedto thc a.L;re 61t..!
dc-q.ribcd here, the ".ouplig" being achicrcd br
irtroducirg lrcgative feedback bcl$.cl' paiF or

|ig,9. ConlnEiion of fivo s{riv€ lilrers. I rd Ia. nih necariv. fccdhsck ohkimil 1,!
xrsnc of 

^kk. 
TII LcqDen.t dHrsdcrisric acliev.d {iih this cir.rnr {ur6pon.ll Lo ttr{i

01 rer coDDted ,C.ir(!is.

the .orr.ctive ellect of 81, varirtions the tran$
ronductance of thc valves haweDo. l lccton rhis rat io,
and t.herelbre the feedba.k is extremeh srable, DaL-
ing it possiblc Lo giv€ the flgur of nerit oi t}e filter
an exceptionall"v high ind stable waluc.

Obtaining a flatter frcquency chdacrcdstic

As re have shown, thc lrequenc,w .l'aractensllc
of a lill.er as drawD in lig,..4 to B corresponds ro that
of an lC circuit. h many cases a characte sLtu r.ill
be required that is fl.tter at Lhe top and L.s steepcr
s es, as .an be obtain.d lbr exanple $.ith rhc ai{t of
Lwo or morc rol{iouplerl lC eircuits whose rcsonanL
frequcneies do Dot.oinokle Gtaggcred tuni's). A
liequencw charlcteistic havjng aD exceptionally

An exarnple or such a circuir . ;s sho$n infs. t .
The t$o {ilten are dcnoted bv l and II. Txc negr.
r i \ "  lFcdbn, k rr l ,c-  p la, .  ! i r  r  !omhn' ,  rp- i - r . ,u, ,
lllk introduced in rLe cathode l.ad of ttrc iirst vahe
(rr) rhe lirst lilter aDd ol the second vatv. (Br) r
Lhe second frlrci a).

lllaknB n,me sinplifying a,rsumptiois, i.e. hr- Lreat.
i r rg R, rnd B, a- i , l " r l  errbor le t i , l lur"r-  rn, l  a. .uro-
ingthar.  Rkkis smal l .oDparedai th RLr aDd RL1. r t  i .

I  I 'FrrJdufr ' " r . . . r r" . " .Fr.4,o1d F,. ,ddctr . , , .n- .
r ion ol  rc. i . rJr , , -  

" ' i . l ' r  
hxr p Le. 

' . ' .c4.  
\  JL\  b1. t .  L-_.

ew.r, n thc arry IieL yaluc rhnt voutd rhen I't x(!eu : .
rhr  l . -JLJ, \  r r . : . ror  \L i , l  \outd L,  d i f iculr  L,  n ' ,
lith sulli.ient stabilft,v, h rhn resled thc smrlt r..i:l
ance rlrLpresetrLs ro difficulries.
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easilv compuleil lhat Lhe relllion betsecD the out-

tu '  to l rxc;  I  Lrrni l  r l 'c  in l r ' r  to l r rP'  lg,  i '  g i \en

05)

ACTM,i Fll,TERS FOll L0\! FRXQUENCITS

a low-pats filter as being d. v€d from the bard-pass

r\nF b) mrLir 'g l l ' "J larrrrn 'P I  L i r rGn' l ' l \  l r rge'

i r .  hr  
" l 'or l .  

in uirr Ig i l .  rbu'  nrr l inF rbP re 'ou 
' r ' l

fresuercr ze.o. (Thc resistors Ilr and R' in fig 2 are

nor in parallel lbr alternating cdnert aid in iig' 10

re replaccd bv a siryle resistaDce fi')

Atl,,.

( l  F i l0 )+ rr

Here ,4 i. the gait of Lhe 
'iroit 

$rlhout

feedba.L at the .csonant lieqdeno\', i e at

ardP:0.vhi le

RtL Rr
r ltr.: -8r., i JiL

This quaDtjtv isthus ameasure ofthc strcngthof Lhe

fccdl'ack. rf re nov take '1P 
: l, sar, then (f;)

.  lvr '

i r  ; rqr  i  '

and the relation between the ,noduli of rtr and h'

A , ,  |  ( r ; )

Ihe behariour or l[alilt/*l as a function or /t

is iD this case identicalltith that in a bLind+ass lilter

consistins of tro oiticallv couptcd LC circrits Thc

.hancreisr'ic is flatrcr and l'as si'eper sjdcs than

that helu, ,s ins to d s ingle I f )c i l  u i t

Br u- ine,oml ' iour ion'  o l 'u 'L t i l r " r '  " i r l r  
d i lT ' r -

.n l  _.out ' l inu_ l  {Pl  i l  i '  fo$ihl '  r " .mt ' l  s idPl t

ra inc r .quiJcmont '  t i r l  rccard lo lhr '  l r rquPrr!  \

"r'".,"i-i.ti". 
,,\. ntt"' 

'rs 
in lig 'l car, for crarnple'

be.onne.ted in cascadc $ilh a lilter as in Iig 9l $jth

suitablc climensionilg.a frequ'nc)'haracteristio can

thed be ,'btained coEesPonding Lo that oi three LC

oircujrs 
'jth 

stdggercd luning Thc conformitl of

the equat.ions oak.s it Possible Lo tr'at the design

o1 sui' con{igurations mathenati(all} in tle sanc

$ay as tl'c de6iian of filt'rB using -r-C circuirs'

lift"* f o"a 1l ;" tig. S are circuiLed on the P t'

cinle representcd in 69 l ObwnrusJ1, to achieve

grcater stabilir,v one carr atso use the 
'ircuits 

of Gg ?

or fig. 8 as "buildirg bricks"'

Low-pass lilters

Th. filte$ dcscribed aborc are of the band-pass

tyoe. that i-< to sa-v Lhe frequcncl band ahi'h js

transrnitted b] th€ 6lter is limited on both Lhe lo$'

ald brch l re, tu"n,r  - ide'  l -or  
"rrJ i ' r  

P\ fcnm'ur3'

r , . r . ' . . ,  i . * -p,"  t i t r '^  dr"  sanr" ' l '  i  "  
f i l r " r '  sh ' ' l '

pass .I signlls codpodents 
'ith 

fte{lo€Dlries below

a certain o.irical freqoen'y A frlte' of lhis tYPe 
's

aDD'oxin ateil in th e fir6t iDstaDce by a single rcsistor

..a. 
"1,'gr" ".p."i..' 

lsee/s l0)' Ooe carthink of

Fis. 10, :\c.ircrnr for alo$_pa* 6ltr'

Innoducing feedback here in the salne e'a"v asrep'

re.crted in fg. {. wc obtain thc diagram sho$r! in

lg. / l . The relatio hetwcen itrPu! and output signnl

rlyt:vcz - r.,^*. j^t
n

nr',1r r .i,,,foc,n)

Tr oan loe seen from th,..n^t 
'r'" 

r""al""l r'""tf]

=in' .  " f - |  on rbe l r"qu"n" f l 'arr ' lcr i ' lx  a '  in-

ocasing C' b1' a laetor Rti(Itt R) lor limitins

,l'" p"i*b..d to ver-v 10$ lieq cn(ics it aill bc

ea-.io ro usc a high value ofcl tbdntointrodr'efecd-

back. and the lattcr uill thoelbre setdornbe rsed for

a simDle low-Pass filrer.

Thc siloation i'" different. ho{e!er! il her' too use

L,na, lc ol  rh" to '_ i l , i l i l \  n i '1 ' r 'ne' l rng I  ho s l r 'ge'  iD

.a=crr le and ior .odu'  iog negrr i r"  fe '  d l 'ael  \n

l i ! .  l l .  Lu\  n '__ hlrcrr i rh F-dhJ'k l .Lp' l l i ' r  " l r l t '  f 'et l_

i" . r  
" ' ,  ' r , .  

r -q-"^ . t  ,*r ' rar i ' r  i  F 
'hP 'Jm' J r fJr  or  xn

in{:rease in thc crlactnncc Lf
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arangcm.nL oI tI;s k in.l is sLown in lS. ?.?. usilrg t.rvo
identical Flters and rcgatirr: liidba(k ria the rc-

- i - r . '  Rr : ) .  \ - . ' ,n, ing rg: , i r  rLJr r  l  
'  
.  ,  .  -  i  -  r  a ,  

'  
,  e -  In

the cathode leads arc rerl high, rve crn derive rho
follouirg erpression for the relation b.r.$een the
uurp,rr  \  o l rn! .  I  tJ i , , ,1 r l , "  In l , , , r  ro l r r ; .  I  

" , :

)?

I
v. 1(.1 

- 
p)Vsl

' " '  t i+ l , " r ; ,nf  +, lp ' ( re)

(:0)

l lere !  n: ' ( f tkr f i t : )  and p :  l ikr , I i t r .  Since$e
havc assumql thrt RLL,l?k, aDd llk.r are r.dr large"

!ig. ll. Lor-Ilr$ nh.r conlnrnir ol dr .!scide nrtd!sr,,rrt
n l  ru i , l - " r i .J l  

' i  
,F ' . '  hc r ' - . . ' r i \ . r , . . t , i . t  L. . i - , , ,

t r " r , , . rd h\  nrcr  , .  oI  rL j r  
'  

. i . ia,  . r  / i , r .

,.1 is the gair ol't.l,e,iircuit at zcro lfequencr and $.ith
t .hc negrt i \e fecdba.k o, , r  of  op.rar ion ( i .c.  . t
nrr  N). l  urr l ,er ,  p is a rncasure of the srrcngth of
tl'e negatil e f..dba(k.

l ro 'n (19) i t  fo l lows rhar.  l i r r  o 0 r l ,e outpur.

keepnrg thc prodtr,it. Crn coDstaDt ii,r {ll curle!
(0.r s). Tl,e cuNe draur lor .17, 0 applies ro Lhe
casc $ithour. negative feedba.,l,. {loml'rrison }itlr
tl,c other cur\ cs ilrc$\ tlat the usc of ttr:dra.r r rn
lcad L,) a nruch llattcr li,altren(v ch.radensrr..
i rh ich.annot bc obt! iner l  $ i th passivr :  R( l , , i r (u i t . .

\ith lor-pass lill.ri t.,!'. it is possible to huikl
morc. \ tc, ,s i \e net{orhs bv cornhnr ing f i l ters hav-
ing di f rerent C,f t  ra lues. R\ sui table didrrsn' ' , , 'g-
cur\es .an l,e obtanred whi.| are even fl.tter at th.
ruf ,  Jrd l ,J\ .  n -r , - t , " r , lp. ,puJi , ,F t" , r rx, , . .

Application &s a delay neta,ork

The analog\ cxi ! t i , ,g betaeen la. i i . ,u i r .s an, l  r .1, .
a. l . i te f i l ters descdb.d ahore mrkes i t  possiblc to
use th.sc i . l  i ! .  l i l lers in cascs $ 'h.r .  i t  is  required r , )
delar iignals of c\Ln,melv lor frequcrcl wit.houL
.ausing rn\  d i l tor t ioD. This rarr  be useful ,  ror  cr-
crnple,  vhcr bui ld ing rn elect i .a l  ar i logue,,1 . l
, ! r ' r . r ) l  sr l tem inlo1|n,g rr .nsm;ssion lags.  . \n
.tc.rrnial rnrlogne of this L!p,i .i!n be used for rn.-
hznrg the sta$i l i t \  c( 'n( l i t ions of the corrLrol  srsLr: ,n.

\\ilere a nebrork is required to traDsDDt ea.h
sigDal t rndis l .or t { t l  btr t  \ r i th. . . r ta i r  rerarddt i ( 'n.  t l ,p
plrsedelrr .uust l ic  i rdepenr lentof  thef icqucro.ard
,  o, , ,atu,  , , r l \  r l ,p t ,La. .  -1, , I  - , , t1;r" ,1 L\  t l ,c  \  ino, . .
cornponcDLs mtr(  be proport ioDal Lo lh,) i r  l icqne,,-
ries. liurthermorr:. th. rmtlinde ratio bctrccn rn.

lmt ard r)urt 'ut  must bc ; rdel)en( lent  o{ the i fe-

- . \  l :mi l i r r  c i rcui l  $ i rh $hi fh th i , .  crn be f tuze, j

in . l idtcd phaseshi i t  regioD is sho$n ; , /g.  i . ld.  \
l .ss l imi l iar  c i r .u i r  $ i l . l ,  u l ich the sarne rc:ul t -
(ar  b.  a.hiered, .xd $l i .h ol lers l lvrnragej  , , t
(onnedioD $irh t le lb l lornrg .o.s id{ : rar. r ,n. .  r -
gird, in lig. l46.]\srtrtuing l;r simplicitl that llr an I
R, are l tgr :  $ i tL respe(t  to R atrd Rk. and (1, , ! , . .
i , ' !  

'  
l , *  r - - i - r iu, ,  -  -o d- r , ,  - : ' l , .  f t  r }ccq . ' t in, :

llJ. Fr.qn.ncr.h.rufL,ri,tnr for i l.r-p.i! lil&r as tu iis

Itr zlir
l l l

Fis
l ! .

, . . .  Al t  p)fc.

t- lt t)

In l ig.  13 rhe rut io

(21)

is  p lot ted as a l 'unct ioD of . ,  l i , r  nr ious \  a lues of l  p,

r) Snft Nith.r of dre No innjri.lnxl 6hcr: is pror e.l \itl
fdedlal|L. dris eir.uir,u l,c dosirxed $irll oitr uree r&
rcs- {neftx, n, ns. q lo{r } aL.i rLere recd.,l. pnrrir.nnore.
unliko fis. 9. rh. ncsiiile leedl,rck here i5 ol,rsnred $iih .
n, l  . '  p.  o" / i . , .Ar_", , t  / t , - .  t . -
' rx.  

'  
t i , r  rh i .  : .  r t , .  r .  , i \ t i ' iA o r l f  ,1, . . . . .  ut  f . . r | l r - t t  in

iheindnidualnl ie^.r l re roialEsi i  t is .  l : ismu.hennl ler
dun in ric. 9. To.braii ,,ufi.i..i dic,a fro,n rlr fced-
lrd!.2 mrrno rsnhn.c in ,,crn\ r'fth Arr ann RLlloDld
r l ,p ' . ! , , r1,  \ .  o 1, ,  

" 'u, l ,  
3 i " '  r lJ"  8 (  i , ,  Le.  u t , ,  r t , -

rdf  rL ' -  i " rn. , l 'L, io ' .ot .  n. .Fr1n",  t - r" ,^n n, , . ,ho. I . ,  
"B,  r .d Br is r l , . i tcr :o ldn,r . l ,cc.nse surh a resisrsnceha.

I*-  
" ,P 

,p, .  
-"  

r l r  l "  b i . . . i '  !  , , r  n,  r \ , ,  \ r t \ ,  - .

L4, l
l I ' t , .u I

r+: !
(1 j.,c1lrr r rP
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then the rclation betwcen I/g aDd fu i-' giror bY:

v* R, +R, r+ j , ,a, I t
R, r j.,C1R

The modulus of this expressioD js nrdeed indePcnd-

ent ol o, and thc argnmcDt is 2 rar toC'R 1180'.

Thc woltag. /' thus lags in phase behind I/s by an

angle 2 tan r.oC'R+180'. $e shal ben'efofh

considcr only the frequeD()'dependcnt term

?: 2 tan 1.rCrR of this plasc shift. since tltc con-

stant lldantit.r +180'can be conpeNated, e.g. l'1

Fic. t.1. Circnns nr ( hich fie sigmL Lave a c.n*art phas€ las
$ iiLi r a linnrd f'equerc-v f.rgc. r l..oust{drmrio bcr}cen
thc saanirudec of ilput and ouil,trr signal-

using Lwo stagesincasca.l.. Inlg. /.5 curve d givcs the

vadation ot q, as ! lun.tion of,i. At smrll values oi

r;C,R, rhcn, tarrarC'R : oCrft, and therefore

? is approxnnatelv protorLioD.l to o. This aPPlies,

hosever, onl-v up to a linited ralue ol ? (e.g 60").

The p.oportionality region .an be e\r'cnded b) con-

Fic- 15. Phase .Laractcristic of thc {ir.unc 6e 14 {a) and
of_rhe circniG in 6F- 16 nnd li (6)- coniected nr cisc..l€ and
snft ably dnnensio;d. &es€ cir.uiG give thc phlse clars.r.rir-

necting in ca-.cadc vith a cireuit as in fig. 14 one or

nore elements vt'o-ac phasc characrcristics have

linear portions at frequenc-v latucs difiering liom

zero. This cat be donc $ith a c cuit as Bhoan in

fg. i6, fo. c\anpl., which difers iiom thrl in frg

14b rn t  har r  be arrode .rr '  u i l  o l  l  h.  \ .1\  "  '  orr l . in '  ur l

.r-C circuit instead of the CR combnEtion. h this

configuratior the follo\tnrg relation 6iits hctaeed

L" and r,,:

t+ i !9
I . i tQ

t/., R. + B, (24)

(Here ,4 again r€presents oir,io on1r.) The woltage

I/u no$ lass in pl'asc behnrd ls bv an ingle

2 rau '  P(,  180 .  f iF l ;  g i \ " '  a Plot  o l  e

2 tan r iJQ F lB0' as a fdnctjon of,, (curvc b). Usin,l

cir.uits as id lig. I'l and fig 16 connected in cascade.

a phaBe shift is obtained hct$ee. input and outplrt

voltage a'hioh can be found by adding the ordinates

of curves o and 6 (cun-e c). Choos;rg suitabt' rnoit

values *c can noa' obtiin a lincar varialion orcr a

nuch wider rogion than is lossible u-'nrg a cir.uit as

in 69. 14 alone.

f io.  lb.  I  i r " i r  q ' \ ' rp i  n\ . -  .h. ,3,r . r i  r i .  r r ' r '  Lr 'a I 'u ' i l
t " r r :on ro""J "  I reqJ.r" \  . l id.r inr  r 'd 'n r l '  '1 lu '  / "n ' '

The prnreiple deseribed crn also be alPlied at werv

lol ftcquencies when a fitru as in lig. 4 is to hc used

nrstead of an tC circtrit. The voltage divider be-

rrepD 
'nIrul  

rnd .urpul  ,  d, ,  bc prudu' . r l  hr  u ' ing

tso rcsistors Ri1 and fi6 instead ofthe lecdback re'

sistor Rt iD the ciredit shoRn in 
-f8. 

17. Th' r'rnl

ofr  lFr  rs isr . 'n,  c- .bould 
' ,os 

sxr i ' l  rbee\pre- ion:

bo

Rrr 2Rkr

'RD -R'

wherc f is given b-v (5). By rncars o{ a cawrade ar-

rangement of the circuits of lig 14 and fig. 1?' Ne

can thus obtain a phase chamcteristic of the form

rcpresented by cuve c in fig 15.

. (2s)
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fhc "propod.ioralit"v region' can he still further

cxtended bv adding to thc circuit one or nrore

filters as in fig. l?, having dilTerent rcsonant fie-

quencies. Il l-hcsc rcsonrnt licqucDcies aml the {ig'

ure6 ol mcdt de protcrly chosen, a p}ase ctrarac-

t . r i - r i . . .n L.  o l ' rd inFd hl ,x l '  i -  a ln,o ' r  l iDeJr in d

vide rangc of frequencies from zero upvards. fhis

!iE.l?. Circtrir vhich, ruiilllr_ dnnensioned, can b€ mdc
idcrtnal Ilos ftequd*:ics $nL n circuit ss slorq in 6s. 16

medns that signals that possess conporcnrs lying

od-v iD tt'is region hale a onslant phase delal and

therelbre undergo . (crlaiD dela) nithout u| di-$

torlion. The figurcs of meit ol th. rarious circuits

.onne, rFd i , ,  .  i - . .J"  - l 'u ' , ld-  In . '  goo, l  upprur inra-

tion, he virtuall) p.ofortional to tLe resonant fre-

quencies. T}is nnpLes thrt sonr. of these filter6 re-

quire a fai r high Q, shich, aithin certain limits,

can hc achiewerl br nreans of leedback.

In tl'e last t€n vears many laboratories havc been

equippcd rith a Philips gas refrige.adtg machine,

cnablin€i tl,ed to $lpply their o$n liquid air rc'

quir.mcDts. Since in man,v cases there is a frcftren(€
l i l r  ture l iqur l  r ' i t rogen. mrnr ul  I  b.- .  mn.hin"_ rr .

used in con$inatioD {ith an air fractionrti.g col-

unrn, also dewetoperl hy Philips, r'hich is arlapted to

the g.B refriguatnrg machine. h our om labofa'

tories as elserhere it is found thrt thc ease

withrhichthe tiquid a or nitrogcn ean be obtained

gre.th- slimulates its u6c. fhe small iNt.llation

earlier dcsc bed r) '), rrhich in its present lom de-

lircn 6.5 lires of liquid nitrogen an hour, olten

Final conaidcratiors

In the foregoing ve hawe refetcd to the analogr

exist;ng between certain liltcB colnposed of reii:t-

arccs ard capacitanees, and Glters using one or t*re
j-C (irouils. ln conclusion $c should Pourl to a

di.lJicnce hetNeen t}esc two cir@it.s that can be

of impotlnce in practical appli.ations, na'nel\ the

factthar rhc ieedback employedto achievc a rca.on'

ably high figure o[ ntoit ca$es dn increase in ihe

zoise lerel. Br:eause of thi6 fa.t' filters based oD th€

principlc described in this article Gn onl-Y be u.fd

*hcr tLe signal lcvel is suffi(icrtl-v high, hjgl,€r tlian

that !t {hich filters rvith lC circuits can be em'

ployed.
Finatly, ir rna-v be mentioncd that circuirr on thE

principlcs described hcrc ean also be designed vith

Lransistors. Ii this c.se, l'o$.vei, the inlut re-

sistan(e is much smllle. than vitL valvcs, r'hrh

restri.ts the c}oi.c of the ciro,il .lcments thrl ..D

l.urDs out aller -<ome ti,ne to be too tnall. \!'ilh thi'

in nind, a gas refrigeratnrg nachine has lrePn de\.1'

oped which cornbines four of the orignral singlr-

c,vlinder nrachinei. A larger air iiactionarn'g c.,-

umn adapted to t}e large naehine is also avaihl,lt
'l'hephotograpL oDp.:]41 w.s take. intheliquid ai.

Summuy. Certani r.tiwe c]€.tic r.rvorls comFrcd ol rn
nLLl \" 'u \ ,1 ' . - .  | ' \ ' .hdrrr_ | '
i t . i  . ; r r . . , "" ,J v . ' ,o.c 4f  r i r* ' \ -  , r ' \or t .  ,  

" , r r i , ' i '  
s

ilucton. ]\ilerL lo$ ncqu.rad. {herc coils }rr\e certrn dr.
idyrniqe,.- a;d n* ,; Ie rnadc of sdne net$orks of rir:i
kind. TI; anihon disdGs tne dcsis! oI I'nnd_pass ard lor rr-
6lkrs. nsinq fc.dLack to schicre a reasonally IisL ligu.. :
mcrit. nhcy llso deal dtl warioui circnib nr givnrg th.*
l i ters 'x, .prro"Jl l \  h iaL 5L' l , i l i r r ,

l t \  Lunne{ l in!  rh,  l ' l rc ' -  in .J-xJ . 'nd x-" 's 
' r . -Ie.di'nck. a li.rrudrc{ c[aractcrisric corresrrordng to ihat ::

r.. .Dnnl.d Ia .ircdrr .ar I'e rchietcd, Fnu]]L. relcr.n.r '
mx, l "  r"  r l , .  n" . - ib i l i  )  i  

' l - . is . l ' .  
l r rs i rL_ iu r l  F hd\ n l  -

. 'nr l i ru"" .h. , 'o.r .n- . .  i .  Pt  
- ' r t "  

J gi .cn rrna. 
'^  ' "

,n l  r l 'o-p nl ,J- .  l ,J  i r r . r i . r i  i -  p ' i r  r ' l r \  l " rJ 'n r ' .
. ' r ' ,J i .or l \  

- { , r" in inA "uI-r t ' " r_ inrhi  
h.qu'"" \  r"s '

p"--  rhr 'u-eL rLp- _.rr ' r l .  \ i rh a . i r r"  J" l ' !  \ i '1 , '  
' i

PRODUCTION CENTRE FOR LIQUID NITROGEN
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