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WAVE TRANSMISSION NETWORK e
Srdney Derhngtcnﬂ New Ycrk N Y asmgncr to:':;“" IR :

- Bell Telephone: Labcra,tcncs, Incorporated Ncw : i
YerL N Y & cerpcratlcn cf New Ycrk O SR P

Apmma,tmn October 31; 1931, Serial No. 572 256 S I, S
(01 173—-44) St L T P R R

o 55-5 7 CIa,nns

ThlS mventlcn"ielates te Wa,ve transmlssmnf}j
netwcrks and more partlculerly to networks of-

the frequency selectwe type such as brced band-
wawe ﬁltere e

It has fer 1ts prmelpal cb;(ect the economy cf-i-
elements in: the' ccnetructlcn cf Wave ﬁlter net- <
i .f wcrks and the like. . - o
“Another object is tc feclhtate the msertlcn of E
frequency selectwe netwcrks between 1mpedences
[ERNEE e }-netwcrk cqulvalent in its. tranemmswn prcpertlest
In their generel fcrm the netwerks of the in-
Ventmn ccmprlse a, pair- of renctlve 1mpedences;j_g
in ccmbma,uen with two . equaJ resistances ar=.
ranged as a W heatstone hrldgc or lattice network,
the two res1etencee forming one pair ‘of’ cppcemﬂ'-;} e
branchee and the twc reactlve 1mpeda,nces fcrm—.{f_.i

cf uneque,l value.

ing the: ethe1 pair. -

‘the frequency variation of the phase and the

~.correspond, . except fcr 2 constant attenuetlen;_ RERR N
loss, to that of any of the well- known broad- ;5;_ g o
band'wave filters, for exemple those cf C&I'IIDbell-ég-:gl'_”--- e AL T e S ety T

C i ab the mput end a,nd aR a,t the output end thef;-. L |
-.factcr e bemg o mmple numerlc unrestrlcted in.oo o

Petent 1,227,113; issued May 22, 191‘7

The nature of the invention will be mcre fully
understeed from the fcllewmg detalled dESCI'lp-:_-__; '-ve,lue
- tion and frcm the eccempanymg drawmgs of.

30

Wthh

tlcn i
g, 3 IS a netwerk cf kncwn type

ef the 1nventlen

- _; tlon related to the known: network of: Fig. 3;.

- '4_0

45

ecterlstms of the invention; -

- Fig. T shows schemetlcelly enether embcd1-f.z-:
| ment ef the mventmn o
Flg 8 represents a kncwn prctctype cf Flg 7 g;;;_-
F'l‘-'-“ 9 ﬂlustra.tes certe,m cheracterlstlcs cf the;j;-tf_‘g;:j.“i_,:__

netwcrke of Flgs . and 8.

pedancef* Z1, Wthh may - be: cf any. charectcr

i wise. u.nrestrlcted -To one: cnd of the netwcrk. is,

connected a9, I'EelSt&IlC& R in series: Wlth a- wave. .
seurce hewng an B, M, F T:-and to the. ether end
1s ccnnected a re51stence R representmg e lce.d

Fig. 6 ehowe additional curves 111uetra,t1ng char- e 12""2 (R+Zl) (R T 22)

flmpedance ThIS lettlce netwcrk IS well knewn,;;f-;- A T T LN R
its-general prcpertlcs being: dlscussed in a paper, v :
“onjthe Physical Theory. of the Electric. Wave =
i thter by G. A, Cempbell Bell System Techmca,lg.ff.,-: L
- Journal, vol. I, No. 2, November 1922, and its use = - R
~in ‘wave filter netwcrks being described in United .~~~ .
e -';';Sta.tes Patent: 1,600,290, dssued. September 21,1926: . o i
to: W.. T.-Martin. ‘Since it is- possible,- by the - ool
prcpcr selectmn of the nnpedences tomake this., =~ -~
toany cther eymmetncal ferm terminal network; e
its.use as a- ‘prototype or.as.a standard of com- - . . [T
j}:‘_parlscn w111 enable the prepert1es of the netwcrks*’f_‘
-;-?cf the invention to be more readily: apprehended B T
A K5 T P

‘The general form of.the netwcrks of the inven-' 1o

—_—

E (21 Ze)

E(Z .Zb-""Rz)
R(R—l‘za) (R+Zb)

Iﬂ “"(1+a)

e z)

(1+a) (R+Zl) (R _

ﬁed the cutput current cf the netwcrk cf Flg 2

-The' transmission chera,etenstlcs of the '
o -netwcrke a,re determmed by the cha,recter cf th&'*_".'f.l'- S

' Figs. 1 and 2 are: thecretlcal dlegrems Tsed: mﬁ'_g-.-;lmpedances Za and Zp and by making these: re-;__g;._”_ SRR
the cXplanetwn ef the prmclples cf the mven_;:-:-,ect1ve a. w1de range cf frequency selectwe char-;;__.g-:.;j-r;--_i_;_.;_'l SRR
2 S -_gecterletlcs can be ebtalned SRR I ST

v For the genera,l symmetrlcal lattlce shewn 1n 3
Fig. 4 shows curves 111ustrat1ng cheractenetlcs,;;jFlg 1 the output: current, denoted by Iz, for an - o
T | CORL M. F E 1n the mput c1rcu1t is gwen by the

Fig. 5isone exemple of a netwerk of thc mven-g_gi_fformlﬂa

branchcs ‘having . nnpedences Za and Zp respec-f-_;,-?t.-f-:’?fi:f“L?ﬁ-
S itively: The netwcrk is: adapted 16 be ccnnectedi;.-"'%? U

- amplitude of the output- current may be made t°3'ffﬁbctwecn resmtrr.rc 1mpeda,nces Of magnltudes'_j_

’ ' . o . . |"J|' . h I. ."l T - . . e, 1
. L \ :
I ' v U ) - . ! ' o Iﬂ"-ll.l ' . i
' I
' L ' ' ' '
'
-
' .

.'z-tlcn which is shown. schematically in Fig. 2, isthat
The networks have the prop-  of o’ ‘lattice network ‘having two. line brenchee,‘ig"-_i- EEERRERE B EE
“erty that, when ccnnected between a wave source’ constituted by Tesistances ' R~ and two-latticer 7 o

and a load having certain:specified impedances, -

he, - 35 SRR

*—In the ceee cf the netwcrl-: shown 1n Flg 2 the' : 40 f: -
P cutput current} dencted by Iz for anE M. F. Emi.:__ L
the mput c1rcu1t 1s glven by the fermule T

A symmetrical lattice Wthh may be regarded';".flf HGW Zb IS made cqua,l tO Zl a,nd Zﬂ IR T
as a, general prctctype of the: netwcrks of the: I e B L o A
invention is shown in schematic form in Fig: 1 | R St LR
This netwcrk ccmprr-:es ‘two  equal line: dme e IR e et e s e, T T e
_Equatlon (2) beccmes e p -;' i 50
~whatsoever,: ‘and. two. lattice 1mpedences Zia, like=" §o R SO

:wh1eh 1nd1ca,tes thet under the ccnd1t1cns SpECl-ff




R WIH ha,ve the same frequency vana,tmn of phase
o - and amplitude as that of Fig. 1, but will be di-

“minished in amphtude in propcrtmn to the con—
-_ stent factor o o S o

- Fig. 1, |

... 'The 1nsert1011 loss When anetwork cf any kmd is - L o
. used to couple together a wave source and a load?’"?Whmh appl cmma,tely metches the cha,ractemstlc;

- impedance is measured: by the ratio of the power -

o _ _.recem ed by theload impedance when the network

~ - is absent to the power received when the net-
I ._'__.'work is- present ‘The unit of loss is the decibel,

. - the loss in dec1bels being equal to t . e
e equal to ten tunee_the_ 4, that is, it comprises a simple inductance Ly

20

(1+a)

S If the quentlty o is made umty, thet is if the' -

- lattice of Fig, 2 is connected between. equal ter-
minal 1mpedencee reelstance R Equatmn (3) be-
".'.:"-_comes A | |

E (Ze Zl)
. 4(R+Zl) (R‘I—Zz)

'._.Igil

cr Just helf the output current m the mrcult of_'f '-

 commion logarithm of the power ratio.

o 25
R 1nsertmn loss due to the network of Fig. 2 will be -
-~ the'equal to that of Fig. 1 'when the 1mpedances
-~ are related as described above, plus a

- Tation loss of gbout 6 decibels.
selectlwty and the phase dlsplecement of the out-
Y Dut currents will be the same for both networks, S

. 'The form of Equations (2) and (3) indicates |
 that the: frequency variation of the output cur-

. rent in the network of Fig. 2 is not affected by
variation of the resmtances of the terxmne,l im-

5 ,-pedencee so long as their product is equal  to
The actual value of the output current is

From Eque.tmne (1) and (4) it fellows thet the

‘The. frequency

. -._;:-_modlfied in proportion to the factor @ —+ (1 -+ a)?,

. but the variations with frequency retain the sa,me A
| By virtite of this property - .
. the network may be de31gned to operate between -

45

- 40 broportionate values.

. impedances of unequal Value mthout change of |
- its selectivity. "

" 'The des1gn formula for breed band ﬁlter net-—

"'rrworks in- accordance Wlth the invention follow

o reedﬂy from the foregoing equations and from

o the principles discussed above and from the well-
. known design rules for lattice type filters employ-
.+ ing reactive: 1mpedences only. - The design of lat-
tice type filters is described i in the aforementioned
~ United States Patent 1,600,290 of September 21,
1926 to W. T. Martin a,nd also in United States
| '_..;Pe,tent 1 828 454 to W. H. Bode, issued: October
The procedure will be illustrated in
" cennectlen with the design of the simple lew—pess o

90, 1931.

55

B ﬁlter illustrated schematically in Fig, 5.

- In Fig. 3 is shown a low-pass ﬁlter of ﬂ:he Ia,t-'
--tlce type, the line branches of which comprise.
. simple inductances I and the lattice branches
- 60
. nation of the pass-band and’ the cut-oﬁ frequency_
- for this filter is 111ustreted by the curves of Fig.
. 4 of which curve 1 represents the variation of

series resonant 1mpedances Lz Ca, -

-+ the reactance of inductances Iy with frequency,

65
~ resonant impedances Ls Ca.
- lattice filter points- out tha,t a pass-band occurs
~In those frequency ranges wherc the line branch:
' reactances are of opposite sign to the reactances.
70
- ~band occurs when the reactances are of like sign.
. - For the circuit of Fig. 3 the cut-off frequency
D, _iewdently oceurs at the resonance of 12 C2 and the
0 pass-band in the range from thls po:lnt to zero.
,'In Fle' 4 the cut-oﬂ‘ frequency 1s de51gneted fe.

and curve 2 the va,natlon of the reectence of the
"The theory of the

of the lattice branches and that an ettenuatlonf

L ,; "".'_Whmh has the Value

-et frequenc:tes close to zero.
- .-slon irregularities in the pass-band due to reflec- -

 tion at the:terminal Jjunctions, the termmal im-
--Dedances R are usuelly gwen the Velue | |

ixed atten-

The d*eterml"-' ,ured in dECIbE}IS

Fig. 4.

1 991 195 o

The cherecterlstlc 1mpedance K of the ﬁlter of:

Flg 3 is glven by

h—
———

/L, \/ l—fz -
GY f?_

L1
Cz

i

1mpedence Qver a substentlel pert of the band.

. (5) j_

To avcld transmls-

' : 6)

To make the filter of Fig. 5 have an 1nsert10n'_&
| -loss similar to that of Fig. 4, the two line branches

are made resistances of value R. One lattice

and the other lattice branch is. ccnstltuted by an
impedance which. is inverse: te the series combi- =9 .

nation L2 Co with respect to R2

pac,lty cf velue S
e Lg
N Rz

-When R hes the Velue gwen by Equetwn (6) o
.the. elemeﬂts of the parallel combmetwn he,ve the; o

~ branch duplicates one of the line brenches of Fig.

" This lnverse. 5

impedance, as shown in the fisure consists of an o
‘inductance of value. CZRZ in pa,rallel Wlth a. ca—.]_f.

Cv
=

va,lues
o __I_{g___ Lg o

The frequency var 1&1:1011 cf the reectance cf the o

parallel resonant lattice branch is repr esented by S

corresponding to the factor, - (14a) 2.

‘Tt follows .

curve 3 of Fig. 4, the: antl-resena,nce occurring =
“at the same frequency as -the resonance of Lz
- and C:z and the reactance hevmg cpp051te sign
to that of curve 2 at all frequencies.. |
~that: for the general lattice networks of the in-
:vcntlon as illustrated by Flg 2 a pass-band will"
exist when the two lattice branches Za and Zp
‘have reactances of the same sign and an at-

tenuation band will exist when the reactances are
of oppcs1te sign. This is a converse of the rule o
defining the fransmission ba,nds of the thlly__--'_._r; -
reactive network of Fig. 1. - | S
- The insertion loss cherecterlstlcs of the low— |

| pess network of Fig. 5 and of its pr ototype Fig. 4 __
are illustrated by curves 5 and 6 respectively of
‘Fig, 6 in which the over-all a,ttenuatmn ig plotted -
~against. frequency, the attenuation being meas- - -
The form of the two curves is -
the same but curve 5 has a vertical dlsplecement, |
of 6 decibels which represents the constant loss
‘The at-
tenuation peaks above the tra.nsm_lesmn band
cerreseond to the crossing. of curves 1 and 2 of
~Buch’ peaks occur in characteristics of
“the generel lettlce filters of Fig. 1 whenever Z;
and Z: are equal and in the networks. of the R

45

S s S
B 1 SO

o

invention whenever the product Za Zs of the im~

- pedances of the lattice branches is equal to R?, 70
the product of the resistance branch impedances; R

This is clear from equation (2) which shows that

the output current is zero under this ccnd1t10n.--_ R

A typlca,l band—pass filter of the invention is -

111ustreted 111 F1g '7 the reactance pretotype be-_--.
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| mg shown in. Flg 8 In thls ﬁilter the lattme

- _.brenches impedenpe Zb compnses an mductance

Ir and a oepeorty Ch . in “series and the - other,l-,:;;;:-__:.,-.:-:_,_-
- “branch 1mpedunoe Zia, comprrses two perallel res-,:“:-g_,--ﬁ; SRR
- 5 onant- combmetlons Ta-Ca and Ta"3Ca’ -connected .

~in-series.

The frequency ve,rletmn of the reac-

a _ta.noee .of ‘these ‘branches -are shown “in Fig. 9in.

which-curve T represents the combmetmn iy + and

- Oy and -dotted: curve 8 represente the cembme,-

10

15

20

35 o

40

tion Tus; Ca, Tua’, Ca’:

binations L.1°C: therein and ‘two'ldttice ‘branches
-each ‘constifuted ‘by ‘two ‘resonant ‘combinations
Tz ‘Cz and Ls’ T ‘connected inparallel. |
the two networks may huve similar-insertion‘loss -
_f charectenstms requlres the followrng re’latlen-"'

Lb=L1, -
Cr=C1,.
La-—-C'z R2,

| Le Cz Rz

C-—R2

Le
RZ

C

- 'iThe networks wﬂl then have 31m11a,1 cherecter—=f'

- Mg, 8 which correspond. respectwely to the 11ne
co bra,nches and the lattice brenohes

~ avariation inverse to that of curve 8.

) 45

-.5_5-__may, however, be designed without reference to -
- the prototype networks in aocorda,nce wlth the
- . following procedure. -

. From Equetlon (2) it follows thet 1f the two“

60

L ',ﬁwhere 7 is the common velue of Ze, end Zb _
- long as Z is a pure reactance: the output current
" given by Equation (9) will have a constant ampli--

o ‘tude, the only change ‘with :flequenoy being
- 70 .

o

Equations (8) enable the band. filter de51gn tOg-.-'fi'.aote,nces of the lattice branches in the same ratio,

" be arrived at in terms of the coefficients of the *
~ prototype filter, ‘which latter may be designed in .
. -accordance with known principles as descrrbed -
o for. example
5o 1,828,454 to H. W. Bode..
"7 cedure the value of the resistance R is chosen as

. are not limited to these. examples but may com- o

that of the términal lmPEd&HCES which will glve_-fﬁiif'-prehend equrvalents of all. symmetrical lattice L

the best match with the characteristic impedance pnetworks. including high-pass filters, phase cor- o - .

~ .of the pr ototype filter throughout the transmis- "‘Sf;;reetors or deley networks end ettenuetlon equel-- i

‘In followmg this pro-

sion band. ‘The filter networks of ‘the 1nventlon': iizers

" la,ttlce branch impedances Za and Zp of the gen- ‘the lattice being constituted by equal resistances

_ eral network of Fig. 2 are made equel the output
current will be gwen by | Lo

E(Z-—-R) .
R(Z—I—R)

- Iﬂ (1+a)2

in order ‘that there may
- be'a single paee-bend the reecta,ncee of Zs and

“This ‘requires- that ‘the 'resonance fre~ .

. ‘at these frequencles
| -“quency of Zv ----shull comcrde w1th that of Zia.

The ' cedure, however, is: the following:
limits of the band are deternnned by ‘the two
: antr-resenenoe ‘frequenoles 3‘1 and fe fof Le. Ce. end§' |
. Le. Cla) resDectrvely B |

- "The prototype: network of Flg 8 comprlsee two: |

L "11ne branches having simple series resonant-com- .

e

R _s1stencee
‘istics when 1nserted between termmel 1mpedenoes

 of resistance R. _
The reeotences of the brenches of the proto--_‘ :
. 't‘ype filter are represented by curves T and. 9-of

equal =t‘hen the output current wﬂl heve the sub- _f s -

stentre]ly constant a,mphtude B R
R (l-l-er)2
throughout the band.

“The values of the. elements to gwe approxnna.te ',:j.:.
.:'._'equallty of the impedances throughout the band .~ @ ..~

ments’ consrstent with these frequencues

Wha,t 1s cleumed 1s

T 10A four—termlnal weve tranemlsswn networkr;f_' f'?'fe o L
| comprlsmg four-nnpedance branches. arranged ins oo
" lattice formation, two similarly disposed armsof -~ = o
60

Having thus determined a set of 1mpedance co- S0
eiﬁclents which make the two impedances sub-. =~ =

~ 1 stantially equal throughout the assigned band, . -
oo the network may be used between. terminal im- . .. . o
" pedances of any resistance values ‘provided that . .
o © .the resistances: of ‘the line branches are made. - I
.1 equal to the geometric means of the terminalre- . -
The uniformity of the output current -~

e in the transmission band range will not be much - L

j-'affected by changes in the terminal 1mpede,ncesl RS,
hut considerable. changes - may reeult in the at- <0 - .-
--.'tenuatlon ‘outside -the band. 'For given, values - |
- of the terminal 1mpedances oontrol of the at-. . ..
Curve J hasf.i'-tenuetlon characteristic outside the band may . -~ . .~
. be effected by increasing or decreasing. the re-45 e
. their resonance: frequencies being kept constant. - = |
The foregoing examples of networks of the in-

. vention serve to illustrate their general charac-
in- the a,forementloned Petent: :

7,5: S S B

- may. be errwed 4t mathematically, for example'é-}- e
“py .assigning a sufficient number" of frequencies 10

- .at which, the 1mpedenoee shall 'be exactly. equal B
Zn muet ‘have ‘the same ‘sign’in a single’ frequency. - .

' - and equating the expressmns for the reactances ARy
o oznge

‘A somewhat simpler pro- _
I—Ia,v1ng as-;}‘_; L | - fl | -. .
signed the, resonance and anti-resonance frequen- 1o~ - o
. ciesin terms of the band location, the. 1mpedances'- BTN R AR
“may.have arbitrary values assigned to the:tr ele-= ~
CAplet o
| ;;of the reectences et vurlous frequencues 11ke thet_“: 2 0
_*--.§fthe dJSperrty of the reectanoes in the band’ end-“:_'_'_g}. R
Thatﬂ-;-;;wﬂl indicate in what proportron the ordmates of o
one or the other of the curves.should be increased .
or decreesed to make it match ‘the other curve . . . .~ = oo
o inan optlmum manner.. e
©0 0 “values are then found by 1ncreesmg or decreasing .. .

oo the erbltranly chosen inductances: of one of the . . 7L
... - impedances in the- proportlon 1nd1ceted and}-;ﬁ R
... changing the capacities in an inverse relation. . = ..~ |

“The required: elementi’-zﬁ?*'f

40

“teristics and the manner of their design. It is

_clear from the principles set forth that the types 50

" and the other- two branches being const1tuted by RN TR
Lt _-;_'.*-ree,ctances said reactances being of the samesign’ . .
i (9) Ina preassigned frequency range defining a trans- . .
22 mission bend and bemg of opp051te s1gn at other-.' ce
S f'frequencms |

SO

2. A network in accorda,noe W1th olulm 1in R I
f-Wthh the said reactances have subetentlallyg_f:f::';"‘_{;_;"':'_-_..-j LR
“equal values in the frequeney mnge deﬁmng a,-:;. TR R

i";tro,nemlssmn band. L o ERR

variation of its phase. If, now, the two. imped-~
" ances Za and Zp, in addition to having their
- resonance frequencies so assigried as to- prowde;
L& tra,nsmlssmn band ina desired frequency range,
.'f-a,re proportmned also so- that throughout the
rma,Jor part of thls renge they are substantmlly

3.:A lattice network havmg an 1nsert1on loss_; 70
-foherecterlstlc when “inserted between terminal - .
-;--impedances of resistance R equivalent exoept for
~a constant o,ddrtlona,l o,ttenuetlon loss ‘to thetff-j_.; L
_*of a prototype Symmetrlcal lattloe network hav- E R
1ng branoh 1mpedences of va,lues Z1 end Zz, re- |




4

'- spectwely, COHIIJI’ISIIlg two lme branches con-
- stituted by equal resistances of value R and lat-
tlce branches hevmg 1mpedances of Value Z1 and '-

respectlvely | | |
o 4. In cembmetmn mth a Wave source and a,j
- -lead having resistance impedances, a four-termi-

Rz .
Zz

nal network connected therebetween comprising

- lattice comprising equal resistances of value equal
- to the geometric mean of the resistances of said
: 15 ‘wave source and said load and' the other two
T .branches of the lattlee being eorlstltuted by un-
 like reactances, said reactances being propor-

. tioned to have the same -
R _--_'frequency range Whe1 eby substantlelly uniform
- -z-b--:tra,nsrmssmn between seld source and- seud ‘1load
-7 'is obtained in said range erd to have oppos1te
~ signs at all other: frequenc:tes Whereby currents
- of frequeneles outside said preassigned range a,le'f
~ ' subject to a high degree of attenuation. | |

' 25 4 111 Whmh the reacta,nce branenes ef the la,ttlce B

B -four-lmpedanee branches arranged in lattice for-
-mation, two similarly disposed branches of the

sign in a pree,emgned

5. A eombmetmn in accordance. Wlth elalm

1 991 195 | |
network have 1mpedances of substantla.lly equal_ |
value throughout the prea551gned frequency range o
ef uniform attenuation. - - . - |
“ 6. A band-pass filter network compmsmg four-'
o 'lmpeda,nce branches connected in lattice forma~ -

. tion, two of said branches comprising equal re~

s sistances and . bemg disposed . symmetrically in
~said network and the other two branches being - -

eonstltuted by resena,nt reaetance combmatmns

‘the resonance frequencres of sald reactances be-'

ing so. e551gned that the reactances are of the

-10

same sign at all frequencies between two. finite .

frequencies defining the- limits of. a transmission

SIDNEY DARLINGTON

‘band and are of Opp031te sign. et all other fre-— o
.- quencues T |

7. A low—pess ﬁlter network compnsmg four-._.-
-r_.'1*npedance branches connected in lattice forma-
- tion, two of said branches comprlsmg equal ree
-smta,nces and being | symmetrrcally dlsposed in
- said network and the other two branches. being .

20

| censtltuted by reactances proportmned wﬂ:h re-
-~ spect to each other to have the. same sign at all .
. frequenmes below. a definite value and 1;0 heve
'-.oppomte SIgns at all hlgher frequenmes I

' ,'25~ .
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